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Résumé
Le GRAphe Fonctionnel de Commande Étapes Transitions (GRAFCET) est un puissant langage
de modélisation graphique pour la spécification de contrôleurs dans des systèmes à événements
discrets. Il fait usage des expressions pour exprimer les conditions de franchissement des transi-
tions et des actions conditionnelles, ainsi que les expressions logiques et arithmétiques assignées
aux actions stockées. Cependant, de nombreux travaux se sont penchés sur la transformation de
spécifications Grafcet en code de contrôle pour systèmes embarqués. Pour faciliter l’édition de
modèles Grafcet valides et la génération du code de contrôle, il est judicieux de proposer une
formalisation du langage des expressions Grafcet, permettant de valider ses constructions et d’en
pourvoir une sémantique appropriée. Pour cela, nous proposons une grammaire hors-contexte qui
génère tout l’ensemble des expressions Grafcet. Nous proposons également un métamodèle et une
sémantique associée des expressions Grafcet pour la mise en œuvre du langage Grafcet. Le par-
seur des expressions Grafcet (G7Expr) est obtenu grâce à l’outil ANTLR, alors que le métamodèle
est mis en œuvre dans l’environnement d’Ingénierie Dirigée par les Modèles (IDM) Eclipse EMF.
L’association des deux outils permet d’analyser et de construire automatiquement les expressions
Grafcet lors de l’édition et la synthèse des modèles Grafcet.

Mots-Clés
expressions Grafcet ; grammaire hors-contexte ; analyseur syntaxique ; Ingénierie Dirigée par les
Modèles ; métamodèle ; vérification de modèle ; sémantique des expressions

I INTRODUCTION

Le langage Grafcet (standard CEI 60848 [8]) est un puissant outil pour la spécification des sys-
tèmes de contrôle commande (SCCs) [1]. Il est à la base du SFC (Sequential Function Chart),
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l’un des cinq langages du standard CEI 61131-3 de programmation des Automates Program-
mables Industriels, et intégré dans les environnements logiciels dédiés tels que CoDeSys de
3S-Smart Software, et plus récemment EcoStruxure Control Expert de Schneider Electric et
Step 7 de Siemens. Bien que le Grafcet soit un langage principalement graphique, il fait usage
des expressions textuelles à différents niveaux pour exprimer les conditions et les calculs. Il
s’agit essentiellement d’expressions arithmétiques et logiques auxquelles s’ajoutent des expres-
sions temporelles et événementielles appelées front montant et front descendant [8] qui sont
spécifiques au langage Grafcet. Les variables utilisées dans ces expressions sont reliées à l’état
interne du modèle et des signaux d’entrée. La structure des expressions temporelles et événe-
mentielles doit respecter les règles de construction du langage pour être exploitable dans les
étapes qui suivent la spécification fonctionnelle, au niveau du processus d’ingénierie des SCCs.

De nombreux travaux de recherche [4, 5, 10] se sont focalisés sur la transformation automatique
de modèles de spécification Grafcet en code de contrôle. Il importe donc de disposer d’outils
formels de spécification des expressions Grafcet pour permettre la vérification et la validation
syntaxique, ainsi que la production d’une sémantique appropriée dans le code de contrôle qui
découle du modèle Grafcet.

Les travaux réalisés dans [10] ont permis de proposer un framework pour la transformation du
Grafcet en code PLC (CEI 61131–3). Ce framework garantit la validité du Grafcet au niveau des
constructions structurelles (agencement étapes, transitions, actions, etc) sans s’intéresser aux
expressions utilisées. F. Schumacher et al. ([9, 10]) ont étudié d’une part la transformation d’une
spécification Grafcet en un réseau de Petri (RdP) [6] et d’autre part les préalables et obstacles
à transformer une spécification Grafcet en un programme PLC (CEI 61131–3) [9]. Ces travaux
se focalisent sur l’étude des trois types de conditions temporelles existantes et en proposent une
sémantique formelle. Cependant, ils se limitent aux expressions temporelles construites autour
d’expressions conditionnelles simples. En général, ces travaux ne considèrent pas la validité
des expressions Grafcet. D’autres travaux [2, 4, 5, 12] ont concerné la transformation directe du
Grafcet en code de contrôle (en langage C par exemple) [4]. Ici, aucun modèle de formalisation
de l’ensemble des expressions Grafcet n’a été proposé afin de permettre leur validation et la
production d’une sémantique sûre.

L’objectif dans cet article est de montrer l’intérêt que revêt les expressions Grafcet dans la
mise en œuvre du langage Grafcet, puis de proposer des outils formels permettant de guider
la construction d’expressions valides et leur intégration dans un environnement d’édition et de
synthèse de modèles Grafcet.

Le reste du papier est organisé comme suit : la section II présente le langage de spécification
Grafcet avec une analyse des expressions utilisées. La section III présente la grammaire al-
gébrique proposée pour formaliser les expressions Grafcet, tandis que la section IV exploite
cette formalisation pour définir les outils utiles pour la mise en œuvre dans un environnement
d’ingénierie dirigée par les modèles (IDM), ainsi que la sémantique qui en découle. Enfin en
section V, nous présentons une discussion relative à la contribution de ce travail, suivie d’une
conclusion.

II LE LANGAGE DE SPÉCIFICATION GRAFCET

Le Grafcet (CEI 60848 Ed.3 [8]), est un langage graphique permettant de modéliser des sys-
tèmes séquentiels et les automatismes logiques. Il est utilisé pour la description détaillée du
comportement de systèmes logiques séquentiels et s’inspire directement des réseaux de Petri
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[1, 8]. Le Grafcet décrit les états d’un système et les actions associées permettant de prendre
en compte les entrées nécessaires pour générer les sorties voulues. Il possède une syntaxe de
description statique et une dynamique d’évolution.

2.1 Statique du Grafcet

La syntaxe de base du Grafcet est similaire à celle des RdP. Un modèle Grafcet (tel que présenté
en Figure 1) est un graphe orienté avec deux types de nœuds : les étapes et les transitions.

Les étapes sont représentées par des carrés tandis que les transitions sont représentées par des
traits horizontaux. Les étapes initiales définissent la situation initiale et sont représentées par
des carrés ayant des lignes doubles. Les étapes et les transitions sont interconnectées par des
arcs dirigés appelés connexions. Ces arcs relient nécessairement les étapes aux transitions et
les transitions aux étapes. Les actions peuvent être associées à une étape pour agir sur la partie
opérative du système via une variable de sortie. Une condition appelée réceptivité est associée
à chaque transition. Il est aussi possible d’associer une condition à une action à niveau pour en
faire une action conditionnelle.

2.2 Règles d’évolution du Grafcet

La situation du Grafcet évolue par franchissement successif des transitions selon cinq règles
d’évolution [1, 8] visant à assurer un comportement déterministe, contrairement aux RdP qui
évoluent en mode asynchrone, induisant ainsi des conflits et un comportement non-déterministe.
Elles sont :

— Règle 1 : initialement, toutes les étapes initiales sont actives ; toutes les autres étapes sont
inactives.

— Règle 2 : une transition est activée lorsque toutes les étapes qui précèdent immédiatement
cette transition sont actives. Une transition est franchissable lorsqu’elle est activée et que
la condition associée à cette transition est vraie. Une transition franchissable doit être
immédiatement franchie.

— Règle 3 : le franchissement d’une transition provoque simultanément l’activation de
toutes les étapes immédiatement suivantes et la désactivation de toutes les étapes im-
médiatement précédentes.

— Règle 4 : Lorsque plusieurs transitions sont franchissables simultanément, elles sont fran-
chies simultanément.

— Règle 5 : lorsqu’une étape doit être à la fois activée et désactivée, en appliquant les règles
d’évolution précédentes, elle est activée si elle était inactive ou reste active si elle était
précédemment active.

Une étape définit un état partiel du système et peut être active ou inactive. Une variable boo-
léenne Xi appelée variable d’activité d’étape est définie pour chaque étape i. La variable Xi est
vraie si l’étape i est active et fausse sinon. L’état général d’un Grafcet, appelé sa situation, est
caractérisé par le vecteur X = (Xi). Les étapes initiales sont initialement activées. Sur l’occur-
rence d’événements externes, le changement de situation du grafcet caractérise l’évolution du
système qu’il modélise. L’évolution de la situation se fait par franchissement des transitions. Si
plusieurs transitions sont franchissables lors de la survenue d’un événement, elles sont toutes
franchies simultanément. On passe alors d’un état (situation) à un autre, ce qui est à l’origine
de l’activation de certaines actions et de la désactivation d’autres.
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FIGURE 1 – Exemple de modèle Grafcet

Le modèle Grafcet présenté en Figure 1 est inspiré d’un Grafcet proposé par G. Nzebop N. et al.
[12] pour modéliser un sous-système d’approvisionnement en eau d’un réservoir à partir d’une
pompe immergée (IP). Ce modèle comporte huit étapes numérotées de 1 à 8 parmi lesquelles
l’étape 1 est initiale, neuf transitions numérotées de (1) à (9) et plusieurs actions. C := 0 et
N := 10 sont des actions stockées exécutées lors de la désactivation de l’étape 1 ; V R1, AV
et REC sont des actions à niveau continues, associées respectivement aux étapes 3, 4 et 8.
L’action A if (bWD OR ppM1) est une action à niveau conditionnelle. Elle est activée si l’étape
6 est active et la condition bWD OR ppM1 a pour valeur logique vrai. La réceptivité de la
transition (2) est hT2 AND rain ; elle exprime le fait que lorsque l’étape 2 est activée et que la
valeur de hT2 AND rain est vrai, cette transition est franchissable et doit être immédiatement
franchie. Lorsqu’elle est franchie, l’étape 2 est désactivée et l’étape 3 est activée. Ici, HT2 et
rain sont deux variables booléennes modélisation des signaux d’entrée numériques.

2.3 Les expressions Grafcet

Les réceptivités des transitions et les conditions associées aux actions à niveau conditionnelles,
ainsi que les expressions des actions stockées constituent les expressions Grafcet. Ces expres-
sions utilisent des opérateurs arithmétiques et logiques ordinaires, les comparaisons, et peuvent
faire intervenir des événements et des contraintes/conditions temporelles.

Les événements : Un événement est soit un front montant ↑, soit front descendant ↓. Le com-
portement dynamique du Grafcet étant caractérisé par sa nature événementielle, un événement
matérialise le changement de la valeur d’une variable booléenne ou d’une combinaison de va-
riables booléennes (fonction booléenne). Comme l’illustre la figure 2.a, le changement de la
valeur de a de false à true est noté ↑ a et est appelé front montant de a, tandis que le front
descendant de a est noté ↓ a et symbolise son passage de true à false. à la place de a, on peut
avoir une expression logique quelconque.

