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ACADEMIE EUROPEENNE INTERDISCIPLINAIRE DES SCIENCES

INTERDISCIPLINARY EUROPEAN ACADEMY OF SCIENCES
5 rue Descartes 75005 PARIS

Séance du Lundi 9 mai 2017 /Maison de I'AX 17h

La séance est ouverte a 17h sous la Présidence de Victor MASTRANGELO et en la présence
de nos Collégues Gilbert BELAUBRE, Jean-Louis BOBIN, Alain CARDON, Sylvie DERENNE,
Francoise DUTHEIL, Claude ELBAZ, Michel GONDRAN, Irene HERPE-LITWIN, Gérard LEVY,
Pierre MARCHAIS, Claude MAURY, Marie-Francoise PASSINI, Jacques PRINTZ, Alain STAHL,
Mohand TAZEROUT ,Jean-Pierre TREUIL, .

Etaient excusés :Francois BEGON, Jean-Pierre BESSIS, Bruno BLONDEL, Michel
CABANAC, Juan-Carlos CHACHQUES, Gilles COHEN-TANNOUDJI, Alain CORDIER , Daniel
COURGEAU, Ermnesto DI MAURO, Jean-Felix DURASTANTI, Vincent FLEURY, Robert
FRANCK, Jean -Pierre FRANCOISE, Dominique LAMBERT, Valérie LEFEVRE-SEGUIN, Antoine
LONG, Anastassios METAXAS, Alberto OLIVIERO, Edith PERRIER, Pierre PESQUIES, Jean
SCHMETS, Michel SPIRO, Jean-Paul TEYSSANDIER , Jean VERDETTI.

Les titres des travaux présentés par nos collégues ont été les suivants:

Claude MAURY :" L'intelligence artificielle soumise au regard des philosophes™

Alain CARDON: " La génération et I’appréhension des représentations idéelles artificielles et
naturelles™

C. Jacques PRINTZ : " Une ingénierie sans fondement : I’information ?*

D. Michel GONDRAN: " Les ondelettes Minplus et les analyses fractales et multifractales™

w >

Notre Collegue Claude MAURY nous avait confié un document complet publié dans le précédent Bulletin
n°214 de I'AEIS (avril 2017). Nos Collegues Alain CARDON, Jacques PRINTZ et Michel GONDRAN
dont seuls des résumés avaient été publiés nous ont entretemps fourni des documents complets accessibles
dans la section documents.



Annonces

Quelques ouvrages papiers relatifs au colloque de 2014 ** Systemes stellaires et
planétaires- Conditions d*apparition de la Vie" -

— Prix de l'ouvrage :25€ .
— Pour toute commande s'adresser a :
Irene HERPE-LITWIN Secrétaire générale AEIS

39 rue Michel Ange 75016 PARIS
06 07 736975
irene.herpe@science-inter.com
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Documents

Pour compléter l'intervention de Claude MAURY nous vous proposons: de lire sur le site
http://vie.jill-jenn.net/2016/02/05/deep-learning-au-college-de-france/ un article intitulé "Deep
Learning au College de France"

Nos collégues Alain CARDON, Jacques PRINTZ et Michel GONDRAN nous ont par ailleurs fourni
les documents suivants:

p.06 : Article d'Alain CARDON " Génération et appréhension des Représentations idéelles et
artificielles"”

p.10 article de Jacques PRINTZ intitulé " L’ingénierie de I’information n’est-elle qu’un vaste
bricolage ? Ou est passée la science qui fonde cette ingénierie ? "

p. 24 article de Michel GONDRAN " Ondelettes Minplus: Analyses fractales et Multifractales"

Pour préparer la conférence du Pr Luc STEELS nous vous proposons :

p. 50 : Un article de Luc STEELS "Agent-based models for the emergence and evolution of
grammar" publié dans Phil. Trans. R. Soc. B 371: 20150447.
http://dx.doi.org/10.1098/rsth.2015.0447
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Génération etappréhensiondes

représentationsidéellesartificielles etnaturelles

Alain Cardon AEIS —9 Mai 2017

La notion de représentation

- Une représentation est ce qui est congu et pergu comme expression mentale a
propos de quelque chose.

- Cest lappréhension et la sensation éprouvée de quelque chose de naturel
venant des sens ou de totalement symbolique et abstrait, comme de Ia
signification langagiére ou conceptuelle ou bien une union des deux.

Le systéme qui génére les représentations

° Cest un systtme de systtmes auto-organisateur sur un substrat formé
déléments ponctuels langant de la signification par agrégations.

* Son architecture est basée sur lactivation de systtmes de systemes dynamiques
coactifs au niveau énergique et informationnel a de multiples échelles : réseaux
de systémesinformationnels.

* Le systeme produit des formes émergentes, spatiales, géométriques, sur le substrat
(agrégats de neurones ou d’agents logiciels) et qui sont les représentations.

Deux caracteres de larchitecture

. I1'y a deux caracteres architecturaux particuliers :

Des systémes dynamiques trés coactifs, formant de multiples organisations
locales sur les éléments du substrat qui géncrent des formes dotées de
signification par leurs unions coactives : notion de formes signifiantes.

Des éléments de contréle (régulateurs) incitent les systemes dynamiques a
s’activer et a se coactiver et surtout a s’unir en agrégats dans des formes constituant
I’ensemble général qui sera mis a appréhension : notion de réseaux de controle.



Le paysage mental

. Des ¢léments de contrdle et des agrégats de systtmes dynamiques dotés de
signification sactivent a partir d’une incitation, d’une visee, et géncrent un
construit dagrégats dynamiques qui a de multiples caractéres et qui est le paysage
mental actif.

. Les ¢léments du paysage expriment géométriquement trois caractéres : de la
signification réaliste, des formes abstraites, des sensations.

- La représentation éprouvée est une €émergence construite et sélectionnée dans le

paysage mental.
Processus de génération d’une pensée
1. Une visée choisie par le régulateur méta ou imposée par les sens.
2. La sélection de formes adaptées activées dans le paysage mental.

e

La construction de la représentation par les régulateurs et son émergence avec
son appréhension (pas de détachement !).

4.  Modification du paysage et mémorisation.

3. Pensée suivante par continuité dans le paysage mental modifié.

Paysage mental

. C’est l'ensemble bien organis¢é des systtmes dynamiques coactifs ayant des

formes signifiantes et qui est structuré en domaines typologiques :

1. Les parties exprimant les formes réelles et sensibles venant des sens.
Les parties exprimant les connaissances abstraites et symboliques.

3. Les parties exprimant les dénotations langagicres.



Les parties mémorielles exprimant le dynamisme du vécu courant.

Les parties exprimant les tendances dominantes du moment qui caractérisent et

altérent tout le paysage.

Des parties éventuellement perturbatrices et autonomes (controle

par des attracteurs).

. Le paysage est construit et reconstruit sans cesse sous laction des éléments de
controle dont celui générant lappréhension (régulateurs) et sous leffet de la
mémoire des paysages mentaux.

AEIS - Cardon Alain
Les caractéres de la représentation

La représentation est une forme de formes dynamiques actives, construite et
manipulée qui émerge dans le paysage mental.

Cette forme a des caracteres plus importants que d’autres, des caractéres associés formant
des domaines dynamiques et certains caractéres antagonistes qui ne seront pas
exprimes.



Elle est un construit dynamique amplifiant toujours certains caracteéres (notion de sup
demi-treillis), ce qui va faire 1'’émergence apprehendée et générer la sensation.

La sensation de penser

Générer une pensée est construire effectivement, dans tous les cas, une représentation
dans le paysage mental courant.

La construction est l'action multi-€chelle d¢léments de controle (les régulateurs) et de
l’action coactivite entre les formes systémiques.

Cette action est ¢énergétique et surtout informationnelle et elle est ainsi ressentie
comme telle, comme un acte mental interne continu et variable.

Conclusion

Approche systématiquement opposée au courant naturaliste réductionniste et différente
des analyses dobservation par imagerie neuronale d¥tats actifs, car se basant sur une
architecture dynamique qui produit les émergences de représentations dans des
systtmes de systémes coactifs conduits avec des éléments régulateurs gérant les
informations .

AEIS - Cardon Alain



L’ingénierie de Pinformation

n’est-elle qu’un vaste bricolage ?

D Q

D Q

D

J

v U

v U

o

= Qu est passeée la science qui fonde

cette ingénierie ?

J.Printz, Professeur Emérite du Cnam
Réunion AEIS du mardi 9 mai

©2017 /J.Printz / Ingénierie de I'information ...
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Une lecon inaugurale, Problemes futurs
du génie logiciel, 20 ans apres ...

