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inspiration (among others) from 
developmental psychology
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The  Symbol  Grounding  Problem

Stevan  Harnad,  1990:  
   “How  can  the  seman2c  interpreta2on  of  a  formal  
symbol  system  be  made  intrinsic  to  the  system,  rather  
than  just  parasi2c  on  the  meanings  in  our  heads?  ”  
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• because  grounded  cogni@on  is  important  for  robots  
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• because  grounded  cogni@on  provides  access  to  
grounded  forms  of  reasoning  (Barsalou  2008)

Meaning
amodal  symbol  

system

Referent  
modal  non-­‐symbolic  

system

combinatory 
computational reasoning

simulation based 
reasoning

grounding
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One  example  of  the  benefit  of  grounding

1 + 1        2
1 + 2        3
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Evolving  complex  structures

“[...]  evolu2on  by  cumula2ve  [...]  selec2on  is  the  
only  theory  we  know  of  that  is  in  principle  
capable  of  explaining  the  existence  of  organized  
complexity.”

The  Blind  Watchmaker,  R.Dawkins



Talking  heads  experiment

Luc Steel, Frédéric Kaplan, “Bootstrapping grounded word semantics”, Linguistic evolution through language
acquisition: formal and computational models, 1999 Cambridge University Press
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Grounded  dynamics

AZer  a  few  thousand  itera@ons,  agents  
synchronize  a  shared  grounded  
lexicon  to  describe  their  world.

from Luc Steel, “The emergence and evolution of linguistic structure: from lexical to grammatical communication
systems”, Connection science 2005 
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Why  is  it  an  important  experiment?

• Symbols  are  socially  grounded:  the  lexicon  is  shared
• Symbols  are  grounded  in  the  environment
• Symbols  are  grounded  in  the  task  (here,  the  game)



Next  step:  grounding  grammar

“John gives a ball to Mary”
John

give
ball

Mary

The Evolution of Case Systems for Marking Event Structure 3

Figure 1. The agents play language games in which they describe real-world events to
each other. In this example scene, one puppet is moving towards another puppet.

as in the German sentence Der Junge geht zu dem Mädchen, in which the definite
article der assigns nominative case to Junge ‘boy’ and dem assigns dative case to
Mädchen ‘girl’.

2.1. The Apparent Complexity of ‘Event Structure Grammars’

One striking puzzle in language evolution is why ‘event structure grammars’
such as case evolve such a degree of complexity if it is perfectly possible to com-
municate successfully without marking the relations between events and their par-
ticipants (Gil, 2008). For example, some languages such as Lisu (Li & Thompson,
1976) or Riau Indonesian (Gil, 2002) have no or very few grammatical means for
indicating event structure. Such languages use lexical items in an associative man-
ner. For instance, Riau Indonesian speakers find it acceptable to say Cowok lari
cewek ‘boy run girl’ (David Gil, pers. comm.), a free word order utterance that
leaves the correct interpretation up to the listener.

Indeed, language is an inferential coding system (Sperber & Wilson, 1986) in
which not all information is explicit in the message, but in which the language user
is assumed to be intelligent enough to infer a suitable meaning from the context.
So without any clear communicative justification for the degree of grammatical
complexity observed in natural languages (Gil, 2008), many explanations for case
resort to biological constraints and innate learning biases (Müller, 2002; Moy, 2006)
or simply historical accidents (Carstairs-McCarthy, 2004). However, so far none of
these theories have been able to demonstrate how a case system may evolve.