Les contraintes/conditions temporelles : La forme générale d’une contrainte temporelles est
t1/ ∗ /t2 (que nous appelons Delayed 2 [9]), où l’astérisque * est un espace réservé pour la
variable booléenne d’origine associée aux événements qui déclenchent la temporisation, tandis
que t1 et t2 sont des durées (t1, t2 ≥ 0). Comme l’illustre la figure 2.b, une contrainte de
temps pourrait par exemple être spécifiée par 3s/a/5s. Cela signifie que l’expression temporelle
[3s/a/5s] change sa valeur de false à true (ce qui équivaut à l’événement ↑ [3s/a/5s]) trois
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FIGURE 2 – Les événements et les conditions temporelles

secondes après que ↑ a se soit produit, et sa valeur passe de true à false cinq secondes après
l’occurrence de l’événement ↓ a.

Cet exemple illustre la relation entre les retards de temps spécifiques (t1 et t2) et les deux
événements d’entrée (↑ a et ↓ a), définissant ainsi un intervalle de temps discret pendant lequel
la variable a (de la contrainte temporelle [3s/a/5s]) a la valeur true :

[t1..∆ + t2] = [”3s après l’apparition de ↑ a” .. ”5s après l’apparition de ↓ a”], où ∆ est la
durée pendant laquelle la variable a est restée active, c’est-à-dire le temps qui sépare les instants
d’occurrence des événements ↑ a et ↓ a.

Il convient alors de déterminer l’état de la variable booléenne [3s/a/5s] par un chronomètre qui
observe l’intervalle de temps discret [t1..∆+ t2]. Chaque fois qu’un événement se produit, tel
que ↑ ∗” ou ↓ ∗, le chronomètre est réinitialisé à zéro.

L’exemple de la figure 2.b est le cas le plus général d’une contrainte de temps dans le Grafcet. La
norme CEI 60848 autorise également deux notations abrégées pouvant être considérées comme
des cas particuliers de t1/ ∗ /t2 :

— La notation t1/∗. C’est le cas où t2 = 0. Elle spécifie un délai simple (que nous appelons
Delayed 1).

— La notation ¬(t1/∗). Contrairement à un simple délai, il s’agit d’une limite de temps (que
nous appelons Limited).
La valeur de [¬(t1/∗)] passe de false à true lorsque ↑ ∗ survient et reste vraie pendant
la durée t1. à l’apparition de l’événement ↑ [t1/∗], la variable logique [¬(t1/∗)] change
sa valeur de true à false.

Du point de vue des variables de temporisation, la contrainte temporelle peut être vue comme
une sorte de chronomètre observant le changement d’état de la variable de temporisation. Il
fournit des informations sur la durée écoulée depuis la dernière occurrence du front montant ou
descendant de cette variable. Lorsque la durée écoulée est supérieure ou égale au temps de retard
de la variable temporelle, la contrainte temporelle correspondante est true. En conséquence, il
convient pour chaque variable Grafcet d’être caractérisée par son état (actif ou inactif) et sa
durée de vie, la durée de vie étant le temps écoulé depuis son passage de false à true.
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III GRAMMAIRE DES EXPRESSIONS GRAFCET

Comme notre analyse repose sur la structure textuelle des expressions Grafcets on va s’appuyer
sur les outils formels d’analyse des programmes, principalement les grammaires formelles telles
que décrites dans le métalangage EBNF (Extended Backus-Naur Form). Ce métalangage définit
une notation formelle permettant de décrire les règles syntaxiques des langages de programma-
tion.

L’étude des expressions Grafcet nous permet de proposer la grammaire hors-contexte dont
l’axiome est G7Expr, avec des règles décrites à la figure 3. Elle est obtenue en étendant les
grammaires usuelles des expressions arithmétiques et logiques.

FIGURE 3 – Grammaire des expressions Grafcet

Cette grammaire est récursive à gauche, avec des opérateurs ayant des niveaux de priorité dif-
férents. Elle est donc ambiguë en analyse LL(1). Cependant, en analyse LL(k), la gestion des
conflits de choix des règles peut s’opérer en considérant l’ordre de priorité et l’associativité des
opérateurs présents. Ces opérateurs sont donnés comme suit, classés du moins prioritaire au
plus prioritaire [11] :

1. l’opérateur OU (OR ou bien ||),
2. le ET (AND ou bien &&),
3. l’égalité (=) et la différence ( ! = ou ̸=),
4. les opérateurs de comparaison (<=, >=, <, >),
5. l’addition (+) et la soustraction (−),
6. la multiplication (*) et la division (/),
7. la négation NOT ( ! ou ¬), le front montant (rising edge : RE) et le front descendant

(falling edge : FE).
Parmi les générateurs d’analyseurs syntaxiques sophistiqués de type LL(k), il existe l’outil
ANTLR (Another Tool for Language Recognition) qui, depuis sa version 4 [3], offre la possi-
bilité d’utiliser lors de la spécification de la grammaire l’ordre d’apparition des règles de pro-
duction (en relation avec la priorité des opérateurs) pour gérer les conflits de choix de règles et
désambigüiser les grammaires LL(1). ANTLR génère alors en sortie un analyseur syntaxique
LL(k) [11] dont le code peut être exprimé en langage java.

L’outil ANTLR est largement utilisé pour créer des langages, des outils et des frameworks [3].
Une spécification ANTLR de la grammaire des expressions Grafcet est donnée en figure 4.
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FIGURE 4 – Implémentation ANTLR de la grammaire des expressions Grafcet

L’axiome de cette grammaire est myG7Expr. Les attributs (op, left, right, . . .) sont ajoutées aux
productions pour faciliter les processus de parcours d’arbre syntaxique. L’attribut op se réfère
à la valeur de l’opérateur lors de l’application de certaines règles. Il en est de même de left et
right qui référencent les expressions gauche et droite. Cette spécification ANTLR donne lieu à
la génération du code java du parseur.

L’extension des variables de temporisation (tel que défini dans le standard CEI 60848) aux
expressions/fonctions de temporisation dans les conditions temporelles augmente considérable-
ment le pouvoir expressif du langage des expressions Grafcet. Ainsi, avec la notation t1/ ∗ /t2,
* peut représenter non seulement une variable mais aussi une expression logique quelconque.

IV MÉTAMODÈLE ET SÉMANTIQUE DES EXPRESSIONS GRAFCET

Comme le Grafcet est un langage de modélisation, il est recommandé d’utiliser une approche
d’Ingénierie Dirigée par les Modèles (IDM) pour sa mise en œuvre [9, 10]. L’IDM est en effet
le domaine de l’ingénierie logicielle qui utilise des modèles et des transformations de modèles
pour produire des artefacts logiciels. Dans ce paradigme, un système est représenté par un mo-
dèle, un modèle est conforme à son métamodèle, tandis que le métamodèle correspond à la
syntaxe abstraite du langage de modélisation, spécifiée dans le formalisme défini par son méta-
métamodèle (en langage MOF ).

4.1 Métamodèle des expressions Grafcet

Nous proposons le métamodèle donné en figure 5. Il fait intervenir en son cœur le concept
Expression qui utilise les relations et les attributs décrits comme suit : le type de l’expres-
sion peut être Logical ou Arithmetic (décrit par le type énuméré ExprType), une expres-
sion possède un nom, une valeur booléenne et une valeur arithmétique, ne pouvant être utili-
sées qu’exclusivement. L’attribut boolValue est utilisé en cas d’expression logique alors que
arithmValue est utilisé pour des expressions arithmétiques.
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FIGURE 5 – Métamodèle des expressions Grafcet

La méthode getCExpr() est appelée pour obtenir la sémantique en langage C de l’expression,
tandis que getOldCExpr() est appelée pour obtenir cette sémantique à l’instant précédent. La
méthode getName2() est utilisée pour proposer un identificateur pour toute une expression,
utile pour déclarer le compteur de temps associé. Une instance de Expression peut avoir deux
sous expressions (subExpr1 et subExpr2), auquel cas elles sont combinées par un opérateur
(unaire ou binaire). Lorsque cette expression est simple (isSimple = true), alors il peut s’agir
d’une variable (isConstant=false) ou bien d’une constante (isConstant=true) du Grafcet.

4.2 Sémantique C des expressions Grafcet

La sémantique C des expressions est implémentée dans les méthodes getCExpr() et getOldCExpr
(). Pour les opérateurs ordinaires, elle reste inchangée. Par exemple, pour une expression com-
posée par AND, la sémantique est <anExpr.subExpr1.getCExpr()> && <anExpr.subExpr2

.getCExpr()>.

4.2.1 Sémantique C des expressions Front montant et descendant

Ces notions s’étendent de simples variables aux expressions. Pour chaque variable, on dispose
de sa valeur actuelle et de sa valeur à l’instant précédent, ce qui permet de calculer la valeur
d’une expression pendant ces deux instants. On a :

— RE(anExpr) est réalisée avec !<anExpr.getOldCExpr()> && <anExpr.getCExpr()>.
— FE(anExpr) est réalisée avec <anExpr.getOldCExpr()> && ! <anExpr.getCExpr()>

.
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4.2.2 Sémantique C des expressions de conditions temporelles

Initialement, <anExpr.getName2()> renvoie récursivement un identificateur approprié pour
l’expression de temporisation. Pour chaque expression de temporisation, deux variables sont
générées pour stocker la durée de l’expression à l’instant actuel et à l’instant précédent (<anExpr
.getName2()>_duration et <anExpr.getName2()>_duration_Old). Ces durées doivent être
mises à jour dans une section du code exécutée périodiquement (un timer par exemple).

À partir de l’analyse des variables de temporisation faite par F. Schumacher et al. [9] pour
proposer un moyen d’évaluer les expressions temporelles basées sur une expression simple
(une variable), la sémantique formelle proposée peut être étendue à toute condition temporelle
basée sur n’importe quelle expression logique :

— Condition de délai simple (type Delayed1) : [t/expression] est vraie si le temps
écoulé depuis l’occurrence de l’événement RE(<expression.subExpr2>) est supérieur à
t. Alors [t/expression] a pour sémantique C : <anExpr.getName2()_duration > t .

— Condition limitée dans le temps (type Limited) : t/expression ou bien [not(t/expression

)] est vraie si le temps écoulé depuis l’occurrence de l’événement RE(<expression.
subExpr2>) est inférieur ou égal à t. Alors [not(t/expression)] a pour sémantique
C : <anExpr.getName2()>_duration <= t

Pour les expressions temporelles de type Delayed1 ou Limited, la mise à jour de la durée
d’activité est calculée par le listing 1.