Sous un double parrainage, présidée par Maurice Nivat, en Mai 1995:

1) En effet, pour pouvoir examiner avec Ffruits, I.P;.H'ip_cjge_s.d'une science, il faut étre familiarisé avec ses
théories particulieres; seulal rchitecte qui connait a oﬁq,'_ndans tous leurs détails, les diverses

destinations d'un batiment, sera c.a.p'abl'e'd'éh Posar &drefent les fondations.
< David Hilbert, Les 23 Problemes : VI, Le traitement mathéematique des axiomes de la physique.

2) The great progress in every science came when, in the study of problems which were modest as

compared with ultimate aims, methods were developed which could be extended further and further.
“-----IlllllllllllllIlllllllll.........

The sound procedure is to:o‘btain first utmost precision and mastery in a limited fieidaand then to proceed
to another, somethatwider,'dﬂd’soon....................---.-----""

The experience of more advanced sciences indicates that impatience merely delays progress, including
that of treatment of the «burning» questions.

There is no reason to assume the existence of shortcuts.

< John von Neumann, Theory of Games and Economic Behavior.

5 points :

Le Génie Logiciel et sa problématique
L'erreur humaine

La sireté de fonctionnement du logiciel

Les nouvelles architectures

Quelques implications sociales en conclusion

©2017 /J.Printz / Ingénierie de I'information ... Page 2
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Eclaircissements

“ Ingénierie et/ou bricolage — Ou est la
frontiere ?

% Peut-on parler d’ingénierie et/ou de qualité
de Pinformation ?
= Ingénierie de QUOI ?

% En QUOI, et par QUOI une ingénierie est-elle
fondée ?
* Quelle est sa « physique », c’est-a-dire le phénomene

qu'elle étudie et organise ?

« Cette « physique » est-elle mathématisable ?

©2017 /J.Printz / Ingénierie de I'information ... Page 4



Interrogations initiales —» le Phénomeéne

60 A DIFFERENT UNIVERSE

| f/ﬁ %

Hi., Give me q” bour moneyy

-
.~

oa

o

DB
== PRBROD DROR ey

5 o/ Em gap

=Transistors: Up to 8 cores: 2.60 billion, Up to 12
cores: 3.84 billion, Up to 18 cores: 5.69 billion
puEEEHN

= Die size: Up to 8 cores: 354 mm?, Up to 12 cores:
pu®m - Ny 492 mm?, Up to 18 cores: 662 mm?
s. Computation is based on an enormous tower of functionalities. - e = Environ 8 millions de transistors/mm?
|

Source : R.Laughlin, A different universe PourquoilComment ca
(Reinventing physics from the bottom down)

marche ?!
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On regarde d’un peu plus pres ...

Opérations Interactions

C /Créer

R /Rechercher
U /Modifier

D /Effacer

‘ E /Exécuter

Infrastructures et
.~ ressources
- informationnelles

Mise a disposition
d’une bibliothéque de
programmes d’au
minimum 20 a 30
millions d’instructions

source, soit environ 100
millions d’instructions
machine

Les niveaux d’abstraction d’un

. ordinateur moderne ...
La face cacheée
u:msoﬁ'—l [lntemet-Webl drnstemes | Calkculs et | | AT l | - |

de I,iceberg Office formation simulations

[ Applications |
-~
Interface des ications - Bibliot [
| APl des langages de programmation I

| Systemes d'exploitation I

-
2 « miracles » : o reET————
- v 4 -
" Pintégration Monden—>< | o S |
determinist I « Boot » du systeme d'exploitation I
des com posa nts | Architecture Jogique et langage(s) de I3 machine I
» Parchitecture P —
- O Lois de Ia | Architecture physique des processeurs ]
Iog |C|e"e physique E?{ | Architecture des circuits of ciblage | Aléas de
Monde de Valéatoire lll:::> Les transistors ot le silicium | e
S 2013 UPrintz/ CESAMES - TEmopnage MOOUE M5 Version V01— Fage 7

©2017 /J.Printz / Ingénierie de I'information ... Page 6




¥> Systemes de Systemes - C4ISTAR

©2017 /J.Printz / Ingénierie de linformacre

Command, Control, Communications,
Computers, Information/Intelligence,
Surveillance, Targeting Acquisition
and Reconnaissance

Fédération NC1

SIO

e®
MI - \j.gce‘“
S
| ee 7'0‘ .
! ?\“‘5 £C — |
et Wl STC-A

SORIA|| ||S10 0-3[| | SILRIA|

ATLAS | |/SICS||||MARTHA |

MPME/| | SITALAT[||/SIT C-~

prac |
e
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Survivre aux erreurs ...

S’adapter aux evolutions ou perir ...

“ Dans un SdS, chacun des systémes
autonomes doit survivre a:

= Ses propres erreurs

v’ C'est classique, mais c'est difficile

= Celles des autres systemes qui peuvent
Pinfecter

v’ C'est nouveau, et c'est trés difficile
% Dans UN systéme, il y a par définition un
point de controle central - C’est impossible
dans un SdS
< Role pivot du modele/pivot d’échanges

©2017 /J.Printz / Ingénierie de I'information ... Page 8



Bricolage ou ... ?

L’ingénieur et le bricole » trauss, dans La Pensée sauvage, Plon, p27.
[...] S v
Le brlcoleur est apte\a exécuter un gra br de taches diversifiées ; mais, a la différence
37 dlles a I'obtention de matiéres premiéres et
projet : son univers instrumental est clos, et la
regle de son jeu est d afrafigex, avec je Xp ns du bord », c’est-a-dire un
ensemble a chaque instant f|n| d’ o J fe mate 3\11 oclites au surplus, parce que la
"rappo u moment, ni d’ailleurs avec

aucun projet particulier, mais es resg]}gi\\bg ti t oute les occasions qui se sont

présentées de renouveler enrichi de Ipeﬁ\?re enir avec les résidus de
constructions et de destructions anteneur ‘ense es moyeRs du bricoleur n'est donc
pas définissable par un projet (ce qui s ait d’ailleurs, comme chez l'ingénieur,
'existence d’autant d’ensembles instrume \-gux que de genres de\ projets, au moins en

théorie) ; il se définit seulement\par son instrumentalité, autrement dit et pour employer le
langage méme du bricoleur, parc que les éléments sont recuellll%\wc nserveés en vertu du
principe que « ¢a peut toujours servir ».

©2017 /J.Printz / Ingénierie de I'information ... Page 9



Ingénierie et/ou Bricolage

HOW TO OPEN A BOTTLE OF BEER WITHOUT AN ) By Goldberg

GREAT DISCOVERY ( OPENER.
- SA
.4
» &
I/ 7 /s
A e 7 L
7 7 7277 -
' Z Z \ o\oo — “F__ — _\_ =
Ll AR = = e SN R T T
== :'—“"_‘r"":&o 5 ——— *
k. === \,0 ==

Hoo LichTed canble UNDER STRING (A)- STRING BURNS,RELERSES BALL(B) wHICH RoLLS Doway TRouGH (c) AND
KRNOCKS HAMMER (D) AGAINST TRIGGER OF PISTOL (€) - Buller (F) MAKES HOLE 1IN PIPE (G) RELEASING STRERAM
OF WATER WHICH FALLS on PLANT (H)- PLANT GRowS uNTIL IT PRESSES UPWARD AGAINST SPRING (1) - LEYER (J)

PULLS STRING (k) WHICH UPSETS SHELF (L) HOMNG Potare (M) - BotaTo FALLS ON HANDLE (N) WHICH STARTS

NG PHONOGRALH (P) - PHONPGRAPH SAXS,IN A FEMALE volce “aood EVENIG, BEER™ ., THe BTTLE

'->°L.l- (&) windy
OF BEER, BEING BOLITE, NATURALLY TAKES OFF ITS HAT - AUD THERe-NouU aRe !
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Comment comparer ? Analogies ? ...

% Analogies/comparaisons liées a la taille exprimée
en Lignes de Code Source [LCS] écrites par les
programmeurs, aux normes de l’édition

 Word — Environ 250.000 LCS => 15 livres de 400 pages
« Un OS comme GCOS7 => 250 livres
« Une fédération de systemes [SdS] = 2.500 livres

s Analogies/comparaisons liées au coit de
développement exprimé en Heures ouvreées [ho]

* Le programmeur « moyen » produit environ 4.000 LCS validées, testées
et intéegrées [soit environ 80 a 100 pages de texte] par an [pour 1.700-
1.800 ho]

* Un OS comme GCOS7 = Environ 6 millions ho

* Un SdS type défense =>» Environ 100 millions ho [en incluant un facteur
d’échec sur lequel on a des statistiques précises]

©2017 /J.Printz / Ingénierie de I'information ... Page 11



Tour Khalifa de Dubai

Burj Khalifa

— 800 m

Dont seulement 15-20%
d’heures véritablement
qualifiées [Bureau d’études]

Tour Eiffel

- 200 m
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De quoi Pingénierie de Pinformation est-
elle le nom ?
Et d’abord, qu’est-ce que Pinformation ?

