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RoboCup (www.robocup.org)



Number of teams in RoboCups
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JoiTech got the best humanoid 
award!

http://www.flickr.com/photos/robocup2013/9177211488/in/photostream/

• In RoboCup 2013, "JoiTech", a RoboCup joint team with 
Osaka University and Osaka Institute of Technology got a 
win!



RoboCup2013 Digest!

https://www.youtube.com/watch?feature=player_embedded&v=zcDsYD6GJos



From the web ISSA summer school

We are using the notion of awareness in a broad sense: we 
include consciousness in general as well as self-awareness, 
and responsiveness of autonomous agents in complex 
systems to each other and to their environment. We thus 
include neuroscience; cognitive science; artificial 
intelligence; artificial life and robotics; logic and philosophy, 
in particular phenomenology. We also include high 
performance computing and other techniques and 
methodologies, useful in the areas mentioned above. 



What does robotics mean in my talk?

1. Design theory: constructive 
approaches to the cognitive issues by 
utilizing virtual and real robots.

2. Developmental aspects: not given a 
priori but obtaining through learning 
and development as much as 
possible!

3. Robots as tools for studying humans’ 
behaviors and minds

Cognitive vs. Affective issue        
towards  artificial empathy



Outline of my talk

1. Cognitive Developmental Robotics

– What’s development?

– Developmental Robotics,      
Cognitive Developmental Robotics

2. Towards Artificial Empathy

– Self/other cognition

– A developmental model

– Cognitive vs. Affective

3. Brain-Body Interaction

4. Mind Holder and Mind Reader 

5. Future issues



What’s human’s development ?

When I was a baby…

Elementary school

Junior high school High school

1986-1987@UM

1997.8.28@1stRoboCup

2009.6.5@Shanghai



What’s going on in the womb?
[through the courtesy of Dr. Yukuo Konishi@Doshisha Univ.] 

36 weeks26 weeks



Infant development and learning 
targets (1)

M behaviors learning targets

5 hand regard forward and inverse 
models of the hand

6 finger the other’s 
face 

integration of visuo-
tactile sensation of 
the face

7 drop objects and 
observe the result

causality and 
permanency of 
objects



Infant development and learning 
targets (2)

M behaviors learning targets

8 hit objects dynamics model of 
objects

9 drum or bring 
a cup to mouth 

tool use

10 imitate 
movements 

imitation of unseen 
movements

11 grasp and carry 
objects to 
others 

action recognition 
and generation, 
cooperation

12 pretend mental simulation



Nature vs. Nurture ?

Nature Via Nurture: Genes, Experience 
and What Makes Us Human, Matt Ridley.

No longer is it nature-versus-nurture, but nature-
via-nurture. 

• A balance between nature (embedded) and 
nurture (learning and development) sides is an 
issue in designing humanoids. 

[From Scientific American]

Matt Ridley
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Cognitive Developmental Robotics (1)
[Asada et al., 2001]



Developmental Robotics (1)
[Lungarella et al., 2003]



Cognitive Developmental Robotics (2)
[Asada et al., 2009]



Developmental Robotics (2)
[Cangelosi A. & Schlesinger M., 2014]



What’s cognitive developmental 
robotics?

• Cognitive developmental robotics aims at 
understanding human cognitive developmental 
processes by synthetic or constructive approaches.

• Its core idea is "physical embodiment” and “social 
interaction”  that enable information structuring 
through interactions with the environment 
including other agents. 

Embodiment

Social interaction



Physical Embodiment

 To understand the mind, begin with patterns of 
motor activities and derive the underlying mental 
structures from them. [Sperry, 1952]



Social Interaction

 The mind cannot be understood except in terms 
of the interaction of a whole organism with the 
external environment, especially the social 
environment. [Noe, 2009]



Approaches of CDR 

A: construction of computational model of cognitive 
development

1) hypothesis generation

2) computer simulation

3) hypothesis verification with real agents, then go to 1)

B: offer new means or data to know human developmental
process → mutual feedback with A

1) measurement of brain activity by imaging methods

2) verification using human subjects or animal ones

3) providing the robot as a reliable reproduction tool in 
(psychological) experiments



From physical interaction to social 
one

rolling over

crawling

standing with 
support, early 
walking

throwing

Inter-subjectivity

whole body 
motion & assist

Dynamic Motion

holding during 
neonate & infant

higher
cognition

reflection

perception
sensory
motor mapping

functional 
development

voluntary
motions

From emergence of social behavior through interactions with caregiver to development of communication