Listing 1 – Mise à jour de la valeur de <expr.getName2()>_duration

1 if(FE(anExpr.subExpr2)) { <anExpr.getName2()>_duration = 0;}
2 else { <anExpr.getName2()>_duration ++;}

— Condition de délai sous forme générale (type Delayed2) : Sa syntaxe est [t1/expression
/t2] alors que sa valeur est définie par :

— [t1/expression/t2] passe de false à true après un temps écoulé de t1 depuis
l’occurrence de l’événement RE(<expression.subExpr2>).

— [t1/expression/t2] passe de true à false après un temps écoulé de t2 depuis
l’occurrence de l’événement FE(<expression.subExpr2>). Alors, [t1/expression
/t2] a pour sémantique C le listing 2, où la valeur de <anExpr.getName2()>

_duration est calculée par le listing 3.

Listing 2 – Calcul de la condition t1/expression/t2

1 (<anExpr.getName2()>_duration > t1) && <anExpr.getCExpr()>)
2 ||
3 (<anExpr.getName2()>_duration > t2) && ! <anExpr.getCExpr()>)

Listing 3 – Mise à jour de <anExpr.getName2()>_duration

1 if( (! <anExpr.subExpr2.getOldCExpr()> && <anExpr.subExpr2.
getCExpr()>)

2 || (<anExpr.subExpr2.getOldCExpr()> && ! <anExpr.subExpr2.
getCExpr()>))

3 { <anExpr.getName2()>_duration = 0; } else { <anExpr.getName2()
>_duration ++; }
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Du listing 3, il ressort que la même variable <anExpr.getName2()>_duration est
utilisée pour mesurer le temps écoulé depuis l’occurrence de l’un ou l’autre des
événements, d’autant plus qu’ils s’alternent nécessairement : RE(expression) ou
FE(expression).

4.3 Architecture du système d’analyse des expressions Grafcet

L’association du parseur avec le métamodèle des expressions Grafcet permet de réaliser un
système qui dérive automatiquement les expressions des modèles Grafcet au sein d’éditeurs
Grafcet. L’architecture d’une telle solution est présentée à la figure 6.

FIGURE 6 – Architecture du système parseur–métamodèle des expressions Grafcet

Une implémentation est faite au sein de la plateforme IDM Eclipse EMF, avec le code du méta-
modèle généré en java. Il en est de même du code de l’éditeur des expressions qui en découle,
lequel est personnalisé pour permettre l’analyse des expressions par appel du parseur à travers
l’interface réalisée.

4.4 Validation syntaxique et vérification sémantique

La validation syntaxique des expressions Grafcet est assurée par le parseur qui implémente la
grammaire des expressions Grafcet. Lorsqu’une expression n’est pas valide, un message d’er-
reur est généré et affiché en console, avec des indications sur la zone concernée de l’expression.
Comme l’implémentation du métamodèle est faite au sein d’Eclipse EMF, cette plateforme
d’IDM offre des outils permettant la vérification sémantique des objets produits par le parseur
des expressions Grafcet. Cette vérification a lieu au niveau de l’éditeur des expression Grafcet,
à travers le métamodèle. Des règles sémantiques sont alors définies et implémentées en langage
OCL (Object Constraint Language [7]), puis intégrées au métamodèle des expressions Graf-
cet. Toute expression produite par le parseur peut alors être vérifiée au regard des contraintes
d’intégrité définies dans son contexte. Cette vérification sémantique garantit la bonne construc-
tion des objets par le parseur G7Expr et intervient avant la génération du code, qui constitue la
sémantique C.

Comme illustration, « tout opérateur binaire compose des opérandes du même type » (ValidEx-
pressionWithBinaryOperation) exprime une contrainte sémantique. Elle peut être formalisée en
OCL par le listing 4 :

Listing 4 – Formalisation OCL de ValidExpressionWithBinaryOperation

1 (self.operator<>null and self.subExpr1<>null and self.subExpr2<>null)
implies (self.subExpr1.type = self.subExpr2.type);
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La validation sémantique est un problème NP-complet. Il faut donc énumérer les contraintes
sémantiques, les formaliser et les intégrer au métamodèle des expressions pour permettre leur
exécution lors de la validation sémantique des objets produits par le parseur G7Expr. En annexe
A, nous présentons d’autres règles sémantiques énoncées et formalisées sur les expressions
Grafcet.

4.5 Exemple

Considérons l’expression (h1 and not e)and RE(n1+n2<5)or FE([25s/(X1 or X2)])) re-
présentant une condition dans un Grafcet. [25s/(X1 or X2)] est une condition temporelle
tandis que FE([25s/(X1 or X2)]) est une condition événementielle prenant en paramètre la
condition temporelle. Son analyse par ce système produit le résultat présenté en figure 7, consti-
tuée d’un arbre de dérivation (figure 7.a) et de l’instance correspondante du métamodèle des
expressions Grafcet (figure 7.b).

FIGURE 7 – Résultat d’analyse d’une expression Grafcet complexe

Cette expression contient deux sous-expressions composées par l’opérateur logique OR, et dont
la première est composée par l’opérateur logique AND. La sémantique C qui en découle est
donnée dans le listing ??, où d1 a pour valeur 25000/TIMER_PERIOD (avec TIMER_PERIOD qui
désigne la périodicité).

Listing 5 – Sémantique C de (h1 and not e) and RE(n1+n2<5) or FE([25s/(X1 or X2)

1 (h1 && (! e)) && ( !((n1_Old + n2_Old) < 5) && (n1 + n2) < 5)
2 || (X1_OR_X2_duration_Old >= d1) && !(X1_OR_X2_duration >= d1)

X1_OR_X2_duration est l’identificateur généré par appel de getName2() pour l’expression X1

or X2 dont le rôle est de mesurer le temps depuis lequel cette expression est devenue true. La
fonction exécutée périodiquement doit alors contenir le code de mise à jour de cet identificateur
(listing 6).
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Listing 6 – Mise à jour de X1_OR_X2_duration

1 if((X1_Old || X2_Old) && !(X1 || X2)){ X1_OR_X2_duration = 0; }
2 if((X1 || X2)){ X1_OR_X2_duration ++; }

V DISCUSSION ET CONCLUSION

5.1 Discussion

Les travaux réalisés par F. Schumacher [9, 10] visent la transformation du Grafcet en langage
des PLCs. Ils se penchent sur l’étude de certaines expressions temporelles Grafcet, touchant
des aspects ayant conduit à des ambiguïtés d’interprétation et contribuant à les lever. Cepen-
dant d’un point de vue synthèse, ils considèrent les expressions comme de simples chaines de
caractères. Il en est de même de Bayó-Puxan et al [4].

Dans cet article, nous avons fait ressortir la particularité des expressions Grafcet par rapport
aux expressions d’usage dans les langages de programmation, tout en proposant des modèles
permettant de faciliter l’édition et la validation de modèles (programmes) Grafcet. On peut alors
déceler des expressions non valides construites autour des éléments du modèle Grafcet.

L’implémentation de ce modèle permet la construction d’expressions événementielles basées
sur des conditions composées, ainsi que la proposition d’une sémantique opérationnelle pour
faciliter la mise en œuvre de ces expressions. Cette sémantique peut être exprimée aussi bien en
langage C que dans tout autre langage de programmation des cibles embarquées.

5.2 Conclusion

Le langage Grafcet est très utilisé pour la spécification des systèmes de contrôle commande.
On y retrouve des expressions (arithmétiques et logiques) faisant intervenir des événements et
des notations temporelles, qui ne peuvent être évaluées ordinairement comme c’est le cas des
expressions présentes dans les langages de programmation usuels. Dans cet article, nous avons
proposé une grammaire hors-contexte simple et expressive, ainsi qu’un métamodèle équivalent
dont l’édition des instances peut être associée à l’analyseur syntaxique obtenu, afin de faci-
liter l’analyse et la validation des expressions Grafcet. Une sémantique en langage C de ces
expressions est aussi proposée. La grammaire et le métamodèle des expressions Grafcet pro-
posés définissent un langage des expressions Grafcet plus expressif que celui présenté dans le
standard CEI 60848. Le langage C est utilisé dans ce travail pour exprimer la sémantique des
expressions Grafcet en raison de son importance dans le domaine des systèmes embarqués. Tou-
tefois, il s’avère intéressant d’abstraire cette sémantique dans le but de diversifier les (langages)
cibles envisageables.
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A ANNEXE
Pour faciliter la tâche de débogage lors de la validation des modèles construits dans l’éditeur, des contraintes
spécifiques sont énoncées et formalisées en OCL selon le type d’opérateur en présence.
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Expression avec opérateur unaire valide
ValidExprWithTimeOp : Une expression unaire modélise une variable temporelle, un opérateur logique ou la
négation unaire. Ainsi, le membre gauche est nul, tandis que le membre droit est non nul. On a :

Listing 7 – ValidExprWithTimeOp

1 context Expression invariant ValidExprWithTimeOp:
2 (self.operator.oclIsTypeOf(TimingOperator) or (
3 self.operator.oclIsTypeOf(LogicalOperator)
4 and ( ((self.operator.oclAsType(LogicalOperator)).name = LogicOpValues::NOT

)
5 or ((self.operator.oclAsType(LogicalOperator)).name = LogicOpValues::RE)
6 or ((self.operator.oclAsType(LogicalOperator)).name = LogicOpValues::FE)
7 ))
8 or (self.operator.oclIsTypeOf(AritmeticOperator) and
9 (self.operator.oclAsType(AritmeticOperator)).name = ArithmOpValues::U_MINUS

)
10 ) implies (self.subExpr1=null and self.subExpr2<>null);

Expression constante et temporelle valides
AValidConstantExpression : une expression représentant une constante est valide si elle est simple et ne référence
aucune variable. SimpleNonConstExprIsOfVariableType : une expression simple et non constante est du type
de sa variable, soit logique, soit arithmétique. Leur formalisation OCL est données par :

Listing 8 – AValidConstantExpression et SimpleNonConstExprIsOfVariableType

1 context Expression invariant AValidConstantExpression:
2 self.isConstant implies (self.isSimple and self.variable = null);
3

4 context Expression invariant SimpleNonConstExprIsOfVariableType:
5 (self.isSimple and not self.isConstant and self.variable<>null
6 ) implies(
7 (self.variable.oclIsTypeOf(BooleanVariable) implies self.type = ExprType::

Logical)
8 or
9 (self.variable.oclIsTypeOf(NumericVariable) implies self.type =ExprType::

Arithmetic) );

ValidExprWithTimeOp : Quand une expression concerne un opérateur temporel, elle est forcément logique. La
formalisation OCL est :

Listing 9 – ValidExprWithTimeOp

1 context Expression invariant AValidConstantExpression:
2 self.operator.oclIsTypeOf(TimingOperator) implies self.subExpr1.oclIsTypeOf

(LogicalOperator) and self.subExpr2.oclIsTypeOf(LogicalOperator);

Chaque fois que l’erreur ValidExpressionWithBinaryOperation se produit, elle est suivie de l’une des
erreurs suivantes pour faciliter le débogage. Ces règles sémantiqies OCL concernent principalement la vérification
de type.
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Cas des opérateurs de comparaison
ValidComparisonOperator GT : Lorsqu’une expression concerne l’opérateur de comparaison GT (supérieur
strict) , toutes les opérandes doivent être arithmétiques. Il en est de même de LT (inférieur strict), GE (supérieur
ou égal) et LE (inférieur ou égal).