Pour les informaticiens, la réponse ne fait guere de doute :

= Ce sont les textes de toute nature, y compris ceux en langage naturel,
qu’ils manipulent pour communiquer, pour réaliser le ou les systemes
d’information qui répondent aux exigences de leurs usagers et
commanditaires.

= Mais pour un biologiste, un physicien, un mathématicien, un ... ???

= L’élaboration de ces textes qui sont des compromis a un cout que Pon
peut dimensionner comme une énergie.

= Il n'y a pas de coopération possible sans communication entre les
acteurs qui agissent — cela implique des conventions — Un référentiel

©2017 /J.Printz / Ingénierie de I'information ... Page 13



Peut-on parler de complexite de
Pinformation ?
Et si oui, comment ?

En se coulant dans une logique textuelle propre aux langages
utilisés par les informaticiens on peut faire apparaitre des
parametres d’organisation de ces différents textes comme cela
existe dans nos langues naturelles — Dimensions de la
complexite :

= Richesse du vocabulaire utilisé

* Grammaire, et pour la reconnaissance —»> Automates de
reconnaissance

» Style et organisation de documents —» Tables de matieres, thesaurus,
liens hypertexte, ...

* Architecture sémantique via différents systemes d’indexation, de
balisage — Cf. des langages comme SGML/HTML

= Volume/taille des tests de validation/vérification

©2017 /J.Printz / Ingénierie de I'information ... Page 14



Les trois complexités - Intrication
= Faire du fiable avec du NoON fiable

Partie informationnelle et
matérielle de I’objet technique
Organisation des éléments

Ingénierie

—=

odO

ﬁ
Complexité des Complexité des Complexité des
interactions des usagers interactions des interactions des acteurs
avec le systéme éléments constitutifs du de I'ingénierie pour
Compétences requises systéme pour satisfaire satisfaire le contrat de
par le contrat de service le contrat de service service
= — —
Complexité des usages Complexité structurelle de Complexité projet de
la « machine » I'ingénierie j

G

Y

Trois architectures cohérentes, mais :

— Taux d’erreurs
des usagers

Rapports d’anomalies
Demandes d’évolutions
fonctionnelles, adaptations,
optimisations, ...

— Taux de pannes — Taux d’erreurs de
de la machine PPingénierie
Erreurs résiduelles Evolution des méthodes et des
Evolution et usure des outils
équipements et des Renouvellement des équipes et
ressources, ... des organisations, ...

©2017 /J.Printz / Ingénierie de I'information ...
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Omniprésence du facteur humain

% Dans l’'ingénierie de Pinformation il est impossible
d’éliminer le facteur humain
= C’est une différence radicale avec Pingénierie

classique ou tout a été construit pour éliminer le
facteur humain

% Les lois de la physique ou de la chimie sont
« objectives » — Dans la communication, au sens de
Shannon, tout ce qui traite du sens et de
Pinterprétation a été volontairement exclu - Un bon
langage de programmation doit étre “Context free”
pour éviter toute ambiguité et/ou subjectivité
= C’est Porganisation, la structure de Pinformation
et les relations qui vont porter le sens

©2017 /J.Printz / Ingénierie de I'information ... Page 16



Modeles - Interactions entre modeles

Modéles métiers
A Interactions privilégiées entre
Use-case Y ces deux modeéles qui doivent étre
o™ "fodel """ "o, stabilisées en premiére priorité

["]:'C Modele des Ingénierie des exigences
cas d’emplois

. <‘:< 0 Analyse fonctionnelle +
;
L
L 4

Programmé

] Distribué
Testé

, LRl Modéle de Modéle de test Modeéle de
SRS At rogrammation (VVT) déploiement
fonctionnelle détaillée prog P
Y rn s Aalysisi a e o' Design Implementatio Test Deployment
Model Model Model Model
Modeltes.'stsus ddes Modéle Modéle Modéle de
S |][||:> d’analyse des d’évolution et surveillance et
monde reel performances de croissance de SdF
\ )
Y

Modéles pour I’étude des comportements

A Cf. livre J.Printz, Ecosystéme des projets informatiques
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Une ingénierie de Perreur a inventer

@~ Richard W.Hamming : “Most bodies of knowledge give errors a secondary role, and recognize
their existence only in the later stages of design. Both coding and information theory, however,
give a central role to errors (noise) and are therefore of special interest, since in real-life

noise is everywhere”, que I'on peut traduire par « La plupart des domaines de connaissances donnent
aux erreurs un rdle secondaire, et reconnaissent leur existence seulement dans les dernieres étapes de la
conception. La théorie des codes et la théorie de I'information donnent toutes deux une place centrale aux
erreurs (bruit) et pour cette raison présentent un intérét particulier, car dans la vie réelle le bruit est partout »

=» on ne saurait mieux dire !

s La problématique de Perreur humaine est un sujet
« ouvert », particulierement difficile ...
La nature des erreurs humaines peut étre

Y => Individuelle

v' Performance et capacité de l'individu

& = Collective

v' Caractéristique des équipes et/ou organisations qui relévent de la sociodynamique
= Comment compenser les biais cognitifs et le mimétisme ...
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Une remarque preéliminaire ...

% La raison d’étre fondamentale de l’ingénierie
est de combattre les erreurs, d’ou qu’elles
viennent :

« Des matériaux utilisés pour construire les systemes

N Matériaux du monde réel « physique », matériels dont on connait
certaines propriétés grace a la science des matériaux

N Matériaux du monde « virtuel » = I'information, immatériels produits
par l'intelligence humaine [le Monde 3 de K.Popper] dont on découvre
progressivement qu’ils sont un monde en soi, avec des « lois » qui leur
sont propres
=> les programmes et la programmation, les modéles, au sens large

* Des concepteurs, déeveloppeurs et exploitants des systemes

N C’est-a-dire le coeur de I'ingénierie elle-méme, productrice d’erreurs
informationnelles

* Des usagers qui interagissent avec les systemes, et qui font
eux-mémes des erreurs

Pour que les usagers aient confiance
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Quelques chiffres

S Pour un opérateur humain, dans des conditions
« normales », le taux d’erreur [une action erronée, ou inappropriée]
moyen est de Pordre de 5 a 10 erreurs par heure
d’activite effective

= Mais ce taux augmente fortement en cas de
stress & Tres variable selon les individus

" Pour un grand projet systéme [cf. ma présentation a 'Académie des
sciences]y 36.000 FT ont été répertoriés et traitées, pour
un volume de code livré de ~3,6 millions de LS, soit
~1 FT/100 LS

%1 anomalie toutes les 2 pages de texte

" Les logiciels a bord de la navette spatiale ~0,1
Err/KLS apres livraison [~1 erreur résiduelle toutes les 200 pages]
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SdS - Aleas, déefauts, erreurs, ...

¢S I EEEFEFEEEFEFEEEFEEEEEEEEEEEEEEEEEEEEEEEEEEEEENEEE NN EEENEEEENENEEEEEEEDN,

. "‘
&
= Erreurs commises par les usagers des systemes .
n Erreurs de ,
| . = = = = = = 9= s = -
- Aléas sur les U,n,'.tes ?Et:ves Unylltes ?Et:ves U:",I.tes ?Et:ves | mgi!“e"e :
i points dlacces _ e - I
n pomts‘c! acces _ TR l.;i. ...... i Qﬁ ml'f}. e ST!‘F .
. i Défauts résiduels dans les systemes (5% m
" Systeme Systeme ‘ ’ Systeme gJ[\T(;;,«’ z’ -
" CRUDE 1 S " it N
. ZAN AN Aléas surles _4» -
u comportements e = =
: : Y oS :-
(T [ ]
n s|] Stock de flécanismes d’échal jes organiques/physiques — Flu |réels % ® : n
- sl ressources nl = 1
4 e
. n Aléas sur les flux >5 5 . =
- - yd S Z = :g -E : :
- . essc_’urces Mécanismes d’éch\a/nges informationnels — Flux virtuels [ g n =
- infRrmationnell J > ¢ =
o 0 =
. . EEEI 1ailli A i Esmsmmmnm__."° ]
: S G o5 Vieillissement/Usure des équipements .
. ressources .
. )