Grammar: set of conventionalized 
strategies to disambiguate

???
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Fluid  Construc@on  Grammar

subunits unit-2 unit-3
meaning 
      (read ?event 
         ?reader ?text)
sem-cat
      type: reading
      time: before t0
args ?event unit-1

meaning 
      (arthur ?reader)
sem-cat
      type: sentient
      role: agent
args ?reader unit-2

meaning 
      (newspaper ?text) 
      (many ?text)
sem-cat
      type: inanimate
      role: patient
      reference:
         generic/def/plural
args ?text unit-3

subunits unit-2 unit-3
form 
      string: "read"
      meets: unit-2 > unit-1
                  > unit-3
syn-cat
      lex-cat: verb
      tense: past
phon-cat ����� unit-1

form 
      string: "Arthur"
syn-cat
      lex-cat: proper-noun
      case: subject
phon-cat ���ː�
� unit-2

subunits unit-4
form 
     string: "newspaper"
     meets: unit-3 > unit-4
syn-cat
      lex-cat: noun
      case: direct-object
      number: plural
phon-cat ����	�
�� unit-3

form 
     string: "s"
phon-cat ��� unit-4

semantic
pole

syntactic
pole

Coupled feature structures 
contain hierarchies of units

21

Arthur read newspapers

from Katrien Beuls, “A first encounter with Fluid Construction Grammar”, 
UPF TRL PhD seminar, 04 Mar 13



Fluid  Construc@on  Grammar

9/19/13 5:16 PMBabel web interface

Page 1 of 1http://127.0.0.1:8000/

top

top

Producing 
((f-marking indiv-block)  (identifiable-type indiv-block)  (topic indiv-boy)  (block indiv-block)  (give-frame give-frame-3)  (give-giver give-frame-3 indiv-boy) (give-to-whom give-frame-3 indiv-man) (give-what give-frame-3 indiv-block)  (mann indiv-man) (junge indiv-boy) (uniquely-identifiable indiv-man) (uniquely-identifiable indiv-boy) (unmarked))

Applying
construction set collection (lex-entries morph-entries phrasal-constructions intonation constructions fields sent-cxn)
in direction →

status succeeded
source structure

top

application process
initial

queue fields: linke-klammer-full-verb-constituent, vorfeld-constituent intonation: focus-construction, focus-unit-construction morph-entries: der-morph, den-morph, ein-morph initial phrasal-constructions: determined-noun-phrase

... and 2 more
resulting structure

top

Utterance: "den Mann der Junge gibt ein Päckchen FOC"

reset

sem syn

lex-entries: definite-article-entry, indefinite-article-entry, junge-entry, mann-entry, block-entry, gibt-entry phrasal-constructions: determined-noun-phrase intonation: focus-construction, focus-unit-construction constructions: morph-entries: der-morph, den-morph, ein-morph fields: linke-klammer-full-verb-constituent, vorfeld-constituent sent-cxn:

sem-subunits  
field-role  
footprint  

vorfeld-unit-1
(np-unit-1)

(vorfeld)
(vorfeld-constituent)

referent  
sem-cat  

sem-subunits  
footprint  

np-unit-1
indiv-boy
((determined +)  
(definite +)  
(indefinite -)  
referent)

(junge-unit-1 determination-unit-1)
(determined-noun-phrase-entry 
vorfeld-constituent)

meaning  
sem-cat  
referent  
footprint  

junge-unit-1
((junge indiv-boy))
(person entity)
indiv-boy
(junge-entry)

meaning  

sem-cat  

referent  
footprint  

determination-unit-1
((uniquely-identifiable 

indiv-boy))
((definite +)  
(indefinite -))

indiv-boy
(determiner-entry)

left-bracket-unit-1

meaning  

sem-cat  

referent  
footprint  

gibt-unit-1
((give-frame 

give-frame-3)
(give-giver 
give-frame-3 
indiv-boy)

(give-what 
give-frame-3 
indiv-block)

(give-to-whom 
give-frame-3 
indiv-man))

(event 
(sem-valence 
(ditransitive-action 
give-frame-3)

(agent give-frame-3 
indiv-boy)

(patient give-frame-3 
indiv-block)

(recipient give-frame-3 
indiv-man)))

give-frame-3
(gibt-entry)

referent  
sem-subunits  
sem-cat  

new-unit-3
indiv-block

(focus-unit-1 np-unit-2)
(referent 
(indefinite +)  
(definite -)  
(determined +)  
(f-marked +))

meaning  
referent  
sem-cat  
footprint  

focus-unit-1
((f-marking indiv-block))
indiv-block
(emphasized)
(focus-construction)

referent  
sem-cat  

sem-subunits  
footprint  

np-unit-2
indiv-block
((determined +)  
(definite -)  
(indefinite +)  
referent)