Listing 10 – ValidComparisonOperator_GT (supérieur strict)

1 invariant ValidComparisonOperator_GT:
2 (self.operator.oclIsTypeOf(LogicalOperator) and (self.operator.oclAsType(

LogicalOperator)).name = LogicOpValues::GT)
3 implies (self.subExpr1.type = ExprType::Arithmetic and self.subExpr2.

type = ExprType::Arithmetic);

Cas des opérateurs logiques binaires (ET, OU)
ValidLogicOperator AND : Lorsqu’une expression concerne l’opérateur logique AND (ET logique), toutes les
opérandes doivent être logiques.

Listing 11 – invariant ValidLogicOperator_AND (ET)

1 invariant ValidLogicOperator_AND:
2 (self.operator.oclIsTypeOf(LogicalOperator) and (self.operator.oclAsType(

LogicalOperator)).name = LogicOpValues::AND)
3 implies (self.subExpr1.type = ExprType::Logical and self.subExpr2.

type = ExprType::Logical);

Il en est de même de l’opérateur logique OR (OU logique).

Cas des opérateurs arithmétiques
ValidArithmeticOperator ADD : Lorsqu’une expression concerne l’opérateur arithmétique ADD (addition),
toutes les opérandes doivent être arithmétiques.

Listing 12 – ValidArithmeticOperator_ADD(+)

1 invariant ValidArithmeticOperator_ADD:
2 (self.operator.oclIsTypeOf(AritmeticOperator) and (self.operator.oclAsType(

AritmeticOperator)).name = ArithmOpValues::ADD)
3 implies (self.subExpr1.type = ExprType::Arithmetic and self.subExpr2.

type = ExprType::Arithmetic);

Il en est de même de la soustraction, de la multiplication et de la division.
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Abstract
Electronic voting systems have become a powerful technology for the improvement of democracy
by reducing the cost of elections, increasing voter turn-out and even allowing voters to directly
check the entire electoral process. End-to-end (E2E) verifiability has been widely identified as
a critical property for the adoption of such voting systems for electoral procedures. Moreover,
one of the pillars of any vote, apart from the secret of the vote and the integrity of the result,
lies in the transparency of the process, the possibility for the voters "to understand the underlying
system" without resorting to the competences techniques. The end-to-end verifiable electronic
voting systems proposed in the literature do not always guarantee it because they require additional
configuration hypotheses, for example the existence of a trusted third party as a random source or
the existence of a random beacon. Hence, building a reliable verifiable end-to-end voting system
offering confidentiality and integrity remains an open research problem. In this work, we are
presenting a new verifiable end-to-end electronic voting system requiring only the existence of a
coherent voting board, fault-tolerant, which stores all election-related information and allows any
party as well as voters to read and verify the entire election process. The property of our system is
information guaranteed given the existence of the bulletin board, the involvement of the voters and
the political parties in the process. This involvement does not compromise the confidentiality nor
the integrity of the elections and does not require cryptographic operations on the voters account.

Keywords
Electronic voting, End-to-End verifiability, Confidentiality, Integrity, Hash Function

I INTRODUCTION

In an end-to-end verifiable electronic system (E2E), voters have the ability to verify that their
vote has been properly emitted, recorded and counted in the election result. Intuitively, the
security property this system must provide is the ability of voters to detect fraud in the electoral
process.
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End-to-end verification requires the voter to be able to obtain a receipt at the end of the vote that
will allow him to verify that his vote has been cast as expected, recorded as such and counted
in the results. In addition, any external third party should be able to verify that the election
procedure has been carried out correctly. Indeed, it is imperative that receipts from an E2E
system be delegable, that is, that the voter can outsource the verification task to any interested
third party, for example an independent, confident organization that performs a global check.
This requirement, as well as the fact that it would be impossible for the voter to use his receipt
as evidence of who he voted for (to avoid buying votes) make the design of verifiable end to
end a difficult problem.

The well-known e-voting systems that offers end-to-end verifiability (examples: Remotegrity
[19], EVIV [18]) generally ensure this only under certain configuration assumptions, such as
the existence of a trusted third party for key generation and as a source of chance, a model or
machine for generating random values [21]. Indeed a limitation to the use of certain hypotheses
to ensure end-to-end verifiability is the fact that one must have faith in that and therefore to the
result of the elections. This causes a problem because it is not easy for electoral authorities to
unequivocally convince voters that the election is correct. In addition, the ability of voters to
easily understand the different components of the system gives rise to controversies. The results
of the election can be the subject of several contestations.

Motivated by the foregoing, we are propose a new verifiable end-to-end electronic voting system
that only requires the existence of a consistent voting bulletin board that provides a comprehen-
sive and coherent view of the election. In addition, the proposed system does not require any
cryptographic knowledge on the voter’s side. End-to-end verification can be achieved through
the use of transparent procedures, the voting bulletin board and the involvement of the different
political parties concerned by the election.

In the rest of this work, section 2 presents a state of art of the verifiable end-to-end systems.
Section 3 highlights the new end-to-end verifiable voting system. An evaluation of this system
is proposed in section 4. Section 5 concludes our work and presents the prospects for improve-
ment.

II RELATED WORK

Electronic devices have become an indispensable part of our life with the evolution of comput-
ing and technology. Voting systems also benefit from these technological developments. In-
deed, votes are frequent; it is therefore necessary to ensure that the voting procedure is pleasant
and non-binding. Electronic voting provides many benefits to both voters and administrations,
including speed, accessibility, accuracy, convenience, flexibility and mobility. The argument
generally used for electronic voting is that it reduces the cost of elections, gives more accurate
results, speeds up the counting process, modernizes the electoral system, offers a wider time
slot during which voters can cast their votes and improves voter turnout.

In view of all these advantages, several works have been carried out with the aim of proposing
secure electronic voting systems. It follows that an electronic voting system must meet the
following requirements [2]:

1. Integrity: it is impossible to modify, add or delete a vote;

2. Democracy: only authorized persons can vote once and only once.

3. Confidentiality: the vote and the voter are secret;
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4. Individual verifiability: a voter checks his vote in the count;

5. Universal verifiability: the published results are verifiable by all;

6. Partial Mobility: the system only takes into account the votes of the authorized offices;

7. Total Mobility: The system takes into account votes cast anywhere.

8. Availability: the system works correctly throughout the voting period;

9. Robustness (protocol and system): the system can satisfy the voting properties even under
abnormal operating conditions.

The confidentiality, integrity, democracy and verifiability of elections are the main research ob-
jectives in the field of electronic voting, which has been in existence for some decades. The
voting protocols resulting from this work are classified into three broad categories according
to the technique used: mix-nets [14, 15], blind signatures [1, 3] and homomorphic voting sys-
tems [8, 15]. All of these protocols are based on heavy cryptographic components and require
cryptographic skills for voters and political parties. As a result, in 2004, Chaum [4] and Neff
[5] identified that the verifiability offered by voting systems relies too much on cryptography
to be of practical use to voters. From these works emerges a new paradigm of research in elec-
tronic voting: E2E voting systems. The goal of end-to-end verifiable systems is to provide the
opportunity for any voter to easily check his or her vote and that all the results are verifiable
universally. The system proposed by Chaum [4] was the base of many end-to-end verifiable
systems such as: Prêt à Voter [6], Punchscan [7], Scantegrity [11], Aperio [12], Eperio [13].
These systems are exposed to many problems: complexity, confidentiality, and usability. The
verifiability is still argued but not assured.

Helios [10] was the first used verifiable end-to-end voting system. It targets the low risk elec-
tions by implementing existing ideas into a system. Helios uses a simplified version of the
Benaloh challenge [9](considered acceptable for a low risk coercion environment) to achieve
verifiability. However, it is exposed to several attacks related to privacy due to the malleability
of the cryptographic scheme used [17]. As a result, other systems have emerged to truly achieve
end-to-end verifiability.

This is the case for the Remotegrity [19], based on a lock code that is provided to the voter on
a scratchable surface to allow him to check his vote, detect and prove unauthorized changes to
their ballots made either by malicious client software or a corrupt election authority. In addition,
Remotegrity is designed for a specific municipal election: Takoma Park, Maryland responds to
a certain number of requirements and is an extension of the existing Scantegrity system [11],
which constrains its conception. We realise that, the number of codes an voter must enter during
the voting process is high. This number could be revised downward. For example, the serial
numbers of the ballot and the authorization card can be harmonized to the same value.

At the same time, EVIV [18] has been developed with the objective of offering complete mobil-
ity to the voter and ensuring end-to-end verifiability while preserving confidentiality. In other
to solve the problem of malicious software and authority, EVIV combines the voting code to
the encryption technique MarkPledge [16]. For the verification, the voter must match alphanu-
meric strings that detect and protect against voting manipulations on both the unstable voting
client platform and the election server. In EVIV, each voter has a Voter Security Token (VST),
which is responsible for encrypting the vote and to which the voter communicates his selection
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of candidates. With the help of VST, each voter generates the voting codes at home, which fa-
cilitates the logistics of the election and allows a complete voting process online and on mobile.
However, the limited computing capabilities of VST limit the use of EVIV in elections with a
small number of candidates. EVIV nonetheless requires the integration of coercion resistance
mechanisms and improved usability and verifiability mechanism.

Rabin and Rivest [20] proposes an end-to-end verifiable voting system based on the distribution
of vote count and the creation of a verifiable proof of the exactitude of server combined with
a random representation of the integers used in the system. At the end of the count, a random
permutation of the different recorded votes is published without revealing the identity of the
voters. However, the system requires mechanisms of resistance to constraints and turns out to
be complex.