L 4
‘=1 Aléas de ’environnement spatiotemporel sur tout le contenu de la zone * »?
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SdS - Observation

>7\%IIIIIIIIIIIIIII;’
\\ =~ o R\
QYL

LSystéme Cam LSystéme
A2 A

| Traces Traces

flecanismes d’échal jes organiques/physiques — Flu

Systéeme
WAV

Traces

\
Stock de

ressources

n" 4 e
b\ Synchro |s > &) ;
Z S 7 S Z
Traces
SRR Mécanismes d’échanges informationnels — Flux virtuels > «C

\ infbrmationnell v
G e ¢
QupuEEnEn

Positionnement des observateurs + Synchronisation" """ " "

% Role crucial de la structure « pivot » dans I’économie générale du SdS

_ Extension de ’ensemble des langages externes * suEN, o,
"“ .'0. ’ ’
s 5 @ .
: Lext/GLex Lext/GLext mEan Lex/GLlex ::<:> Lei/GLpiv “
“’ {! (!— ¢ Q.
... ------------------------------------------------------------------------------ .* . -
w» Classe d’équivalence =
" d’interopérabilité ¢
L 4
¢ .
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SdS - Gérer et maitriser le flots du
Parallelismes et |la Synchronisation

= Des milliers de fhreads [modules] qui coopérent

N [Micro]processeurs physiques
u-P1 u-P2 u-P3 u-P4 u-PS " n-PN [mais beaucoup plus de processeurs logiques

Début O + + 4 * 4 * avec la virtualisation des ressources]

5 | |
% 13 >4 Horloges : / 1; _
m E ; " 16
0 © <@
= 2 L 6\ DAl ————X]
8 < : | H—

= : - - LSy

I Verrous et ‘] X
d clés: !l @ . /

Mécanismes de synchronisation et/ou de coopération du systéeme S :

~ ,
Sémaphores '
et/ou feux de i ~N | lo
croisements : IQ

La combinatoire est cachée dans les interactions
dynamiques nécessaires a la coopération

(S ;=
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Coopeérer pour survivre a la complexite
d’un monde interconnecteé

S La complexité / intrication des systémes fait
qu’il est impossible de tout vérifier « a
Pancienne »

Y Nous sommes coresponsables de la sécurité
de nos systemes = Ethique et
professionnalisme

« La métaphore des gardiens [John von Neumann] & Quis
custodiet ipsos custodes [Qui garde les gardiens ?]

< Si nous n’organisons pas la complexite, la
complexité nous détruira

4 I EEEEEFEEEEE NN N EEEEEEEEEEEEEEEEEEEEEEEEEEEEEENENEEEEEENENYpYD

% We can specify only the human qualities required:
patience, flexibility, intelligence

[in Can we survive technology, John von Neumann, Fortune, June 1955 ]

.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'

eI N EEEN
EEEERS®
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© Analyse Minplus

@ Ondelettes Minplus

© Théoréme sur les fonctions de Holder

Q@ Exposants de Holder des fonctions de Weierstrass

@ Analyse multifractale : série de Riemann

O Analyse multifractale : mesure binomiale de Mandelbrot

M.Gondran et A. Kenoufi Ondelettes Minplus et analyses fractales et multifractales



Analyse Minplus : Remplacer le produit scalaire 2

(F.g) = / (9800

par le produit scalaire Minplus :

<f?g>(min,+) = ):gf({f(X) +g(X)}

Remplacer les réels (R, +, x) par le dioide (R U {+ oo}, min, +)

Le produit scalaire Minplus est distributif pour min :

<f, min{glag2)>(min,+) = min{<f7g1>(min,+)a <f7g2>(min,+))

distribution non linéaire : existance similaire a la distribution Dirac :

S(min+)(x) = {0 if x = 0, +oc else}
<5(min,+)’ f>(min,+) = minXEX{(S(min,Jr)(X) + f(x)} = £(0).




Analyse Minplus :

Il existe en mécanique classique un analogue de |'intégrale de
chemin de Feynman :

c'est I'intégrale de chemin Minplus qui relie I'action
d'Hamilton-Jacobi S(x, t) a I'action classique d'Euler-Lagrange
Sci(x, t;%g) par I'équation :

S(x,t) = n;Ln(So (x0) + Sci(x, t; xo))

ol le minimum est pris sur I'ensemble des positions initiales xq et
ou Sp(x) est I'action d’Hamilton-Jacobi a I'instant initial.

c'est une intégrale dans I'analyse Minplus
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Ondelettes Minplus : remplacer les ondelettes classiques

Te(a,b) = a~" /m f(x)\U(X - b)dx,

oo a

définies pour tout f : R” — R et pour tout a € Rt et b € R” par
les enveloppes inférieures :

T; (a,b) = inf {f(x)—i—h(X;b)}, (1)

x€eR"

ol h est la fonction analysante prise parmi :

1
ha(x) = a|x]a with a > 1 and hyo(x) = {0 if |x]| < 1,400 else}.

Borne inférieure et reconstruction

T (a,x) < f(x) pour tout a > 0 et f(x) = sup,cp+ T (a,x)
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Ondelettes Minplus

On définit aussi les enveloppes supérieures :
x—b
T+ (a, b) = sup {f(x) - h< )} (2)

x€ERn a

avec la reconstruction f(x) = inf,cgp+ T/ (a, x).

v
Pour chaque fonction analysante, on a :

T (a,x) < fi(x) < f(x) < F(x) < T (a,x), (3)

avec T, (a,x) (resp. T/ (a,x)) décroissantes avec I'échelle a
(resp.croissante), convergeant vers f,(x) (resp. *(x)), la fermeture
sci de f (resp. scs) quand I'échelle a tend vers 0.

Ondelettes Minplus définies par les couples { T/ (a, x), T/ (a, x)}
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Ondelettes Minplus

Ondelettes h, de la fonction de Weierstrass




Ondelettes Minplus

Definition

Pour tout a, la a-oscillation de f est définie :

ATe(a,x) = T;r(a,x) — T, (a,x). (4)

4

Pour hs, T/ (a,x) = SUP|x—_y|<a F(¥), T¢ (a,x) = infjx_y<a f(y)
and AT¢(a,x) = supjx_y|<, F(y) — infjx_y|<a f(y) correspond a la
a-oscillation défini & une dimension par Tricot : :

OSCaf(X) = Supy,ze[x—a,x—i—a][f(y) - f(Z)]

la a-oscillation va servir

- a étudier les contours
- a étudier la fractalité et la multifractalité
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Ondelettes Minplus : Lena
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Théoréme sur les fonctions de Holder

La fonction f est Holdérienne avec I'exposant H, 0 < H < 1, ssi il
exite une constante K telle que :

f(x) = f() < Klx—y|"  Vx,y eR" (5)

Théoréme

La fonction f est Héldérienne avec I'exposant H, 0 < H < 1, ssi il
exite une constante C telle que :

AT¢(a,x) < Ca si h= hso, (6)

ATe(a,x) < Caah si h=hy et a>1. (7)

v
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Exposants de Holder des fonctions de Weierstrass

Les fonctions de Weierstrass sur [0, 27]

o0

W(t) =) (w ") "cos(w™t + ¢om), (8)

m=0

avec w > 1 et {¢¥m}m>0 constant ou aléatoire. Ces fonctions sont
H&ldériennes avec exposant H et dimension fractale D=2-H.

On calcule pour toutes les échelles s = k - scalen;, avec k entier de
1 3 10 et scalemin = 1072, la fonction suivante pour hy et hso

ATH(s) = /T AT (s, t)dt.
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Exposants de Holder des fonctions de Weierstrass

Logarithm of AT wm(s) according to scale logarithm with hy
decomposition of the Weierstrass-Mandelbrot function, H = %
w = 2. The slope is obtained with mean of linear regression and its
value is 0.496. The theoretical value is % That is a relative error of

0.5%. )
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Exposants de Holder des fonctions de Weierstrass

Logarithm of AT w(s) according to scale logarithm with h,
decomposition of the Weierstrass-Mandelbrot function, H = %

w = 2. The slope is obtained with mean of linear regression and its
value is 0.655. The theoretical value is % That is a relative error of

1.8%. )
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Exposants de Holder des fonctions de Weierstrass with h.

Theoretical Holder exponent H | 2 = 0.250 | = 0.500
Theoretical slope % =0.250 | = 0.500
Numerical Hélder exponent H 0.253 0.507
Numerical slope 0.253 0.507
Slope relative error (%) 1.2 1.4

Table : Numerical results for random phase Weierstrass function with

w = 2 and Minplus-wavelets decomposition performed with h,.
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Exposants de Holder des fonctions de Weierstrass with hs.