(block-unit-1 determination-unit-2)
(determined-noun-phrase-entry 
focus-unit-construction)

meaning  
sem-cat  
referent  
footprint  

block-unit-1
((block indiv-block))
(object entity)
indiv-block
(block-entry)

meaning  

sem-cat  

referent  
footprint  

determination-unit-2
((identifiable-type 

indiv-block))
((definite -)  
(indefinite +))

indiv-block
(determiner-entry)

sem-subunits  
sem-cat  

referent  
footprint  

np-unit-3
(mann-unit-1 determination-unit-3)

((determined +)  
(definite +)  
(indefinite -)  
referent)

indiv-man
(determined-noun-phrase-entry)

meaning  

sem-cat  

referent  
footprint  

determination-unit-3
((uniquely-identifiable 

indiv-man))
((definite +)  
(indefinite -))

indiv-man
(determiner-entry)

meaning  
sem-cat  

referent  
footprint  

mann-unit-1
((mann indiv-man))
(mann person 
entity)

indiv-man
(mann-entry)

sem syn

syn-subunits  
field-role  
footprint  

vorfeld-unit-1
(np-unit-1)

(vorfeld)
(vorfeld-constituent)

syn-cat  

syn-subunits  
form  

footprint  

np-unit-1
((pos (ref-expression)) 
(case 
((nominative +)  (genitive -)  
(dative -)  (accusative -)))

(number (+))  (gender male) 
(determined +)  (definite +)  
(indefinite -))

(determination-unit-1 junge-unit-1)
((meets 

determination-unit-1 
junge-unit-1))
(determined-noun-phrase-entry 
vorfeld-constituent)

footprint  
form  
syn-cat  

junge-unit-1
(junge-entry)

((string junge-unit-1 "Junge"))
((pos noun) 
(case 
((nominative +)  (genitive -)
(dative -)  (accusative -)))

(gender male) 
(function nominal)  
(number (+)))

form  
syn-cat  

footprint  

determination-unit-1
((string determination-unit-1 "der"))

(determined 
(case 
((nominative +)  (genitive -)  
(dative -)  (accusative -)))

(gender male) (definite +)  
(number (+))  (indefinite -)  
(pos determiner))
(determiner-entry 
der-morph)

footprint  
syn-subunits  
syn-cat  

form  

np-unit-3
(determined-noun-phrase-entry)

(determination-unit-3 mann-unit-1)
((pos (ref-expression)) 
(case 
((nominative -)  (genitive -)  
(dative -)  (accusative +)))

(number (+))  (gender male) 
(determined +)  (definite +)  
(indefinite -))

((meets 
determination-unit-3 
mann-unit-1))

footprint  
form  
syn-cat  

mann-unit-1
(mann-entry)

((string mann-unit-1 "Mann"))
((pos noun) 
(case 
((nominative -)  (genitive -)
(dative -)  (accusative +)))

(gender male) 
(function nominal)  
(number (+)))

form  
syn-cat  

footprint  

determination-unit-3
((string determination-unit-3 "den"))

(determined 
(case 
((nominative -)  (genitive -)  
(dative -)  (accusative +)))

(gender male) (definite +)  
(number (+))  (indefinite -)  
(pos determiner))
(determiner-entry 
den-morph)

syn-subunits  
form  

syn-cat  

new-unit-3
(focus-unit-1 np-unit-2)

((meets np-unit-2 
focus-unit-1))
((pos (ref-expression)) 
(case 
((nominative ?n-51)  (genitive -)  
(dative -)  (accusative ?a-24)))

(number (+))  (gender neuter)  
(determined +)  (definite -)  
(indefinite +)  (f-marked +))

form  
footprint  
syn-cat  

focus-unit-1
((string focus-unit-1 "FOC"))

(focus-construction)
(emphasized)

footprint  

syn-cat  

syn-subunits  
form  

np-unit-2
(determined-noun-phrase-entry 
focus-unit-construction)