Kiayias et Al. [21] finds that all known e-voting systems that offer end-to-end verifiability can
only achieve this under configuration assumptions such as the existence of a trusting party that
provides random values or of a machine as a random source. In fact, this verifiability can be
argued, but not formally proven due to the fact that a leap of faith will be required in order to
accept the setup assumption and thus the election result. For this purpose, the authors propose
a verifiable end-to-end system without hypothesis except for the existence of a bulletin board.
However, the system is based on the ElGamal cryptosystem with the Decisional Diffie-Hellman
(DDH) basic hypothesis, which is a difficult cryptographic problem; its commitment regime
is homomorphic and uses entropy that is generated by the interaction between voters and the
system.

In sum, the end-to-end verifiable voting systems proposed to this day allow voters to effectively
check their votes. But however they remain based on a set of assumptions and cryptographic
components that are sometimes heavy. What remains a problem in the process of verifiability
of the voting system, namely: the ability for the political parties and voters concerned by the
election to understand the voting system that is proposed to them and to be involved. This
condition is necessary to increase verifiability and further enhance the reliability of the system.
Hence the purpose of the protocol we propose.

III END-TO-END VERIFIABILITY PROTOCOL

In this section, we present different actors involved in the electoral process and the different
phases of the voting process ranging from the enrollment of voters to the publication of the
results.

Throughout the process, we will use the following notations:

E: set of registered voters

I = I1, . . . , IN 2 the set consisting of all the authentication information of the registered voters
such that card (E) = card (I) = q,

N1 the number of individuals able to vote,

N2 individuals actually registered

Ij : set of information about an individual j,

R the set of random values provided by the voters

v all lock codes
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V all vote casts

IdOff ice : all the identifiers of the polls stations

B: all the ballot papers

Y = Y1, ...YN 2: the vote database

The hash functions used during the voting process are SHA-256 functions.

RSA is used for asymmetric encryption/decryption and the key size is 1024 bits.

3.1 The entities of the system

The system comprises the following different entities:

Enrollment service: entity responsible for registering voters on voter list, drawing voter regis-
tration cards, candidate databases and voter lists before election day.

Election authentication: handles voter authentication on election day. This service is the
responsibility of the Central Authority for Legitimation (CAL).

Voting booth: electronic entity used to store certain voting data.

Central Accounting Authority (CAA): entity in charge of counting of the ballot papers, the
counting of votes by candidate and the publication of the results. The counting of votes is done
centrally.

Bulletin Board: entity responsible for the publication of the public data of the vote and the
results of the ballot.

Voting service : it includes a software unit for voting, a ballot validation unit and a voting data
transfer unit in random order to the CAA.

Verification service: it is an entity responsible for the verification and validation of data and
voting results. Voters, Political parties, and Independent verification organizations can run
each instance of this service.

The architecture of the system and voting sequence can be summarized as described respectively
in Figure 1 and Figure 2.

3.2 Voter enrollment phase

Months before the poll, the organization responsible for managing the elections organizes the
registration of voters on the voter lists for a specific period. The entity in charge of registration
(Enrollment service) is set up and any citizen of voting age can register. This phase is carried
out through the following steps:
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Figure 1: Architecture Example

3.2.1 Voter to Enrollment service

At this stage, the voter provides the Enrollment service with all the information necessary for
its identification with the aim of obtaining a voter’s card. For this purpose, he presents himself
at a registration station equipped with a piece of civil status (national identity card or birth
certificate) allowing identification. The following information concerning to the voter: first
and last names, date and place of birth, father’s name, mother’s name, (national identity card
number. This information is unique for each voter, that is, there cannot be two individuals for
whom all of this information is identical. Formally,

∀j ∈ 1, . . . , N2, Ij = i1j , i
2
j , . . . , i

k
j and ∀l, j ∈ 1, . . . , N2, ∃x ∈ 1, . . . , k, l 6= j, ixl 6= ixj , where

Ij is all the information of voter j and ikj is the kth information of voter j.

3.2.2 Enrollment service to Voter

The recording machine generates 4 disposable masks which will be used to encode the personal
information of the voter that will be used for authentication before storage in the database. The
choice of 4 masks is done in order to further reinforce the secrecy around the voter information
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Figure 2: Voting interactions

and make the decoding task more difficult. After generating the masks, the information is coded
with the masks as follows: Let be:

n the number of bytes necessary to code all the information (Ij) of a voter j,

Ijy is the part of the information Ij contained in the byte y, with 0 ≤ y ≤ n − 1, Ij =
Ij0, . . . , Ij(n−1)

M1,M2,M3,M4 the 4 generated masks, with Mq = m0
q,m

1
q, . . . ,m

(
q
n−1), 1 ≤ q ≤ 4

We carry out an X-OR between Ij and M1 the result is carried out one X-OR with M2 and so
on. The result obtained is Ij ⊕M1 ⊕M2 ⊕M3 ⊕M4.
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Then, we perform permutations according to the permutation number chosen among the n!
possibilities on the result Ij ⊕M1⊕M2⊕M3⊕M4. The number of the permutation is number
(p), 0 ≤ number(p) ≤ n!− 1. In order to make the detection task of the disposable mask more
complex, number (p) ≥ 4. number (p) is associated with the voter’s information and put on the
voter’s card. The masked information of the voter and the different masks are encrypted with
the public key of the authentication machine (CAL).

At the end of the registration process, the enrollment service performs the redundancy check
in order to eliminate duplicates. In the case of duplicates, that is to say that an voter has been
registered twice, the most recent registration is retained.

3.3 Key generation

Throughout the process, several encryption / decryption keys are manipulated. The CAL and
the ballot validation unit has each other a key pair to encrypt/decrypt the information from the
record. Each political party k has a key pair (Publickeyk/Privatekeyk) to encrypt/decrypt the
voting data that will be transmitted to it. In order to achieve end-to-end verification, we involve
the different political parties in the election process. Each party must have a function (action)
of the key for decrypting the ballots and can perform the count independently. The election
management organization selects a brand and model of machines to use for keys generation.
One month before the election, political parties and the media are invited to the key genera-
tion event. Each party sends an expert to attest the generation machines and an officer. Once
the experts have certified the machines, the public key of the CAA is generated, signed and
published. The corresponding private key is generated and then divided into pieces according
to Shamir’s secret-sharing technique as indicated by algorithm 1 below and according to the
number of political parties involved in the election. Each party receives a function from the key.
The threshold (k, n), k less than or equal to n which represents the number of political parties,
is fixed for the reconstitution of the key. From k parts we can find the key. k = n implies that all
parts are needed to find the key.

Algorithm III.1 Generation & SharingKey

1 Input : c1, c2,..., cn; (k,n) the threshold chosen for sharing keys.
2 Output: p1, p2,..., pn
3 Pairkey← generationPairkey ( );
4 Publickey← Pairkey.getPublickey ( );
5 Privatekey← Pairkey.getPrivatekey ( );
6 // It takes k points to define a polynomial of degree k−1
7 Generate randomly k−1 coefficients r1, r2,..., rk−1;
8 Let r0 = Privatekey;
9 Build the polynomial f(x) = r0 + r1x+ r2x

2 + . . . .+ rk−1x
k−1;

10 for j ← 1 to n
11 Build the share pj = (xj = j, yj = f(j)), where pj (a pair of antecedent and the corresponding
12 image by the polynomial function ) is the jth part of the private key Privatekey;
13 Give the share pj to the agent of the jth party.
14 Given a subset k of these pairs pj , the polynomial interpolation makes it possible to find
15 the coefficients of the polynomial whose constant term is the secret Privatekey;
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3.4 Authentication phase

Voter authentication on election day is done by the CAL. The voter presents himself with his
voter’s card which he introduces into the authentication machine. The machine retrieves number
(p) and calculates the inverse permutation to find the permutation performed on the hidden
information. The CAL decrypts the registration information. Then it verifies the voter’s identity
from the database and in case of compliance, a unique lock code is generated for the voter as
proof that the authentication has succeeded. The voter information is unmasked once and gets
X= Ij ⊕M1 ⊕M2 ⊕M3.

Let f be the authentication function. f is a collision-resistant one-way hash function that provides
for each voter its unique lock code, f(X)= vj . The triplet (idOff ice,X,vj) is sent to the electronic
voting booth. The voting booth holds the function f. It retrieves X and calculates f(X) and
verifies that f(X) = vj . In case of equality, the machine checks in the set of stored triplets that it
does not already exist this vj . If this is the case the vj is validated and the triple (idOff ice,X,vj)
is registered in the voting booth. vj is given to the voter and posted on the voting bulletin board.
In the case where vj is already contained in the voting booth, access to the voting machine is
refused to the voter because that supposes that he has already cast his vote.

3.5 Vote casting phase

This phase gathers all the steps of the actual voting from the creation of the ballot to the receipt
marking the proof of registration of the vote of an voter.

3.5.1 Creation of the ballot

Once the authentication is complete, the voter goes to the voting machine and accesses it via
his code. Each election candidate has a unique code to identify himself and will be used at the
polls by voters to make their choice. Formally, let C be the set of candidates and Co be the set
of candidate codes such that card (C) = card (Co) = n. The bijection h which associates a unique
code to each candidate is defined as follows: h : C → Co

ci 7→ h(ci) = coi

The voter provides a random value rj . This value is concatenated to each of the candidate codes
and then encrypted with the public key of the ballot validation authority to produce a single
ballot for that voter. Let Ev be the encryption function,

Ev : C0 × ...× C0 ×R→ ]Co × ...× ]C0

(co1, ..., con, rj) 7→ Ev(co1, ..., con, rj) = (]rjco1, ..., ]rjcon)

The resulting ballot is of the form described in Figure 2.

Figure 3: Ballot Example.
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At this stage, the validation code is empty. He will be informed by the ballot validation unit of
the ballot papers to certify that the ballot is correct. This built ballot is sent to the validation unit
of the ballots for validation.

3.5.2 Validation of the ballot

Upon receipt of the ballot created, the ballot validation unit, decrypts with its private key, all the
encrypted content in the bulletin and verifies that coi contained in each encrypted corresponds to
that provided at the considered line and that it is a valid candidate code. In case of compliance,
it validates the ballot by generating a unique validation code for it. The validated ballot is stored
in the voting database (for verification) and sent to the voter.

3.5.3 Voting stage

To vote, the voter chooses the encryption corresponding to the code of the candidate for which
he wishes to vote and builds his unique vote Vj= Ev ( coi,rj ).