Theoretical Holder exponent H | = = 0.250 | = 0.500
Theoretical slope % ~ 0.286 % ~ 0.667
Numerical Hélder exponent H 0.246 0.497
Numerical slope 0.280 0.661
Slope relative error (%) 2.0 0.9

Table : Numerical results for random phase Weierstrass function with
w = 2 and Minplus-wavelets decomposition performed with hs.
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Analyse multifractale : fonction d'échelle &¢(p) et spectre

des singularités D¢ (h)

a partir des deux formules

, Vpe P CR. (9)

! AT, Py
() = i 2O

0i(h) = min {an — &6() + m . (10)

L’algorithme

- Compute AT¢(s, t) with Minplus for scales s € S € R** and for

teT CR™
- Perform linear regression at small scales s (s — 0") with mean of
relation (9) and classical integration methods in order to obtain

& (min,+)(P) -

- Minimisation of equation (10) in order to get singularities

spectrum D (min.+)-
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Analyse multifractale : série de Riemann

Riemann serie

1.6
14 -

12

0.8

R(x)

0.6

0.2 -

o0
Representation of the Riemann serie R(x) = > "X;iz["x] with 210

m=1

points.

D(h) = h for h € [0,1], and scaling function is
Er(p) = P -Tjp11(P) + 111 400)(P) for p > 0.
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Analyse multifractale : série de Riemann

Scaling function for the Riemann serie

1.2
1r = = =) = = B B 1]
O
0.8 - 4
0.6 - 4
74|
0.4 - g
0.2 9
OD L L L L
0 1 2 3 4 5
Exact scaling function Scaling function  []

Exact and numerical scaling functions of the Riemann serie

0 ~

R(x) = Zl "X%z["xl with hs analysing function. Relative error in
m—=

I?-norm is about ~ 2.50%.
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Analyse multifractale : série de Riemann

Singularities of the Riemann serie
1 T T T T
T 1]
0.8 - - i
O
0.6 [ J
O
0.4 - 3 J
O3
0.2 3 J
|
0 = -
1|
-0.2 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Exact spectrum Spectrum  [J
Exact and numerical singularities spectra of the Riemann serie
0 ~
R(x)= > "X%z["xl with hs analysing function. Relative error in
m=1
I-norm is about ~ 4.92%.
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Analyse multifractale : mesure binomiale de Mandelbrot

Mandelbrot binomial measure
)
o
&

0.01 ‘
o |

0 0.2 0.4 0.6 0.8 1
Time

Mandelbrot cascade in one dimension for probability p = 0.25 and
10 levels.

D(h) = —{hlogy h+ (1 — h)logy(1 — h)}, Vh €]0,1]
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Analyse multifractale : mesure binomiale de Mandelbrot

fonction d’échelle

Scaling function of the Mandelbrot cascade

1 ; e

xi(a)
o
T

5 . . . . .
% -4 2 0 2 4 6

Exact scaling function Scaling function X<

Mandelbrot cascade exact and numerical scaling function for
probability p = 0.25 and 10 levels with h,, analysing function.
Relative error in /?-norm is about ~ 2.50%.
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Analyse multifractale : mesure binomiale de Mandelbrot

spectre de singularité

Singularities spectrum of the Mandelbrot cascade

09 -

0.8 -

0.7 -

0.6 -

D(h)

0.5 -
0.4 -

03

0.2

L L L L L L L L i X
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Exact spectrum Spectrum X

Mandelbrot cascade exact and numerical spectra for probability
p = 0.25 and 10 levels with hy, analysing function. Relative error in
I?-norm is about ~ 5.62%.

D(h) = —{hlogy h+ (1 — h)log,(1 — h)}, Vh €]0,1]
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Analyse multifractale : mesure binomiale de Mandelbrot

comparaison avec MMTO : fonction d’échelle

Scaling function of the Mandelbrot cascade

xi(q)

Exact scaling function Scaling function X

Mandelbrot cascade exact and numerical scaling function for
probability p = 0.25 and 10 levels computed with WTMM method
using continuous gaussian wavelet of level 7 as analysing function.
Relative error in /2-norm is about ~ 11.65%.
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Analyse multifractale : mesure binomiale de Mandelbrot

comparaison avec MMTO : spectre de singularité

Singularities of the Mandelbrot cascade

1

09 [
0.8
0.7

0.6

D(h)

0.5

0.4

0.3

0.2 i i i I i i i I i

Exact spectrum —— Spectrum X

Mandelbrot cascade exact and numerical spectra for probability
p = 0.25 and 10 levels computed with WTMM method using
continuous gaussian wavelet of level 7 as analysing function.
Relative error in />-norm is about ~ 37.68%.
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Conclusion

outil prometteur qui semble bien adapté

- simplicité
- temps de calcul
- prise en compte de fonctions trés générales

outil validé théoriquement

a appliquer a d’autres domaines
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Human languages are extraordinarily complex adaptive systems. They feature
intricate hierarchical sound structures, are able to express elaborate meanings
and use sophisticated syntactic and semantic structures to relate sound to
meaning. What are the cognitive mechanisms that speakers and listeners
need to create and sustain such a remarkable system? What is the collective
evolutionary dynamics that allows a language to self-organize, become
more complex and adapt to changing challenges in expressive power? This
paper focuses on grammar. It presents a basic cycle observed in the historical
language record, whereby meanings move from lexical to syntactic and then to
a morphological mode of expression before returning to a lexical mode, and
discusses how we can discover and validate mechanisms that can cause
these shifts using agent-based models.

This article is part of the themed issue “The major synthetic evolutionary
transitions’.

1. Stages in language evolution

A human language is a remarkable, highly complex communication system.
The capacity for language, the so-called language-ready brain [1], uniquely
emerged in the hominin species, perhaps being in place as far back as half a
million years ago [2]. Since then, languages have been born, and existing
languages have kept changing, diversifying and dying. How can we develop
a scientific understanding of the emergence and continuous cultural evolution
of such a highly complex system? Analogous to a successful strategy in evol-
utionary biology [3], we could postulate different stages for the emergence of
language in a population with language-ready brains, based on criteria related
to the complexity of the meanings that can be conveyed and the complexity of
the structures and linguistic forms available to express them.

To study how complexity at each stage arises and what is required to see tran-
sitions between stages, we could adopt the synthetic method, which is being used
increasingly in many scientific fields, particularly biology [4], but also fields
studying culturally evolving systems, such as sociology [5] or archaeology [6].
This method suggests that we should build operational models that generate
analogous behaviours to those observed in the natural system we want to under-
stand, similar to the way an aeroplane can be said to exhibit a similar capacity to
fly as birds and hence informs us about what it takes to fly. In the case of language,
the operational models take the form of a population of artificial agents which are
initialized with a set of cognitive mechanisms and interaction patterns—but no
language system—and after a significant series of interactions, usually called
language games, we expect to see a communication system emerge that has simi-
lar properties as found in human languages, such as recursive syntax or rich
conceptual structure [7-9]. The synthetic methodology is not only being applied
using computer simulations [10], but also using physical robots (see figure 1 from
[11]), so that the behaviour of the agents is embedded in reality and issues related
to the perceptual grounding of language, and the relation of language to physical
action can be addressed. In such cases, agent-based models resemble the artificial
systems considered in synthetic biology [12], because they are embedded in the
‘real’ physical world.

© 2016 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Example of an agent-based study for the origins of words. (a) Physical robotic agents are put in an open-ended environment with various geometric
objects. To draw attention to an object, one robot identifies and then names the object, and the other robot then points to it. This language game is a success if the
object pointed to by the listener is the one intended by the speaker. (b) A population of 10 agents starts without a vocabulary or any knowledge of the charac-
teristics of each individual object. Speakers invent words for unexpressed meanings, listeners adopt the words they have not heard, and both align their lexicons
based on success and failure in the game. The x-axis plots a series of 2000 games naming a set of 10 objects in different positions and seen from different angles.
The y-axis shows both the average size of the lexicon (right y-axis, blue line), which shows a burst to 20 words and then a decrease to an optimal vocabulary of 10,
and communicative success (left y-axis, red line), which rises to more than 95% after a mere 800 games. (Online version in colour.)