Fetus 
Simulation

Self/other 
discrimination

♪

jst.go.jp/erato/asada



Platforms for Cognitive Developmental Approaches

15M walk alone

13M go up stairs

11M walk led by the hand

10M crawl

9M stand supported by furniture

8M stand with help

7M sit by itself

1M jaw up

0M fetal posture jst.go.jp/erato/asada



Robot platforms
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Our current project

Towards Constructive Developmental Science: 
Understanding and designing the process from 
neural dynamics to social interaction

• "(de)Synchronization" 

• Neural dynamics 

• MNS

• Self/other discrimination



(1) ecological self (2) interpersonal self (3) social self 

Synchronization 
with environment

sprouting 
of self

self/other identification
(MNS infrastructure)

Self/other 
separation

Development of self/other cognition

Synchronization 
from caregiver

desynchronization
from others

Physical body in synchronization  self/other identification
Desynchronization self/other separation





An Overview of our current project

Understanding and designing the self/other cognition process 
through the observation and computational modeling 

Brain Development
Simulation

Brain
Functional

Imaging

Behavior
observation

Psychological 
experiment

Robot Platform

(de)synchronization

From microscopic
neural model to
macroscopic one

From microscopic neural
system model to
emergence model of
behavioral
(de)synchronization

Data for simulation

Data of 
adult’s brain

Data of 
infant's
behaviors

Platforms for
experiment under
controlled conditions

Platforms for experiment 
under controlled conditions

Method for analyzing
kinematics of rhythmic
movement

Data for simulation

Development of 
(de)synchronization 

mechanism from infants to 
adults



The Evolution of Empathy

Empathy
Perspective-
taking,  targeted
helping

Sympathetic
concern, 
consolation

Emotional
contagion

Imitation
True imitation
emulation

Coordination,
Shared goals

Motor 
mimicryIn

cr
e
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e
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e
lf
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D
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n
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n

[Adopted from de Waal, 2008]



Evolution and development of 
empathy

• We follow the definition of the empathy in a 
review of neuroscience of empathy from 
viewpoints of ontogeny, phylogeny, brain 
mechanisms, context and psychopathology by 
Gonzalez-Liencres et al. 



Schematic depiction of the 
terminology

[C. Gonzalez-Liencres et al. / Neuroscience and Biobehavioral Reviews 37 (2013) 1537–1548]
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[Asada, 2014 (to appear)]



Physical 
Embodiment

Social minds 
via social 

interaction

Cognitive 
Development

Emotional
contagion

Emotional
Empathy

Cognitive
Empathy

Envy and 
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Vicarious
Emotion

Motor 
mimicry

In
cre

ase
d

 Se
lf/O

th
e

r D
iscrim

in
atio

n

(2) interpersonal self

(1) ecological self

sprouting 
of self

(3) social self 

Self/other 
separation

self/other
identification
(MNS
infrastructure)

Development of empathy and 
self/others discrimination

[Asada, 2014 (to appear)]



Russian Model for Empathy 
Development
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Cognitive vs. Affective in Empathy

1. Evolutionarily (and developmentally, 
too) , emotional empathy is included 
by cognitive empathy!

2. Two systems for empathy: 
differences in function, brain region, 
and period of development 
independent structure!

3. Cognitive and emotional influences 
in anterior cingulate cortex: two 
different systems! 

[Shamay-Tsoory et al., 2009]

[Bush et al., 2000]

Based on [Preston & de Waal, 2002]



Cognitive vs. Affective ?
• Sad music induces pleasant 

emotion!
– Perceived emotion: cognitive?
– Felt emotion: affective?

The relationship is not a simple 
inclusion nor a complete separate 
one. But, more complicated! 

The perceived emotion itself is a 
target of the felt emotion, and 
the situation itself is organized by 
a cognitive process 
(metacognition). 

Perceived
Emotion

Felt
Emotion

[Kawakami et al., 2013a, 2013b, 2014]



Cognitive vs. Affective ?

• Developmental changes: 
Inclusion  separation 
metacognition?!

• The cognitive-emotional brain 
 from the dichotomy to 
dynamic network structure (D)

Attempt to build such a 
structure through constructive 
approaches!