∀j ∈ 1, . . . , N2, ∃!i ∈ 1, . . . , n|Vj = ]rjcoi

Let f’ be the voting function, f’ is an irreversible hash function which for a given voter recovers
his choice and produces a single ballot corresponding to his vote and his Bull receipt,

f ′ : IdOff ice × v × V → B
(idOff ice, vj, Vj) 7→ f ′(idOff ice, vj, Vj) = Bull

Bull is given to the voter as proof of validation of his vote and will be used to verify his vote
in the final count. After each vote, the voting unit builds a message consisting of Bull, vj
and idOff ice, office identifier that is encrypted for each political party k with its public key
(Publickeyk) and sent to the headquarters of said party. Let EP ublicKeyk this encryption func-
tion,

EP ublicKeyk : IdOff ice ×B × v → ]B
(idOff ice, Bull, vj) 7→ EP ublicKeyk(idOff ice, Bull, vj) = ]Bull

Each party also has the function f’.

The voting unit also builds for each vote made by an voter a message consisting of Bull, Vj , rj
and idOff ice that it encrypts with the public key (PublicKey) of the CAA and gets the encrypted
Yj . Let EP ublicKey this encryption function,

EP ublicKey : IdOff ice ×B × V ×R→ Y
(idOff ice, Bull, Vj, rj) 7→ EP ublicKey(idOff ice, Bull, Vj, rj) = Yj

The Yjs are transmitted by the voting data transfer unit to the CAA via a secure tunnel. The
deciphering of the different Yj will make it possible to count votes by candidates and obtain the
results of the election.

3.6 Vote counting phase and public verification

At the end of the elections, the CAA has the Yj vote database. However, the counting requires
the use of the CAA private key Privatekey. This requires a step of reconstituting this key before
the tally. In addition, each political party counts independently for the purpose of verifying the
concordance of results published by the CAA.
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3.6.1 Key reconstitution

The election management organization organizes the event to reconstitute the private key and
summons all the actors, including the different political parties. Each party sends an officer
with the function of the key held by the political party and an expert for possible controls. The
different parts are recovered, introduced into the machine and reassembly performed according
to the Shamir decoding principle described in algorithm 2 below. The reconstituted private key
is given to the CAA and the different political parties (to perform the count).

Algorithm III.2 KeyReconstitution

1 Input : p1, p2,..., pn; (k,n) the threshold chosen for sharing keys.
2 Output: Privatekey
3 For each political party j ← 1 to n
4 recover pj by the CAA via secure communication;
5 Use k sum of the parts (p1, p2,..., pn), interpolate with Lagrange contained in the Shamir
6 scheme to generate the polynomial f(x);
7 The associated Lagrange polynomial is written : f(x) =

∑k−1
j=0 yjlj(x)

8 where lj are the basic polynomials of Lagrange and yj the images by the polynomial
9 function from pj = (xj , yj).

10 The lj are defined as follows : ∀i ∈ {0, ..., k − 1}|i 6= j, lj(x) =
∏ (x−xi)

(xj−xi)
;

11 The constant term in the polynomial f(x) is the private key privateKey.

3.6.2 Vote tally

The CAA decrypts the Yj using Privatekey and extracts all the vote casts (idOff ice, Bull, Vj ,
rj). For each vote, using the voting code, it finds the corresponding ballot in the ballot database
and verifies that the ballot actually contains Vj . It then retrieves the private key of the validation
unit, decrypts all the entries of the ballot and from rj extracts the different coi, checks that they
are correct to ensure that the validation unit didn’t fraud. It also verifies that the coi code in Vj

corresponds to that of the line considered in the ballot. In case of compliance, he adds this vote
in the list of counts that are in the form of tuples (IdOff ice, Yj , Bull, coi). For each candidate
ci, the sum of the tuples containing coi gives the number of votes he has obtained. The CAA
publishes the list of results on the voting board and vote counts for each candidate. The CAA
sends the Yj database to the headquarters of each political party.

3.6.3 Vote tally verification

Each party can also count independently and compare its results to those published by the CAA
for verification and validation of results. Indeed each party has the following elements: the vot-
ing hash function f’, the database of encrypted messages (]Bull), the database of Yj , the private
key Privatekey, the private key of the validation unit and his own private key Privatekeyk.

To perform the count, it decrypts the Yj with Privatekey, and extracts the tuples (idOff ice, Bull,
Vj , rj). Then, using the private key of the validation unit and rj , it decrypts the Vj , extract the
coi and builds the database D1 = (idOff ice, Bull, Vj , rj , coi) which is then sorted according to
the key (idOff ice, Bull). Then, the encrypted messages EPublicKeyk (idOff ice, Bull, vj) are
deciphered and extracted to form the database D2 = (idOff ice, Bull, vj). Similarly, D2 is sorted
according to the key (idOff ice, Bull). The join of D1 and D2 gives the database D whose each
tuple is of the form (idOff ice, Bull,vj , Vj , rj , coi). It calculates for each tuple, f’(idOff ice,vj ,Vj)
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= Bull and compare the value obtained with that of Bull of the considered tuple. It verifies that
the coi corresponding to this Bull published by the CAA is the same as that contained in D and
that it is a correct coi.

At the end, each party has the count of votes it has made and it can compare to the published
one. In case of inconsistency the party may appeal for electoral fraud and a recount is organized
to detect it. Each voter can go to the seat of his party to verify their vote or directly on the
bulletin board or through an independent organization that he trusts by means of his receipt
Bull. The verification consists of ensuring that he finds a tuple containing his Bull in all the
published tuples and that the associated coi really corresponds to the code of their candidate. At
the same time, any independent organization may also check the published voting data and track
count using copies of the receipts from the voters. Anyone else can check the count because the
check is based solely on the data posted on the bulletin board.

IV EVALUATION

The published voting results are anonymous, encrypted and hashed and therefore do not reveal
the voter’s identity. In addition, the receipt provides to the voter is hashed with a one-way,
collision-resistant hash function. It is very difficult to know for whom an voter voted. Only the
voter has this information and shouldn’t reveal it to a third person.

4.1 Properties

The proposed protocol guarantees a set of properties required for a verifiable voting protocol.
In the following we will be presenting these different properties.

-Integrity: No vote can be added, deleted or modified without detection.

Let’s assume that an election authority is malicious and wants to vote for voters who abstained
or voters who are absent. It is blocked at a first level because the personal information of the
voters stored in the machine are locked using the disposable masks since the enrollment. Only
the voters hold this masks and the information is required for authentication. It is therefore
impossible for an authority to know exactly all the voters who did not vote. To obtain them,
authority must be in agreement with the voters. Suppose an authority has skipped this step
and generates a random lock code vj as a result of authentication and will vote. However, the
authority has no assurance that this vj has not been used yet. The vote it will make will be
easily detected as fraud because the lock codes vj are deposited by each voter in a sealed urn
in the voting booth immediately after his vote. The auditory trace of the vj will show that the
vj used by the authority is not correct in case we do not find this vj because it cannot have
identical vj especially as the function f to obtain them is a collision-resistant hash function.
In addition, the malicious authority must provide a rj that is necessary for the creation of a
ballot. Thus, the addition of a vote requires the disposable mask, the values rj and vj correct.
These elements are difficult to obtain without the voter because they depend on the voter and
his personal information. Since the votes are published on the voting bulletin board, the voter
can easily check that his vote has not been deleted. Also, the paper trace audit can detect any
deletion.

Moreover, the false ballots are detectable because the ballots are validated by the validation
unit. Indeed, the validation unit upon receipt of the ballots created decrypts all the encrypted
Ev(coi, rj) to ensure that the codes coi of candidates contained in these ciphered didn’t modi-
fied when the ballot was created. Because the voters are called to make their choice from the
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encrypted in order to keep their vote secret. Because of this, any modification of the coi in the
ciphered can cause a modification of the choice of the voter. The validation step of the ballot
allows overcoming this type of fraud.

Suppose that the ballot validation unit is malicious and tries to rig the ballots with the false
ciphered. For each vote, using the voting code, the CAA finds the corresponding ballot in the
ballot database and verifies that the ballot actually contains Vj provided by the candidate. It
then retrieves the private key of the validation unit, decrypts all the entries of the ballot and with
rj extracts the different coi and verifies that they are correct. It also verifies that the code coi
in Vj corresponds to that of the line considered in the ballot. Thus, any modification made by
the validation unit is detected by the CAA . In addition, the voting unit cannot modify a voter’s
vote because it is encrypted with the public key of the ballot validation unit. However, suppose
that an external attacker intercepts the votes (Yj) when sent to the CAA by the transfer unit. It
is impossible for this attacker to know the contents of Yj because he does not have the private
key of the CAA . The functions of this key are held by the political parties and the key restored
in the counting phase.

Suppose the CAA has changed, added or duplicated a vote. The Yj database of votes is held
by both the central counting authority and the different political parties. An equivalence test
ensures that everyone has the same database. Each political party constructs the database of the
tuples results D1 = (idOff ice, Bull, Vj , rj , coi) and the database of messages D2 = (idOff ice,
Bull, vj). The join of D1 and D2 makes it possible to obtain the database D whose each tuple
is of the form (idOff ice, Bull,vj , Vj , rj , coi). It calculates for each tuple, f ′(idOff ice, vj, Vj) =
Bull and compares the value obtained with that of Bull of the tuple considered to ensure that
the value of Bull has not been modified by the CAA. It also verifies that the coi corresponding
to this Bull published by the CAA is the same as that contained in its database D and that it is a
correct coi. Each party can verify the accuracy of the results published by the CAA. The CAA
publishes the results on the voting bulletin board. Each voter can check with his Bull receipt
that his vote has been taken into account. The verification consists in ensuring that he finds a
tuple containing his Bull receipt in all the published tuples and that the associated coi actually
corresponds to the code of the candidate of his choice. Any fraud of the CAA is detectable
by the political parties. Similarly, any fraud by one of the political parties is detectable using
the results of others or the CAA. One can easily check the concordance of the different results
obtained at the end of the counts made by each of the parties.

Assume the voter is malicious and tries to lie about their vote during verification. The CAA
and different political parties have the information to reconstruct the vote. Indeed, if the voter
complains, their Bull receipt is recovered for verification and with this Bull we can prove that
they are wrong. For each Bull, the corresponding vj is known. vj is the result of authentica-
tion which is a collision resistant hash function and therefore unique. The CAA has the Yjs
which allow it to find the corresponding coi for each Bull. Each coi is associated with a precise
candidate (application h) and is known. Thus, we know for which candidate Bull was issued.
In addition, each party has the database D whose tuple is of the form (idOff ice, Bull,vj , Vj ,
rj , coi). He can calculate for each tuple, f ′(idOff ice, vj, Vj) = Bull and compare the value
obtained with that of Bull of the tuple considered. It also checks that the coi corresponding to
this Bull published by the CAA is the same as that contained in its database D and that it is a
correct coi. Also, each party finds for the Bull provided by the voter the candidate chooses.
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Besides, it is difficult to add, delete, modify or duplicate an voter’s vote in the proposed system.
Indeed the voting process involves the different actors of an election and requires several key
elements related to the voter. In addition, the protocol uses a public verification process.