The main advantages of the synthetic methodology are that
(i) all internal states of the operational model can be tracked, for
example, in contrast to humans, we can monitor the complete
brain states of a robot as it is learning and processing language;
(ii) experimental conditions can be varied in a controlled way,
so that we can isolate the causal effect of a particular factor, e.g.
increased population size, a new concept formation mechan-
ism, increased communicative pressure; and (iii) a space of
possible evolutionary linguistic pathways can be explored
that have not necessarily occurred in nature, giving a theoretical
tool for studying the space of possible languages.

This paper illustrates this methodology, focusing on the
emergence of grammar. It is the final one of the three
stages commonly recognized in language evolution research.

(i) From action to gesture. The first stage goes from purpose-
ful actions, for example grasping, to symbolic
communicative gestural signs, for example pointing,
possibly accompanied by sounds to draw the attention
of the listener. The gestures are not innate, but created
and implicitly negotiated. This stage is reached by
most children around the first year of life [13]. Many
researchers have argued that gestural signs must have
been the first stage in the origins of symbolic communi-
cation in our species as well [14], partly because closely
related species, in particular chimpanzees and bonobos,
also develop gestural signs among close kin [15]. Var-
ious agent-based models have tried to emulate this
stage, mostly based on operationalizing ontogenetic
ritualization [16—18].

(ii) From sounds to words. In the second stage, the sounds
accompanying gestures, which were initially purely
intended for grabbing the attention of the listener,
become words, i.e. complex vocalizations associated
with meanings [19]. This stage is reached by children
in the first year of life with at first a slow acquisition
rate, which then steadily increases so that around the
age of 2, we typically observe a vocabulary spurt.
Such a stage has also been postulated as the earliest
stage in the origins of human languages [20], possibly

already reached in earlier hominin species, such as
Homo heidelbergensis [2]. Although some non-human
primates can acquire a system of signs [21], these
signs were always supplied by human experimenters
as opposed to being self-generated, and systems do
not propagate beyond close kin. Several agent-based
models for stage II have been developed (see the
sample in [22]). They typically take the form of
language games in which agents from a population
take turns being speaker and listener in order to refer
to objects or actions in the shared reality, as illustrated
in figure 1 discussed in Steels [11].

(iii) From single words to grammar. In the third stage, utter-
ances use various syntactic devices, such as affixes,
word stem changes, sequential ordering, intonation,
stress patterns and hierarchical structure, in order to
express additional meaning and extra information to
avoid combinatorial complexity in parsing and seman-
tic interpretation. This stage is reached in children by
the end of the second year [23] and both lexicon and
grammar grow rapidly until, at year five, the main
grammatical systems of the language are in place,
although many subtleties still need to be learned in
subsequent years while the lexicon also expands
further. Indeed, language learning goes on throughout
life as languages are continuously changing. There is a
wide consensus that humans are unique in their
capacity to build up, learn and align grammatical
language, even though many animal species exhibit
some of the cognitive prerequisites such as recognizing
and producing recursive syntax [24]. The rest of this
paper discusses agent-based models for this third
stage, which so far have been much less explored.

2. How grammar evolves in human languages

Historical linguists, like Wilhelm von Humboldt, already
observed in the nineteenth century that the expression of
meaning in a particular language is not static but cycles
through different modes [25] (figure 2).
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Figure 2. The expression of meaning goes through a linguistic cycle, switch-
ing between four modes: an inferential mode, in which meaning needs to be
inferred; a lexical mode, where meanings are expressed with words; a syn-
tactic mode, where they are expressed with several words organized in
hierarchical structures; and a morphological mode, where phrases are com-
pacted into single words with affixes and word form variations expressing
grammatical features.

— Mode 1. Inferred. Human communication is inferential [26].
Speaker and listener try to come to a shared understand-
ing of a situation, but not all meaning involved is
explicitly expressed. In fact, most of it has to be inferred
from the context, common sense knowledge and back-
ground information. For example, the sentence ‘I want
to come’ does not explicitly express that the action of
coming may take place in the future, but we can infer
this, because the speaker expresses a desire to carry out
the action, which implies that if it happens, it will be in
the future.

— Mode 2. Lexical. A meaning fragment becomes associated
with a word, and as soon as speakers and listeners
master an initial inventory of word—meaning pairs, the
words can be put together in multiword utterances with-
out concern for grammar but already enabling the
compositional expression of larger meanings. This mode
does not require complex linguistic processing. The
speaker needs to retrieve from his lexicon a set of words
that together cover the overall meaning he wants to
convey, and the listener needs to look up the words in
his own lexicon and then infer the semantic relations
between the individual meaning fragments to reconstruct
the overall meaning. A lexical mode with free-floating
words is the norm in the ‘telegraphic speech’ that charac-
terizes the very first phases of language learning in 2 year
old children beyond single words. We find it in newspa-
per headlines, noun complexes, queries typed into
search engines, Twitter-like messages in social media,
utterances by non-native speakers without knowledge of
the grammar, etc.

— Mode 3. Syntactic. In this mode, meaning is expressed
using hierarchical patterns of words. For example, the
article ‘the’, the adjective ‘Roman’ and the noun “poet’
form part of the noun phrase ‘the Roman poet’. The
phrase as a whole can act as a unit and be combined
again with other words or phrasal units, leading to hier-
archical phrase structures, as in, ‘the Roman poet wrote
pretty boring sonnets’. A phrasal pattern often expresses
meaning beyond the meanings of its constituents [27].
For example, the phrase ‘ran into” in ‘I ran into an old

friend” means ‘to encounter’ rather than means a simple n

composition of the original literal meaning of ‘run’
(a physical movement towards a target) and ‘into” (a spatial
preposition meaning inside).

— Mode 4. Morphological. In this mode, meaning is expressed
using complex word forms that have a purely lexical core
‘decorated” with various markers (either clearly separable
affixes or variations in the form of a word). The markers
express grammatical features, such as gender, number,
case, tense, aspect, definiteness, etc., and form an inflec-
tional system. An example from English is ‘opened’,
which has ‘open” as lexical core and ‘-ed” as an affix
expressing past tense. Hierarchical structure and semantic
relations between words are now expressed through
grammatical agreement instead of word ordering. Gram-
matical agreement means that certain grammatical
features, such as gender or number, are shared between
words that are semantically related. Because the structure
is expressed through feature marking, words or phrases
can be free-floating again, like in a lexical mode.

When looking at a particular language, we find that all
four modes are used, although usually one of them is domi-
nant. For example, English is predominantly an analytic
language, i.e. primarily relying on syntax (mode 3), even
though there are some meaning domains using a morpho-
logical approach, for example, past tense expression in
irregular verbs (came/come, do/did) or expression of seman-
tic roles (cases) in pronouns (he/him/his). Quechuan, a
native American language, is predominantly a synthetic
language, i.e. primarily relying on morphology (mode 4).
Nouns have no less than 19 possible case suffixes, and
seven possessive suffixes. Verbs have a variety of suffixes to
indicate tense, aspect, mood and modality, and various mar-
kers to convey subtle aspects of meaning. For example, an
action verb may have additional markers to express the
nature of the action, how the action was executed, which
type of instrument was used, which evidence was available,
etc. [28]. All this information is expressed in English, using
separate words organized in syntactic patterns.

The historical record shows that the language inventory
tends to expand for each mode. We see growth in the lexicon,
increase in morphological complexity [29], increase in the
sophistication of syntactic patterns [30]. However, we also
see weakening and erosion within a given mode that may
lead to a shift between modes, a process that is commonly
called grammaticalization [31-33].