[Pessoa, 2013]



Approaches at individual stages

1. Fetal and neonatal simulations [Kuniyoshi & 

Sangawa 2006, Mori & Kuniyoshi 2010, Mori et al., 2013]

2. Early development of MNS [Nagai et al., 2011]

3. Intuitive Parenting for empathy 

development [Watanabe et al., 2007]

4. Vowel Acquisition by Maternal Imitation 
[Yoshikawa et al., 2003, Ishihara et al., 2009, Miura et al., 

2013]

5. Social brain analysis [Takahashi et al., 2014]

6. Sad music induces pleasant emotion 
[Kawakami et al., 2013a, 2013b, 2014]



2. Early development of MNS 
[Nagai et al., 2011]



3. Intuitive Parenting for 
empathy development [Watanabe et al., 2007]



4. Vowel Acquisition by Maternal 
Imitation [Yoshikawa et al., 2003, Ishihara et al., 2009, Miura et al., 2013]

Social engagement
of caregiver Perceptual

development

Articulatory
development
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Constructive approach toward human 
development from fetus to infant

• Fetus and infant whole body musculoskeletal model 
[Kuniyoshi and Sangawa, 2006, Mori and Kuniyoshi
2010]

• The fetus simulation  reflexive human fetal 
behavioral development in first half of pregnancy.



Fetal Brain Development (1)

• Mori and Kuniyoshi (2010)  behavior generation 
through the interaction among (1) neural oscillators, (2) a 
muscleskelton system of the whole body, and (3) the 
external world based on [Kuniyoshi and Sangawa, 2006].

 Arrow (filled circle)  excitatory 
(inhibitory) connection.  

 Thick broken lines  learning 
targets.



Learning methods

• Hebbian learning: 

– Fire together, 

Wire together!

Input Layer

Competitive Layer

x=(x1,..,xn)

wi=(wi1,..,win

) i

• Self-organizing map: 

– Data reduction, 
usually 2-D map like 
cerebral cortex

– As a result, clustering 
is done.



Fetal Brain Development (2)
[Kuniyoshi et al., 08]

see new video



Fetal Brain Development (3)
[Kuniyoshi and Sangawa 06]



Fetal Brain Development (4)
[Kuniyoshi and Sangawa 06]



Fetal and neonatal simulations

• Top: normal fetus with heterogeneous tactile distribution.
• Bottom: abnormal on with homogeneous one which 

biologically dose not exist.

[Mori & Kuniyoshi 10]



Neural dynamics vs. Body dynamics?

• Observe and analyze the interaction between 
complex nonlinear oscillator networks and a 
musculoskeletal system from a perspective of 
emergence of diverse behaviors.

[Mori et al., 2013]



More conceptually, ...

• Sequence of quasi-attractor in a high-dimensional 
state space of neural activity [Tsuda, 2001]

[Tsuda, 2001]

Chaotic itinerancy to understand mechanism to 
emerge versatile behaviors from a interaction between 
body, brain and environment 

www.flickr.com/photos/46006858@N05/8641421501

Environment

Body

Brain
www.nipic.com/show/3/90/bd42f55b44159f56.html



• Adaptive behaviors are emerged from a interaction 
between environment and body using body constraint as 
chaotic itinerancy.

Actuator

Actuator

Environment

Sensor

Sensor

Chaotic elements

Chaotic elements

Body

Chaotic elements

Chaotic elements

Chaotic elements

Chaotic elements

Chaotic elements

Chaotic elements

Previous studies

[Yamada & Kuniyoshi, 2012]

[Kuniyoshi & Suzuki, 2004]

• Diverse 
behaviors are 
spontaneously 
emerged by 
complex network 
connected to a 
musculoskeletal 
body according 
to topology of 
network.

[Mori et al., ECAL2013]



Approach

Environment

Body

Brain

Physical Structure

Wired Network

• Conduct a simulation using nonlinear oscillator network 
and musculoskeletal body

• Estimate an emerged network structure within behaviors 
by causality between neurons.

Information Structure

Causality
Network



Analysis of Causality 
Network

Three major questions:
1. How and what type 

of neurons are 
interacted?

2. What’s structural 
property of causality 
network?

3. How much Influence 
from the body?

[Park et al., ECAL2015]

Unstable Motion
Global Interaction

More Complex 
Network

Strong Influence

Stable Motion
Local Interaction

Less Complex 
Network

Weak Influence



A nonlinear network and a 
musculoskeletal model

Hinge jointMuscle fiber

Bonhoeffer–van der Pol (BVP) equations 
as neuron

Sensor value (length of 
muscle fiber) is used 
as input to neurons

Nonlinear 
oscillator network

oscillator

oscillator

oscillator
oscillator

oscillator oscillator

Hidden

output

Link



Behavior Analysis

To find repetitive movement patterns

Joint angles

Time step

In
d
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f 
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el
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 v

ec
to

r

Correlation between 
joint angles within time 
window

Feature vector

Stable movement

Unstable movement

430[sec]

11[sec]

Duration:

Duration:



Causality Network Analysis 

1. Cluster and extract subnetworks by IRM: To know and 
visualize an interaction in a causality network

In
d

ex
 o

f 
n

eu
ro

n

Index of neuron

Estimate a causality network by 
transfer entropy using neuron’s 
activation  for each movement pattern



Infinite Relational Model (IRM)

• Nonparametric Bayesian model that discovers 
system of related concepts

• Rearrange matrix which consist of relational data 
to make clusters

[Kemp et al., 2006]

1 2 3 4 5

1

2
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4

5

1 4 5 2 3

1
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5
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Relational data Clustered data
Variables
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Causality Network Analysis 

1. Cluster and extract subnetworks by IRM: 
To know and visualize an interaction in a 
causality network

In
d

ex
 o

f 
n

eu
ro

n

Index of neuron

• Estimate a causality network by 
transfer entropy using neuron’s 
activation  for each movement pattern

2. Complex network theory: Topological property
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Index of Complexity: Clustering 
coefficient  and shortest path length

Clustering coefficient Shortest path length

Density of groups in a network Distance among the nodes

A

B

Number of closed triangles

Number of possible triangles
C = 



Causality Network Analysis 

1. Cluster and extract subnetworks by IRM: 
To know and visualize an interaction in a 
causality network

In
d

ex
 o

f 
n

eu
ro

n

Index of neuron

• Estimate a causality network by 
transfer entropy using neuron’s 
activation  for each movement pattern

2. Complex network theory: Topological property
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Index of neuron

Clustered causality 
network

3. Average transfer entropy: Influence from a body to network 



Experimental setting

• Snake-liked robot
• Number of link: 15
• Number of output neurons: 26
• Number of hidden neurons: 174
• Topology of wired network:

Randomly distributed network
• Simulation time: 2000[sec]
• No learning mechanism

Hinge jointMuscle fiber

Wired network

oscillator

oscillator

oscillator
oscillator

oscillator oscillator

Hidden

output



(a) Causality network: How and what 
type of neurons are interacting?

Subnetwork Index
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Index of subnetwork

 Causality networks when the mosｔ stable movement 
pattern has the least and local interaction with a 
subnetwork that has many output neurons to another 
subnetwork.

Duration: 430[sec]

Duration: 11[sec]



(b) Complex network properties: Structure 
property in a causality network?

Movement pattern Movement patternMovement pattern
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 Causality network during longer stable repetitive 
movement has a smaller clustering coefficient and 
longer shortest path.

Duration of repetitive 
movement pattern

Clustering 
coefficient

Shortest 
path length



(c) Average of transfer entropy between 
hidden and output neurons: Influence of body?

Movement pattern
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Movement pattern

hidden neurons 
-> output neurons

Output neurons 
-> hidden neurons

 Lower values of transfer entropy between hidden neurons 
and output neurons are observed during longer repetitive 
movements

Duration of repetitive 
movement pattern



Discussion

• Emergence of functional module in a subnetwork
– Role of body and wired network to make functional 

module

• Goal oriented movement patterns are emerged by 
constraint of body [Kuniyoshi and Suzuki, 2004]

• More complex structure? Appropriate constraint?

– Other type of sensor

• Emergence of visual, sound, tactile sensor area?

Structure

Function
https://en.wikipedia.org/wiki/Cerebral_cortex



Summary of network analysis

• We estimate a emerged causality network within 
behaviors and analyze interaction and structure property 
of the causality network

• Stable (unstable) movements are emerged from
• Local (global) interaction in subnetworks that had 

more output neurons
• Less (more) complex network property
• Weak (strong) interaction between body and network

Future issues

• Different body structure and wired network
• Other sensors
• Other property of complex networks



My desire or speculation is ...

• Consciousness comes from unstable state 
more interaction with physical 
environment through sensorimotor 
systems.  Exploration Motivation

• Unconscious level is at stable state  less 
interaction with physical environment 
through sensorimotor systems.  DMN?

• Chaotic itinerancy between both states 
with a huge diversity of behaviors is a 
phenomenon of robot self?



Fetusoid
[Mori et al., 2014 (to appear)]
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Social Brain Analysis
[Takahashi et al., 2014]



Abstract

1.Social interaction with 
five kinds of different 
opponents (16 subjects).

2.Matching-pennies game 
in fMRI scanner.

3.Analysis of impressions 
and brain activities 
affected by 1.

Mind holderness
Mind readerness

[Takahashi et al., 2014]



• Evaluation of decision-making tactics  entropy

• Larger HS complex!               Smaller HS simple!

Basic idea of behavior Analysis 
[Takahashi et al., 2014]
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[Takahashi et al., 2013]



Social interactions with five kinds of 
different opponents [Takahashi et al., 2014]



Task: procedures
• Participants were required to select either left or right.