- Democracy: Only authorized persons can vote once and only once.

We have the population ie the number of people (N2) actually registered. Anyone wishing to
vote must go through the registration phase and have at the end of which we have his disposable
mask that is unique because there is a correspondence between his information and the mask
provided.

- Confidentiality: Only the voter knows for which candidate he has voted.

The identifier and the personal information relating to a voter are locked using the disposable
mask held solely by the voter. They cannot be known without the agreement of the voter. The
ballot Bull, corresponding to the vote made by a voter and also used as a receipt for the voter,
is the result of a collision-resistant and irreversible hash function. It is therefore impossible
to make a correspondence between a voter and his vote. However, for each vote, the CAA
knows the coi code of the chosen candidate and the random value rj provided by the voter. The
knowledge of these elements does not reveal to him the identity of the voter. As for the political
parties, for each vote they are aware of the following elements: vj, Vj, rj, coi, f

′. Each party
has the elements that make it possible to reconstitute the vote (Bull) of a voter but in no case to
reveal his identity. Although the lock code vj is directly linked to the voter, it does not allow
knowing his identity because vj is obtained after authentication of the voter by an irreversible
hash function of which the party is not aware. In addition, the voter cannot prove with his receipt
to a third person for whom he has voted because the receipt is the result of a hash function. In
sum, the use of the disposable mask and one-way hashing functions make it possible to ensure
that it is difficult to match an voter and his vote and thereby guarantee confidentiality.

Verifiability is therefore ensured by the proposed protocol. Voters and political parties are in-
volved in the voting process and are key elements of it, increasing confidence in the voting
system. The system is based on simple processes that are understandable by all actors, trans-
parent and public, which makes it reliable. In addition, the system provides voters and political
parties with the ability to check votes while ensuring confidentiality. This property limits the
purchase of votes and ensures the integrity of elections.

4.2 Complexity

The different phases of voting require a set of elements to complete. It is assumed that the
SHA-256 hash and the RSA encryption are known and RSA is a elementary instruction. The
complexity of SHA-256 hash is linear. The complexity calculation of the voting phases is
summarized as follows:

-Voter enrollment phase

The voter information is obtained in one operation. The voter informations is encoded with the
4 masks by performing X-OR; this in 4 operations. The choice of the permutation number is
done in one operation. We perform number (p) permutations. The hidden information of the
voter and the different masks are encrypted with the public key of the authentication machine
(CAL) in 5 operations. The complexity of this step is of the order of the number of permutations
performed O (number (p)) and therefore linear.

-Key generation
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The CAA public / private key generation and sharing algorithm is executed in O (n).

-Authentication phase

numero (p) is used to calculate the reverse permutation in order to find the permutation per-
formed on the hidden information of the voter. The CAL decrypts the registration information
in one operation. The construction of the authentication hash function f is done in one instruc-
tion. The calculation of the hash by the voting booth and its verification are done in constant
time. The complexity of this phase is linear.

-Vote casting phase

. Creation of the ballot: The number of candidates concerned by the vote is n. To build the
ballot, we encrypt the coi of each candidate concatenated to the random value provided by the
voter. This construction is done in O (n).

. Validation of the ballot: The validation unit decrypts the bulletin in O (n) and enters the
validation code in one operation.

. Voting stage: The choice of cipher Vj and the construction of Bull are each done in one
operation. The construction of ]Bull is done in O (n) and that of Yj in one instruction. The
complexity is in O (n).

- Vote counting phase and public verification

. Key reconstitution: The reconstitution of the key is done in O (n).

. Vote tally: The CAA decrypts the Yj and verifies the Vj in one operation each. The decryption
of the ballot and the verification of the codes is done in O (n). Then we add the ballot to the
count. All of these operations are repeated for the N2 votes cast. The complexity is in O (n x
N2).

. Vote tally verification: The decryption of Yjs, Vjs and messages using the political party’s
private key is done in O (N2) each. The calculation of the Bulls by each political party is also
done O (N2).

V CONCLUSION AND PERSPECTIVES

The proposed system offers the possibility to check the vote. Voters, political parties have the
opportunity to attest the published results as they are involved in the process. Voting procedures
used are transparent; do not require heavy cryptographic skills on the voters’ side. The system
is understandable by the different users. However, the proposed system, like any other network
protocol, can be exposed to attacks related to the network infrastructure. Although the system
can not specify any security measures to counter this type of security attack, it has properties
that can simplify the design of these security measures.
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Abstract
The extension rule first introduced by G. TSEITIN is a simple but powerful rule that, when added
to resolution, leads to an exponentially stronger proof system known as extended resolution(ER).
Despite the outstanding theoretical results obtained with ER, its exploitation in practice to improve
SAT solvers’ efficiency still poses some challenging issues. There have been several attempts in
the literature aiming at integrating the extension rule within CDCL SAT solvers but the results are
in general not as promising as in theory. An important remark that can be made on these attempts is
that most of them focus on reducing the sizes of the proofs using the extended variables introduced
in the solver. We adopt in this work a different view. We see extended variables as a means
to enhance reasoning in solvers and therefore to give them the ability of reasoning on various
semantic aspects of variables. Experiments carried out on the 2018 and 2020 SAT competitions’
benchmarks show the use of the extension rule in CDCL SAT solvers to be practically beneficial
for both satisfiable and unsatisfiable instances.

Keywords
SAT; CDCL; Extension Rule

I INTRODUCTION

The Boolean satisfiability problem (SAT) consists in deciding whether a given propositional
logic formula — generally expressed in conjunctive normal form or CNF — admits a model
or not. There have been tremendous advances in its resolution during the last two decades and
nowadays, SAT solvers are used in industry to solve several challenging problems. The key of
this great success lies in a very subtle combination of several features within the so-called CDCL
(Conflict-Driven Clause Learning) [6–8, 10] SAT solvers. The latter include conflicts analysis
with clause learning, efficient unit propagation through watched literals, dynamic branching/po-
larity heuristics and sporadic restarts. SAT has also attracted theoreticians since it was the first
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problem proved to be NP-complete [3]. Hence, the existence or non-existence of an efficient
algorithm for SAT will definitely give the answer to the question P =? NP which is one of the
seven millennium prize problems stated by the Clay Mathematics Institute for which an award
of 1 Million USD is given to anyone solving one of them.

Despite their current great efficiency, there are still some instances that are out of the reach of
current CDCL SAT solvers. The increasing quest of efficiency is achieved by equipping solvers
with new techniques and heuristics but the latter are limited from a theoretical perspective.
Indeed, CDCL SAT solvers can be formalized as proof systems and it has been shown that the
resulting proof system is p-equivalent to general resolution [13, 17] which is known to have an
exponential lower bound [5]. This means that CDCL SAT solvers cannot do better than what
can be done with general resolution and in particular, that exponential lower bounds known
for resolution hold for CDCL SAT solvers as well. To overcome this limitation, a promising
research direction is to equip solvers with proof systems that are stronger than resolution. One
such proof system is extended resolution (ER) which makes use of the extension rule.

Several work aiming at integrating the extension rule within CDCL SAT solvers exist in the
literature [15, 16]. Most of them focus on the use of the extension rule as a means to reduce the
size of the proofs produced by solvers using extended variables introduced in the latter. Seen
like that, it might appear that the extension rule is only beneficial for unsatisfiable formulas.
However, extended variables introduced in the solver can be seen as a means to increase the
level of abstraction and hence enhance reasoning in the solver so that it helps improve the
resolution of both satisfiable and unsatisfiable formulas.

We are interested in this work in designing a new integration scheme of the extension rule within
CDCL SAT solvers in order to enhance their reasoning capabilities by the use of the extension
rule.

The main contributions of this paper are the following: (1) we design a new integration scheme
of the extension rule within CDCL SAT solvers called Extended CDCL (ECDCL in short)
aiming at enhancing solvers’ reasoning. (2) We prove that the substitution of extended literals
performed on an asserting clause does not alter its asserting characteristic nor its asserting level.
(3) We implemented ECDCL on top of a state-of-the-art SAT solver and conducted an empirical
evaluation.

The rest of this paper is organized as follows: Section II presents the necessary background for
understanding the contribution. In Section III we review some related work. Our contribution
is given in section IV and empirically evaluated in Section V. We finally conclude our work in
Section VI while outlining some future research directions.

II BACKGROUND

A Boolean variable is one that domain is {true, false}. A literal is either a Boolean variable
x or its negation ¬x. A clause c is a finite disjunction of literals (c = l1 ∨ ... ∨ lk) and a CNF
formula F is a finite conjunction of clauses (F = c1 ∧ · · · ∧ cn). A CNF formula can be also
seen as a set of clauses where each clause is thought of as a set of literals. In this way, we
can use set operators on CNF formulas and clauses. An interpretation I of a CNF formula
F is a function that maps each variable in F to a truth value in {true, false}. A clause is
said to be satisfied under an interpretation I if at least one of its literals is satisfied under I.
A CNF formula is said to be satisfied under an interpretation I if all its clauses are satisfied
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under I. A CNF formula F is satisfiable if there can be found an interpretation under which
it is satisfied; otherwise it is unsatisfiable. Given a CNF formula F and a literal l, we write
F|l = {c|c ∈ F , {l,¬l} ∩ c = ∅} ∪ {c\{¬l}|c ∈ F ,¬l ∈ c and l /∈ c}. F|l denotes the
simplified formula obtained from F by removing all clauses c ∈ F such that l ∈ c and ¬l from
clauses containing it. This simplification can be extended to a set of literals {l1, · · · lk}; thereby
F|{l1,··· ,lk} is the formula obtained from F by successively applying the previous simplification
rule on l1, l2, · · · and lk i.e. F|{l1,··· ,lk} = (...(F|l1)|l2 ...)|lk . Unit propagation is the application of
the rule F|x for each unit clause {x} ∈ F until a clause in F is falsified or F does not contain
unit clauses anymore.

The Boolean satisfiability problem (SAT) consists in deciding whether a given CNF formula is
satisfiable or not. The latter definition, which considers only formulas in the CNF representa-
tion, is not a restriction since every propositional logic formula can be efficiently translated into
an equisatisfiable CNF formula [2].