A typical example comes from the domain of time, such as
the expression of future [34]. We see languages where future is
not expressed explicitly or very ambiguously, and it therefore
has to be inferred (as is currently the case in Chinese). Then,
a stage may develop where future is expressed syntactically
with a verb phrase and an auxiliary (as in English ‘T will
come’). Typically, a verb such as ‘want’ or ‘go to’, which
indirectly suggests future, is recruited and then becomes gram-
maticalized to take on the role of a future auxiliary. Next, we
may see the compaction of a phrasal pattern into a single
word, as in French ‘Je partirai’ (I will leave), which comes
from an earlier syntactic expression of future with the verb
‘habere’ (have) as in ‘partire habeo’ (literally, ‘to leave I
have’). The words in this pattern were increasingly glued
together and compacted to ‘parti-abeo’, then ‘partir-ayo’,
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which finally ended up through further phonetic optimization
as ‘partirai’ (French first person singular future of “partire’) [35].
Although mode shifts typically take place over long time
periods (thousands of years), there can be sudden accelerations,
often owing to catastrophic events causing punctuated equilibria
[36]. For example, in the formation of creole languages, the gram-
matical structures of the source language (e.g. French) get
stripped away almost entirely to yield a lexical language (mode
2 dominating) from which the grammaticalization processes
start off again and quite rapidly (in one or two generations)
lead to a novel fully functioning grammatical system [37].
Language evolution usually moves in the direction from lex-
ical to syntactic and then morphological, but there are
occasionally movements in the other direction [38]. For example,
the form of a word may erode so strongly that the meaning is no
longer clearly expressed at which point a re-invention takes
place. For example, the Latin word for speaking ‘loqui” went
out of use in late colloquial Latin to be replaced by ‘fabulare’,
which evolved into Spanish ‘hablar’, or ‘parabolare’, which
evolved into French ‘parler’ [35]. The negation particle ‘ne” in
French, itself already a reduction from ‘non’, was felt as too
weak and was reinforced syntactically with the particle “pas’ (lit-
erally step) as in ‘je ne veux pas’ (I do not want). Today, ‘ne” has
become optional and “pas’ has effectively become the negation
particle, as in ‘je veux pas’ (colloquial contemporary French).
These uncontested facts suggest that we should not concep-
tualize the origins and evolution of language as an all-or-none
phenomenon, perhaps owing to a single genetic mutation that
gave rise to a single new operator (such as merge). Instead, it
makes more sense to inquire about the many cognitive mechan-
isms, the invention, learning and alignment strategies, and the
cultural evolutionary dynamics that have to be in place so that
a population of individuals can sustain these linguistic cycles
in the expression of meaning domains. The mechanisms include
analogical inference, routinization of behaviour, optimization,
analogical inference, hierarchical planning and plan recognition,
concept formation, imitation, associative memory and no doubt
many more. Whether these cognitive mechanisms are specific to
a language, and therefore would have required neurobiological
change, or not can only be discussed seriously if we have
adequate operational models of what these mechanisms are.

3. Agent-based models of language evolution

Agent-based models are a good way to tease apart and
investigate the many mechanisms and factors involved in
explaining linguistic cycling, because we can explicate a
certain factor or mechanism (e.g. a particular concept for-
mation strategy or a particular mechanism for analogical
inference) and study its effect on the emergence or change
how a particular meaning domain (e.g. colour, space or
time) gets expressed. Moreover, there are not only cognitive
factors, but also external factors influencing the evolutionary
dynamics; for example, strong language contact may lead to
intensive borrowing and the subsequent collapse of phrasal or
morphological patterns, significant population turnover may
compromise cultural transmission, differences in frequency
for meanings and forms may accelerate shifts to another
mode or reorganization of the grammar [39]. All these factors
can be incorporated in an agent-based model and their
impact studied by systematically changing them, for example,
by allowing slower or faster population turnover.

Much remains to be done, as this methodology is only now
beginning to be applied on a sufficiently large scale, but there is
already a body of significant case studies. Most importantly,
research is converging on a core set of mechanisms and pro-
cesses, so that the hugely complicated effort to set up an
agent-based model becomes more doable. Our group has
made concrete proposals for such a core and translated
them into a computational workbench for doing evolutionary
linguistics experiments that is freely downloadable from
https://www.fcg-net.org/.

The common core in all our experiments includes the
following components:

(i) A script-based interaction engine. It governs the turn-
taking interaction between speakers and listeners.

(i) A semantic representation formalism. Agents in all modes
use the same system for representing and manipulat-
ing meaning, based on a variant of second-order
intentional logic. The representation includes objects
in the domain of discourse denoted as symbols, e.g.
02, 03, etc., and n-ary predicates for the properties,
relations or actions involving these objects, e.g.
red(02), next-to(ol,02), etc. The semantic represen-
tations are second order, because a property or
relation can itself be an object and the intension (the
predicate itself) can also be an object. The details of
this representation formalism are not important for
the main points of this paper.

(iii) Representation of situation models. Situation models are
couched in terms of this semantic representation form-
alism. A situation model contains all the objects and
relations known about the shared context. It is private
to each agent and not necessarily shared. In robotic
experiments, the situation model is obtained from sen-
sors and complex sensory processes that anchor
objects in experienced reality and compute which pre-
dicates are true in the current context [40]. For
example, a scene with a red ball that is inside a
green box (which might occur in the experiments
shown in figure 1) is represented with the following
set of predications:

red(ol), green(02),
inside(01,02).

ball(o1), block(02) and

(3.1)

(iv) Representation of utterance meaning. The meaning of utter-
ances is obtained by the listener through parsing an
utterance, and by the speaker through conceptualizing
‘what to say’ in order to achieve a particular communica-
tive goal. The utterance meaning uses the same semantic
representation formalism as situation models. However,
expressions now have variables instead of constants.
These variables are written as symbols with a question
mark in front, such as ?x1, ?x2, etc. Semantic interpret-
ation consists of matching utterance meaning against
the situation model in order to find bindings for all the
variables. For example, the utterance ‘ball red next-to
block” (assuming no grammar) gets translated by a lexi-
cal parsing process that looks up the word meanings and
combines them into a set

ball(?x1), red(?x2), box(?x3) and inside(?x4,?x5).

(32)
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A possible binding for these variables, given the situation
model in (3.1) is

?x1 =ol,

?x5 =o02.

?x2 =01, ?x3=02, ?x4=01 and

Grammar primarily signals some of the co-reference
relations between variables. For example, if we take the
English utterance ‘(the) red ball inside (the) box’, then
the listener knows, even before consulting the situation
model, that ?x1 = ?x2, because the words ‘red’ and
‘ball’, which introduce the predicates ‘red” and ‘ball’, are
part of the same noun phrase. Moreover, he knows
from the semantics of the preopositional noun phrase
construction that

?2x4 =?x1 =?x2 and ?x3 = ?x5.

(v) A construction grammar engine. Construction schemas are rel-
evant for all modes, whether they capture lexical,
morphological or syntactic ways of expressing meaning. A
construction schema defines an association between mean-
ing and form, for example the predicate ‘red(?x)” and the
word ‘red’. Or article, adjective and noun units are combined
in a noun phrase that also establishes semantic relations
between the meaning of these units. A construction
schema has slots for the different units (words or phrases),
and specifies the syntactic and semantic constraints on the
units and their morphosyntactic properties. It specifies
how to build a new unit for the parent, and associates gram-
matical and semantic categories with that unit. In contrast to
purely syntactic formalisms (such as minimalism), construc-
tion schemas always contribute meaning beyond the
meaning of their constituents, such as co-reference relations
between the meanings of constituents or additional predi-
cates. Construction grammar typically organizes schemas
into networks to support priming and inheritance from
more abstract to more concrete constructions.

We have developed an operational version of construc-
tion grammar, called fluid construction grammar (FCG)
[41]. Details of FCG are complex, but not crucial for the pre-
sent discussion. The most important point is that FCG uses
the same schema representation and the same processing
mechanisms for lexical, syntactic and morphological con-
structions, so that agents can smoothly move between the
three different modes of meaning expression described ear-
lier. Another important characteristic of FCG is that the
same construction schema can be used in parsing as well
as production, so that the speaker can monitor his own
speech by simulating how the listener might interpret the
utterance he is producing, and the listener can simulate
how he would express the meaning he was able to derive
from the speaker’s utterance.

(vi) Learning architecture. Finally, all agents are equipped with a
general architecture that supports insight learning [42,43].
There are two layers of processing: a routine layer where
agents apply the constructions available at that point in
their individual inventory, and a metalayer where agents
apply diagnostics and repair strategies. A diagnostic strategy
triggers when routine application of constructions is not
possible, when the outcome after applying available con-
structions is incomplete or not interpretable with the

current situation model, or when an opportunity for poss- “

ible optimization is detected. A repair strateqy attempts to
deal with issues diagnosed by these diagnostics. For
example, if a word is missing for expressing a fragment of
utterance meaning, then the speaker may invent or recruit
a new word; if a phrase or part of a phrase is recurring
often, it may be compacted in a single word by changing
the intonation structure and pauses between words; if a
co-referential relation between two variables is not
expressed, a grammatical construction might be introduced
to convey this information to avoid semantic ambiguity in
the future, etc. After an interaction, consolidation strategies
come into action. They translate repairs into new construc-
tions or variations on existing constructions, perform credit
assignment and restructure the grammar.

(vii) Cultural evolutionary dynamics. All models we developed
are based on an instantiation of evolutionary dynamics at
the cultural, more precisely linguistic, level. Evolutionary
dynamics requires that there is a population of units that
multiply with inheritance, exhibit variation and undergo
selection, effecting the distribution of traits. Here, the
traits are strategies and constructions built with them,
stored in the individual memories of the agents. They mul-
tiply through social learning as a part of language games.
Variation is unavoidable owing to performance deviations,
creative language use and imperfect learning. Selection
takes place, because the agents prefer constructions that
lead to higher communicative success, adequate expressive
power and minimized cognitive effort, causing some strat-
egies and constructions to propagate and become
dominant in the language community. Language evol-
ution never stops, because there is no optimal solution
and no central authority, so that the population keeps navi-
gating in the space of possible language variants to have a
communication system adapted to their needs.