• The panel: the opponent  its "right" and the participant 
 his/her "right",  the participant lost this game.  

• 20 times in each block, 16-sec break before next block 
where participants played with a new opponent.

[Takahashi et al., 2014]



• Grand means of entropy for the five opponents across 
participants. Error bars indicate standard errors of means.

Behavior Analysis 
[Takahashi et al., 2014]



The impression questionnaire from all participants.

1. a mental function score How much the 
participants explicitly attributed mental functions 
to each opponent

2. Correlation between PCA values obtained from the 
two questionnaires across the five opponents.

3. Correlation between the PCA and entropy values.

4. Transform the correlation to z-scores within each 
participant.

5. Determine which PCA component better reflected
1. the mental function 
2. Entropy

Questionnaire Analysis: PCA 
[Takahashi et al., 2014]



Questionnaire Analysis: PCA 
[Takahashi et al., 2014]



The 1st PCA component  the mental function score
The 3rd PCA component  entropy

Questionnaire Analysis: PCA 
[Takahashi et al., 2014]



Questionnaire Analysis: PCA 
[Takahashi et al., 2014]

Emotional

Cognitive



• We prepared four regressors per participant:
1. one regressor was game-related used to 

specify the game period.
2. the other three regressors, which were 

constructed based on the three PCA 
components. 

• The parametric modulation analysis for each 
PCA component  each participant separately. 

• The estimated blood oxygen level dependent 
(BOLD) signal change obtained from each of 
the 16 participants.

fMRI Scan

[Takahashi et al., 2014]



"mind-holderness"  red   "mind-readerness”  blue)

a. regions are superimposed on a lateral view of the MNI 
standard brain.

b. regions are superimposed on a sagittal section, x=+1.

fMRI Scan
[Takahashi et al., 2014]



(c) and (d)  regions activated during the game. 

The purple section in panel (c) represents a TPJ 
section where activity was modulated both by 
“mind-holderness” and by “mind-readerness”.

fMRI Scan
[Takahashi et al., 2014]



• The opponent = an anthropomorphic mind-holder, 
perspective taking to mentalize their intention, tactics, 
and even emotion  the dorso-medial cingulum
network. 

• The opponent = categorized as a mind-reader, mindful 
of the possible gaze of the opponent  the anterior-
ventral TPJ/pSTS. 

• Social interaction with mindholder or mind-reader may 
distinctly shape the internal representation of our 
social brain, which may in turn determine how we 
behave for various agents that we encounter in our 
society.

Summary of social brain analysis
[Takahashi et al., 2014]



One more recent publication
[Hirata et al., 2014]



Hyper Scanning MEG (1)
[Hirata et al., 2014]



Hyper Scanning MEG (2)
[Hirata et al., 2014]



Hyper Scanning MEG (3)
[Hirata et al., 2014]



Outline of my talk

1. Cognitive Developmental Robotics

– What’s development?

– Developmental Robotics,       Cognitive 
Developmental Robotics

2. Towards Artificial Empathy

– Self/other cognition

– A developmental model

– Cognitive vs. Affective

3. Brain-Body Interaction

4. Mind Holder and Mind Reader 

5. Future issues



Future issues (1)

1. How to design robot emotion?

– A lack of homeostasis in the body                
 adaptive behavior via brain networks

– Robot homeostasis  self-preserving 
architecture  a pioneering work 
WAMOEBA

2. How to design intrinsic motivation?

– Falling is a leading cause of accidental 
injury and death in children under five.

– ML and developmental robotics 
communities

[Damasio & Carvalho, 2013]

[Ogata & Sugano, 1997]

[Joh & Adolph, 2006]

[Lopes & Oudeyer, 2010]



Future issues (2)

3. Language?
– Studies assessing severe aphasic patients have 

reported normal ToM processing.
– However, language faculty is needed in higher 

empathic social contexts.  Rather, empathy and 
motivation may accelerate language learning.

4. Hormones and neurochemical compounds
– oxytocin (OT)  emotional empathy, and dopamine 

(DA)  cognitive empathy
– EE sensitivity and CE capability to characterize 

empathic disorders  Gain control in our model.

[Varley, 2001]

[Gonzalez-Liencres et al., 2013]

[Smith, 2006]



Future issues (3)

5. Expressions
– Facial and gestural 

expressions are key 
aspect of artificial 
empathy.

6. Many more issues!
– Towards Artificial 

Empathy (to appear in the Int. 
Journal of Social Robotics) 

[Ishihara and Asada, 
2011, 2013]