((indefinite +)  (definite -)  
(determined +)  (gender neuter)  
(number (+))  
(case 
((nominative ?n-51)  (genitive -)  
(dative -)  (accusative ?a-24)))

(pos (ref-expression)))
(determination-unit-2 block-unit-1)

((meets 
determination-unit-2 
block-unit-1))

form  
syn-cat  

footprint  

determination-unit-2
((string determination-unit-2 "ein"))

(determined 
(case 
((nominative ?n-51)  (genitive -)  
(dative -)  (accusative ?a-24)))

(gender neuter)  (definite -)  
(number (+))  (indefinite +)  
(pos determiner))
(determiner-entry 
ein-morph)

footprint  
form  
syn-cat  

block-unit-1
(block-entry)

((string block-unit-1 "Päckchen"))
((pos noun) 
(case 
((nominative ?n-51)  (genitive -)  
(dative -)  (accusative ?a-24)))

(gender neuter)  (function nominal)  
(number (+)))

footprint  
syn-subunits  
field-role  

left-bracket-unit-1
(left-bracket-constituent)

(gibt-unit-1)
(linke-klammer)

form  
footprint  
syn-cat  

gibt-unit-1
((string gibt-unit-1 "gibt"))

(gibt-entry)
((number (+))  (person 3rd) 
(syn-frame 
((ditransitive gibt-unit-1)  
(subject gibt-unit-1 ?subject-26)  
(dir-object gibt-unit-1 
?dir-object-6)

(indir-object gibt-unit-1 
?indir-object-6)))

(function verbal)  
(pos (verb full-verb))  
(syn-role predicate) 
(verb-form inflected))



Operators  to  perform  unit  transforma@ons
The J-operator can also insert new units 
between two existing ones

top

unit-1

unit-2

unit-3

unit-4

unit-5

unit-4

unit-5

new-unittop

unit-1

unit-2

unit-3

J operator

23from Katrien Beuls, “A first encounter with Fluid Construction Grammar”, 
UPF TRL PhD seminar, 04 Mar 13



FCG:  Analogy  with  chemistry

 Form     

 Meaning     

production

parsing

complex “soup” of 
potentially relevant 

constructions

subunits unit-2 unit-3
meaning 
      (read ?event 
         ?reader ?text)
sem-cat
      type: reading
      time: before t0
args ?event unit-1

meaning 
      (arthur ?reader)
sem-cat
      type: sentient
      role: agent
args ?reader unit-2

meaning 
      (newspaper ?text) 
      (many ?text)
sem-cat
      type: inanimate
      role: patient
      reference:
         generic/def/plural
args ?text unit-3

subunits unit-2 unit-3
form 
      string: "read"
      meets: unit-2 > unit-1
                  > unit-3
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Grounding  spa@al  gramma@cal  conven@ons

Speaker
Hearer

Speaker

Hearer

Hearer

Speaker

Speaker world model

Hearer world model

from Spranger,M., Pauw, S., Loetzsch, M., and Steels, L. “Open ended procedural semantics”, 
Language grounding in robots. Springer, New-York 



Language  development  stages

FCG and similar computational models of 
construction grammars are good candidates to 
account for stages of linguistic competences, in 
a usage-based approach of language learning:

• Holophrases
• Word  combina@ons
• Pivot  Schemas
• Item-­‐based  construc@ons
• Abstract  construc@ons

from  Tomasello,  2005



What  comes  next?
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Meaning
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Developmental  RoboDcs



Focus  on  the  learning  mechanisms

Not the end result ... but the process



Key  aspects  of  the  developmental  approach

• Grounded  seman@cs

• Staged  development  =>  previous  stages  
help  to  build  the  next.

• Dynamic  systems,  Life-­‐long  learning



CategorizaDon



    What  is  it  like  to  be  a  robot?

“The Blooming, 
buzzing 

confusion”

William James



    Scaffolding  knowledge  through  interac@on



    Learning  its  own  body

Ref: University of Illinois at Urbana-Champaign
 



    Learning  its  own  body

Ref: Sony CSL



Low  level  visual  and  audio  pabern  extrac@on

 Avoid  biases  as  much  as  possible  in  the  nature  and  structure  of  
relevant  perceptual  data  for  the  robot.