4. Case studies

From §3, it follows that setting up a specific agent-based model
requires: a definition of a game script, an environment that will
be the source of meanings, a population with possibly internal
structure and dynamics and most importantly operational
diagnostic, repair and consolidation strategies, so that we can
see what their effect is on the emerging language. An exper-
iment will typically focus on one aspect of language. These
can be quite specific, for example, how can an inventory of
colour terms and colour categories arise, how can a system
expressing tense and aspect emerge, how does phonetic ero-
sion lead to the collapse of a case system. It can also be more
general, for example, how can a recursive phrase structure
grammar emerge, what is the impact of analogy on streamlin-
ing an inflection system, what is the impact of population
structure and renewal on the emergence and preservation of
a lexicon. The remainder of this paper can only give a few
concrete examples with details contained in the cited papers.

(a) Word formation

Agent-based models for word formation have to explain how
implicit, inferred meanings can turn into explicit lexical
expression. This happens in the experiment shown in
figure 1 in which agents play naming games about visually
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Table 1. Word formation strategy.

role diagnostic repair consolidation
speaker word is missing for invent new build new construction
a meaning word associating meaning with
fragment form newly invented word
listener unknown word quess new construction associating
possible guessed meaning with
meaning unknown word

Table 3. Coercion.

role diagnostic repair consolidation

speaker disconnected unit find best matching store the expanded

(co-referential construction and combination

relations not coerce unit so

that it fits

potential of the
expressed) coerced unit

" listener disconnected unit infer additional store the expanded

(co-referential co-referential combination

relations not relations from potential of the

expressed) situation model coerced unit

perceived objects in a shared situation using the diagnostic,
repair and consolidation strategy shown in table 1.

Consolidation also needs to include credit assignment
using the following strategy:

(i) In the case of a successful interaction, all new or modi-
fied constructions are stored and the scores of the
constructions that were involved are increased,
whereas competing constructions, i.e. constructions
that could also potentially apply but lead to a dead
end or to some other anomaly, are decreased, thus
implementing the kind of lateral inhibition dynamics
familiar from many neural network models, such as
the Kohonen network.

(ii) In the case of a failed interaction, the scores of the impli-
cated constructions are decreased, and new or
modified constructions are not stored.

We see in figure 1 that these strategies indeed allow a
population of agents to expand and share a lexicon. Words
propagate but there is variation, because different agents
may invent a new word when they do not have one.
Progressively, some words win the competition based on
the lateral inhibition dynamics and a shared lexicon with a
minimal set of words for the meaning domain results.
These strategies have already been applied for a variety of
meaning domains, including experiments where both the cat-
egories and the lexicon evolve and get coordinated [44].
Experiments have also been conducted on word formation
with multiword utterances (without grammar) using slightly
more sophisticated diagnostic, repair and consolidation
strategies [45].

(b) Syntax formation
Agent-based models for syntax formation have to explain
how a set of words can get organized into hierarchical

Table 2. Phrase building strategy.

role diagnostic repair consolidation

speaker disconnected unit build variant of best store this
(co-referential matching constructional
relations not construction by variant

expressed) adding the unit
listener disconnected unit relations deduced build constructional
(unexpressed through speaker variant adding unit

feedback and
situation model

co-referential to best matching

relations) construction

Table 4. Phonetic reduction.

role diagnostic repair consolidation
speaker is optimization leave out final store the new form as a
possible? consonant or constructional
vowel variant
listener form matches only use best matching store new word form as
partially with construction a construction
existing one variant

phrasal patterns. This happens in the experiment shown
in figure 3 (from [43]) where agents play the syntax
game [46], which is a variant of the naming game that
requires the expression of n-ary relations, such as ‘inside-
of’ or ‘moves-towards’, and hence ambiguity about the
role of the arguments in the relation. Figure 3 is based
on two strategies: one for building phrasal patterns by
incorporating units, and another one for fitting existing
words or phrases into an existing phrasal pattern through
coercion [43].

The phrase-building strategy creates an extended
phrasal pattern, which initially contains just a single word,
by incorporating an additional constituent. For example,
the pattern ‘blue block’ is extended, so that an extra property
is expressed, as in ‘big blue block’. The new variant
inherits most of its properties from the partially applicable
construction (table 2).

The coercion strategy extends the lexical or phrasal cat-
egories of a unit, so that it fits a schema. For example, in
the phrase ‘she WhatsApped me’, the noun ‘WhatsApp’ is
coerced to behave as a verb, so that the clausal construction
combining subject, verb and object, can apply (table 3).

Figure 3 shows the effect of these strategies when a popu-
lation of five agents plays 800 syntax games. The
experimental results show not only that agents converge on
a shared phrase structure grammar (seen because alignment
reaches almost 100%), but also that semantic and syntactic
ambiguity decreases significantly to close to zero, implying
that a ‘better’ communication system arises, meaning one
with less cognitive effort and less risk for misunderstanding.
Different agents may select different word orders to express
the same co-reference relations, and so there is unavoidably
competition. Agents may also differ on the grammatical cat-
egories of words. However, the lateral inhibition credit
assignment strategy, the same as used for word formation,
causes convergence of word ordering and categorical usage.
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Figure 3. Grammar emergence experiment shows 500 consecutive language games in a population of five agents. The running average of four different measures is
shown: (i) semantic ambiguity measures the number of times the situation model had to be used to generate or block hypotheses, divided by the number of
variables in the utterance meaning; (ii) syntactic ambiguity measures the percentage of failed paths in the search space; (iii) communicative success measures
whether the hearer was able to identify the topic without speaker feedback; (iv) alignment measures whether the hearer would express the same meaning
using the same utterance as the speaker; and (v) grammatical constructions measures the learning rate, i.e. how fast the grammar is acquired, by tracking the
percentage of constructions of the final grammar already learned at each time step. (Online version in colour.)
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Figure 4. Changes to an agreement marker during a single experiment in a population of 10 agents which are using the phonetic reduction strategy. The probability
that the speaker reduces a marker is e = 0.1 per game. The marker -uinbui erodes progressively to -u. A truncated variant is typically present for a while in the
population until it becomes dominant. If the -u marker is cut further, its function gets lost and must be regenerated. (Online version in colour.)

(c) Reduction

Agent-based models for the phonetic erosion of meaning
have to explain how words or morphological markers of
words can progressively simplify without compromising
initially their use, until of course the form has completely dis-
appeared. This is illustrated in the experiment shown in
figure 4 taken from larger-scale experiments in the emergence
of marker systems and agreement [47]. Simplifying, the
speaker attempts to diminish the articulatory complexity of
a form (with a certain probability) and the listener accepts
this form-variant if it is close enough to an existing form
and if its acceptance leads to a successful game, after which
the listener consolidates the form-variant in a new

construction as part of his own inventory. Results in
figure 4 show this strategy at work with new variants pop-
ping up, and spreading in the population, without
compromising communicative success, until they become
dominant, after which a new variant comes up (table 4).

5. Conclusion

Agent-based modelling can play an important role in decon-
structing the many factors that play a role in the emergence
and evolution of language. It helps to tease these factors
apart and study their causal impact on an evolving language
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in repeatable objective experiments. Data from historical
linguistics have abundantly demonstrated that there are
different modes in which a particular meaning domain can
get expressed (inferred, lexical, syntactic and morphological)
and that we regularly see mode shifts creating linguistic
cycles. For example, temporal information, such as future,
may go from being unexpressed, to being expressed using
words, auxiliaries in verbal patterns, and compact morpho-
logical expression in an inflectional system. A theory of
language evolution needs to show by what cognitive mech-
anisms, external factors and evolutionary dynamics
meanings get expressed in each of these modes and how
shifts may occur.

This paper puts forward a common core with a script-
based interaction engine, semantic representations for situ-
ation models and utterance meaning, an operational model

of construction grammar processing, and a meta-level

learning architecture enabling insight learning. It also puts
forward a model of the cultural evolutionary dynamics and
then points to a number of case studies that are using this
core for achieving word formation, syntax formation and
phonetic reduction. Clearly, language is an extraordinarily
complex adaptive system. We therefore should not expect a
single simple explanation how such a system can emerge
and keep evolving, and many more experiments are needed
on all aspects of the linguistic cycle.
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