 Deep  Learning:  hierarchical  neural  approaches  in  general

 Slow  Feature  Analysis:  layered  approaches  to  build  up  structure

 MulD-­‐modal  cross-­‐correlaDon  extrac@on

• Quoc V Le, Rajat Monga, Matthieu Devin, Greg Corrado, Kai Chen, Marc’Aurelio Ranzato, Jeff Dean & Andrew Y Ng. Building highlevel features using 
large scale unsupervised learning. arXiv preprint arXiv:1112.6209, 2011

• Yoshua Bengio. Learning deep architectures for AI. Foundations and Trends in Machine Learning, vol. 2, no. 1, pages 1–127, 2009
• Sven Behnke. Hierarchical neural networks for image interpretation, volume 2766. Springer, 2003
• Laurenz Wiskott & Terrence J Sejnowski. Slow feature analysis: Unsupervised learning of invariances. Neural computation, vol. 14, no. 4, pages 715–770, 

2002



Sensorimotor  conceptualiza@on

 Gather  spaDotemporal  correlaDons  into  conceptual  first  level  
categories.

 Proto-­‐object  extrac@on

 Simple  motor  skills  schemata

 Simple  causality,  naïve  physics

=>  AcDve  Learning

• D.H. Rakison & L.M. Oakes. Early category and concept development: Making sense of the blooming, buzzing confusion. Oxford University Press, USA, 2003
• Francesco Orabona, Giorgio Metta & Giulio Sandini. A proto-object based visual attention model. Attention in cognitive systems. Theories and systems from an 

interdisciplinary viewpoint, pages 198–215, 2007
• Ryunosuke Nishimoto, Jun Namikawa & Jun Tani. Learning multiple goal-directed actions through self-organization of a dynamic neural network model: A 

humanoid robot experiment. Adaptive Behavior, vol. 16, no. 2-3, pages 166–181, 2008
• Paul Fitzpatrick, Giorgio Metta, Paul Fitzpatrick & Giorgio Metta. Grounding vision through experimental manipulation. Philosophical Transactions of the Royal Society 

of London. Series A: Mathematical, Physical and Engineering Sciences, vol. 361, no. 1811, pages 2165–2185, 2003



Joint  AcDon
towards  language  games



    Scaffolding  knowledge  through  interac@on



    Some  fundamental  &  open  ques@ons

• What  is  the  role  of  poinDng?  
• What  simulators  do  we  run  in  our  heads?
• How  do  we  ground  a  theory  of  mind?
• What  is  the  role  of  emoDons?
• How  does  the  system  represent  a  goal?
• How  do  developmental  stages  unfold?
• How  do  we  represent  fluid  knowledge?
• …



Curiosity  &  Intrinsic  Mo@va@on

Curiosity  = drive to decrease the rate of prediction error1 
                  = drive to increase the amount of learning 

1: Pierre-Yves Oudeyer; Frédéric Kaplan, “What is intrinsic motivation? a typology of computational
approaches”, Frontiers in Neurorobotics 2007

What  drives  an  autonomous  system?

• Physiological  needs  =>  food,  safety,  …
• Curiosity  =>  intrinsic  mo2va2on



    The  playground  experiment



Shared  verbal  and  motor  lexicon  acquisi@on

 Evolve  shared  convenDonalized  symbols  to  ground  visual  
categories,  motor  skills,  gestures  (lexical  level),  social  interacDon  
paWerns

 First  stages  of  joint  acDon

 Role  of  poinDng

 Turn  taking  &  imitaDon

 Role  of  emoDons

 ArDficial  Curiosity  in  social  context

• Luc Steels. Experiments in cultural language evolution, volume 3. John Benjamins Publishing Company, 2012
• J. Grizou, M. Lopes & P.Y. Oudeyer. Robot learning simultaneously a task and how to interpret teaching signals. In IEEE-RAS International Conference on Humanoid 

Robots, 2012
• L.W. Barsalou. Grounding symbolic operations in the brain’s modal systems. In Embodied grounding: Social, cognitive, affective, and neuroscientific approaches. 

Cambridge University Press, 2008
• L. Steels. Language games for autonomous robots. Intelligent Systems, IEEE, vol. 16, no. 5, pages 16–22, 2001
• Luc Steels & Manfred. Hild. Language grounding in robots. Springer, 2012



Extending  Construc@on  Grammars

 Beyond  lexicon,  ground  composiDonal  structures  like  grammar  or  
composite  acDon  plans.

 ConstrucDon  Grammars

 Rela@onship  between  language
and  acDon

 Role  of  simulaDon,  in  par@cular
in  the  development  of  a  theory
of  mind

 Scaffolding  higher-­‐level  cogniDve
func@ons.

• Luc Steels. Design patterns in fluid construction grammar, volume 11. John Benjamins Publishing Company, 2011
• Benjamin Bergen & Nancy Chang. Embodied construction grammar in simulation-based language understanding. Construction grammars: Cognitive grounding and 

theoretical extensions, pages 147–190, 2005
• E. Bates & J.C. Goodman. On the emergence of grammar from the lexicon. The emergence of language, pages 29–79, 1999
• A. Cangelosi, G. Metta, G. Sagerer, S. Nolfi, C. Nehaniv, K. Fischer, J. Tani, T. Belpaeme, G. Sandini, F. Noriet al. Integration of action and language knowledge: A 

roadmap for developmental robotics. Autonomous Mental Development, IEEE Transactions on, vol. 2, no. 3, pages 167–195, 2010.
• L.W. Barsalou. Grounded cognition. Annu. Rev. Psychol., vol. 59, pages 617–645, 2008



AI  Lab  Research  Program



Structuring 
Perception

Layers
-

Patterns 
extraction

Grounding of 
lexicon and 
grammar

-
Construction of 

Meaning

Categorization
For Visual and 

Motor Schemes
-

Environment 
modeling, IM

  Five  axis  of  research

• Deep  Learning
• Slow  Feature  Analysis
• Mul@-­‐modal  cross-­‐

correla@on

• Proto-­‐object  
• Simple  motor  skills
• Simple  causality
• Ac@ve  Learning
• Intrinsic  Mo@va@on

Grounding of language games and 
social interactions

-
Social Motivation Principle

Theory of Mind, Emotions
-

Social modeling

• Language  games  =>  how  do  they  evolve?
• Role  of  poin@ng,  Theory  of  Mind
• Turn  taking  &  imita@on
• Selec@onist  approach

• Construc@on  Grammars
• Rela@on  language  &  ac@on
• Role  of  simula@on
• Scaffolding  higher-­‐level  

cogni@ve  func@ons.



Human  Cogni@ve  Developmental  Map  project

 Gather  peer-­‐reviewed  known  facts  about  the  cogniDve  and  
language  development  of  children  in  a  centralized  open  wiki.

 Examples:  
   Age  12-­‐15  months:  coordinated  joint  engagement:  ac2ve  triadic  interac2on,  
   direc2ng  other's  ac2ons,  calling  for  reengagement  if  interrupted,  taking  the  other's  
   turn  (Bakeman,  1984)

 Allow  for  wikipedia  style  discussion  and  debates  on  “Discussion”  
page,  revision  history,  list  of  published  references,  etc.

 Timescale  representa@on  of  selected  fact  categories  based  on  tags

 Ranking  of  contributors,  ranking  of  fact  reliability



Conclusions

 Developmental  RoboDcs  as  a  way  to  evolve  complex  
representaDonal  structures  in  grounded  systems

 Grounding  is  key  to  AI,  to  enable  simulaDon-­‐based  
inferences,  creaDvity  and  insight    

 Key  challenges:  evolve  categorizaDon  and  joint  interacDons  
between  agents

 AI  Lab:  possibility  for  joint  labs,  collaboraDve  projects,  
partnerships,  open  posiDons



A-Lab

Thanks!

a-lab@aldebaran-robotics.com

mailto:a-lab@aldebaran-robotics.com
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