The most widespread algorithm today for solving SAT is known as CDCL (Conflict-Driven
Clause Learning) [6–8, 10]. The principle of CDCL can be summarized as follows: the algo-
rithm performs a sequence of unit propagations until a fixed point is reached (i.e. no further
unit propagation can be made) or a conflict is found (i.e. a clause is falsified). If no conflict was
found, the algorithm proceeds by making a decision and subsequently increases the decision
level. Each assigned variable is associated to a decision level and a literal l is said to be of level
k if it is the kth decision literal or is deduced by unit propagation after setting the kth decision
literal. If a conflict is found, then procedure analyze is invoked to examine it in order to produce
an asserting clause (i.e. a clause that is falsified under the interpretation being constructed and
that contains only one literal of the conflicting decision level) as well as the decision level at
which the solver must backtrack in order to continue the search. Afterward, the solver learns the
asserting clause and backtracks accordingly. From time to time, the algorithm performs restarts
which consist in backtracking at decision level zero and begin a new search while keeping some
information of the previous round (such as learned clauses, variable activities, etc.) which might
help speed up the new search.

We formally characterize the state of a CDCL SAT solver by the tuple (F ,∆, δ) where F is
the formula being solved, ∆ the learned clause database and δ the partial interpretation being
constructed by the solver. We denote the level of a literal x relatively to a solver state S by
level(x). Given an asserting clause c w.r.t. a state S, its asserting literal is the literal with the
highest decision level and its asserting level is the second highest decision level of literals in c.
In this paper, the state should be clear from the context when not explicitly specified.

A propositional proof system is a polynomial time algorithm V , such that for every propo-
sitional formulas F , F is unsatisfiable iff there exists a string P (a proof of unsatisfiability or
refutation of F) such that V accepts the input (F , P ). In the rest of this paper, we omit the word
propositional and refer to propositional proof system simply as proof system. Given two proof
systems V1 and V2, V1 p-simulates V2 iff there exists a polynomial-time computable function
f such that V2 accepts (F , P ) iff V1 accepts (F , f(P )). Two proof systems are p-equivalent if
they p-simulate each other. The size of the proof from a given formula is defined as the number
of inference steps in the proof. A well-known proof system is resolution (also referred to as
general resolution) which makes use of the resolution rule [1] as inference rule. The strength
of resolution can be further increased by adding the extension rule.

The extension rule first introduced by TSEITIN [2] allows the use of literals as abbreviation for
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longer formulas. Concretely, let F be a CNF formula, {x, l1, l2} be a set of literals such that
neither x nor ¬x appears in F . The extension rule allows to introduce definitions of the form
x↔ l1 ∨ l2 by adding the clauses ¬x∨ l1 ∨ l2; x∨¬l1 and x∨¬l2 to F . This rule when added
to resolution, turns it to an exponentially stronger proof system known as extended resolution
(ER). A typical example of formulas that are hard for resolution are pigeonhole formulas which
do not admit any short (i.e. polynomial size) resolution proof [5]. However, short proofs of
pigeonhole formulas exist when using the extension rule [4]. The challenge when using the
extension rule is to determine which variables to choose for extension so as to produce short
proofs. Even with the right variable choices, the resolution steps that should be performed to
achieve this goal still constitute an important issue.

III RELATED WORK

There have been several work attempting to integrate the extension rule within CDCL SAT
solvers. AUDEMARD et al. [15] argued that significant advances in SAT solving must come
from implementation of stronger proof systems since exponential lower bounds are known for
resolution [5, 20]. They used a restriction of ER called Local Extended Resolution (LER) by
introducing the extension z ↔ l1 ∨ l2 if there exist previously derived clauses in the form
¬l1 ∨ α and ¬l2 ∨ β where α and β are disjunction of literals such that l ∈ α ⇒ ¬l /∈ β.
A clear limitation of this approach is that it uses clauses of particular form that might seldom
appear in the set of derived clauses. In addition, looking for such clauses can be difficult and
costly. For the latter reasons, the authors in their implementation restricted this lookup to a
small window of recent clauses, only looking for those of the form ¬l1 ∨ α and ¬l2 ∨ α. Some
implementation-level optimizations of LER are proposed in [19].

HUANG [16] proposed Extended Clause Learning (ECL), a general scheme which is a modifi-
cation of the CDCL algorithm where decisions to use the extension rule might be made (guided
by a heuristic) when the number of assigned literals is greater than 2. Besides ECL, they pro-
posed a concrete heuristic where the extension rule was used after learning clauses γ of size
greater than 2. Concretely, if the decision to make an extension is taken, then γ is split into
α ∨ β such that |α| ≥ 2 and |β| > 0 and the solver learns the clauses x ∨ β, x ↔ α where
x is a fresh variable. A restart is performed after each extension introduced in the solver. The
drawback of this is that it alters the restart strategy of the solver. Hence, if the heuristic used to
decide the time to make extensions is not well designed, it might compromise the completeness
of the CDCL SAT solver. For instance, if we decide to make an extension after each conflict,
the solver will never reach more than one conflict and the search will hardly progress in this
situation.

In [18], JABBOUR et al. proposed a method that mimics the principle behind extended resolu-
tion by detecting hidden Boolean functions introduced in the CNF during the encoding phase
[12, 14] and by using them to shorten learned clauses through substitution. This approach how-
ever does not use fresh variables at all and substitution is restricted to only literals which are the
input arguments of a detected Boolean function.
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IV EXTENDED CDCL

4.1 Motivation

The extension rule in combination with resolution has been theoretically shown to be useful for
shortening the proof size of unsatisfiable formulas. The contributions mentioned in the literature
try to reproduce this result in practice but the outcomes of most of them turn to be limited as
they seldom match the expectations. When looking at the extension rule as a means to reduce
the size of the proof, it might seem that it will be useful only for unsatisfiable formulas. We
adopt here a different view. Extensions are introduced within a solver in order to increase
its reasoning capabilities with the ultimate goal of enhancing solving times. When solving a
CNF formula, current CDCL SAT solvers proceed by assuming a selected variable to be true
or false and by evaluating the consequences of this assumption on the formula being solved.
Proceeding this way limits reasoning to a single semantic aspect of variables, notably their
truth values. We want the solver to be able to carry out reasoning on other semantic aspects of
formulas’ variables. That is, we want the solver in addition, to make other types of assumptions
such as assuming that two or more variables are equivalent, simultaneously true or false, one
variable implies the other etc. To achieve this without modifying the way solvers proceed, we
are going to use extensions to encapsulate these semantic aspects. Hence, the algorithm of
the solver will not change since it will still continue to carry out reasoning as usual; that is,
assigning true/false values to variables. The difference however is that when this reasoning is
performed on an extended variable, it will denote other semantic aspects. For instance, suppose
the extension x ↔ l1 ⇔ l2 has been made in the solver. When the solver picks the extended
variable x and assigns it value true, this means that it is assuming l1 and l2 to be equivalent.
Hence, after setting x to true, anytime in the search where one of the variables in {l1, l2} will
be given a value, then the other will also be given the same value via unit propagation. In this
way, we could expect an improvement of reasoning in the solver.

4.2 Description of the integration scheme

In order to integrate the extension rule in the CDCL framework, we should answer the following
questions: which variables should be chosen for extension and when should we perform these
extensions?

We propose to use extensions at restarts and to choose for each extension, two variables from
two different decision levels (in our implementation, we chose the most active decision variables
i.e. the ones with the highest VSIDS scores [9]). At this level, extensions can be performed us-
ing any binary connective; for instance x↔ l1 ∨ l2, x↔ l1 ∧ l2, x↔ l1 ⇒ l2, x↔ l1 ⇔ l2 etc.
The solver can then make assumptions on the extended variables resulting in an implicit mean-
ing on variables on which extension is performed (for instance, they are/are not equivalent, one
implies/does not imply the other, they are both false/true, etc.) and evaluates the consequences
on the other variables of the formula being solved. By choosing variables of different decision
levels instead of any two variables, we aim to give the solver the ability to carry out reasoning
on variables that apparently seem not to be dependent and avoid some useless extensions such
as extensions where the value of one literal is already known or extensions where the extended
variable is immediately forced to a given value. We further provide a substitution mechanism
that can be cheaply performed in order to favor the use of extended variables within the solver.
This substitution consists in replacing any pair {l1, l2} of literals in a clause c by the literal l
provided that the extension l↔ l1∨l2 has been made in the solver. This substitution can be seen
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as an application of hyper-resolution [11] involving the original clause and some binary clauses
encoding the extensions. It has as effect the shortening of the clause as well as the increase of
its propagation power. In fact, as illustrated in [15], if we consider the clause c = l1∨ l2∨α and
the extension l ↔ l1 ∨ l2, then the clause c′ = l ∨ α obtained from c by replacing l1 ∨ l2 with l
unlike the clause c itself will become unit once all literals in α are set to false. The substitution
mechanism is performed on each asserting clause derived after conflict analysis and Proposi-
tion 1 ensures that after substitution, the resulting clause will remain asserting and the asserting
level will be kept.

Proposition 1:
Let S = (F ,∆, δ) be the state of a solver and c = a ∨ α an asserting clause w.r.t. S where a
is the asserting literal. Let x↔ l1 ∨ l2 be an extension such that {l1, l2} ⊆ α. Then, the clause
c′ = a ∨ x ∨ β where β = α \ {l1, l2} is asserting w.r.t. S. Furthermore, the asserting levels of
c and c′ are identical.

The proof of Proposition 1 uses the following lemma:

Lemma 1:
Let x ↔ l1 ∨ l2 be an extension introduced in a solver. If literals x, l1 and l2 are all assigned,
with x set to false, then the decision level of x is the maximum decision level of l1 and l2.

Proof. Since x = false and x ↔ l1 ∨ l2, then l1 and l2 are set to false as well. If x is first set
to false by the solver or set to false after setting either of l1 or l2 to false (no matter the decision
level), then the values of l1 and/or l2 will immediately be deduced by unit propagation through
the clauses x ∨ ¬l1 and x ∨ ¬l2. In this case, the decision levels of x and l1 or x and l2 will be
identical. If l1 and l2 are first set to false, then x = false will be inferred by unit propagation
via the clause ¬x∨ l1 ∨ l2. This occurs as soon as the last literal of {l1, l2} is assigned. In either
of the previous cases, the level of x is the same as that of the most recently assigned literal of
{l1, l2}, that is level(x) is the maximum of level(l1) and level(l2).

Proof of Prop. 1. c = a ∨ α is an asserting clause, hence all its literals are false. Since
x ↔ l1 ∨ l2 is an extension introduced in the solver and {l1, l2} ⊆ c, then x is false as
well. By Lemma 1, level(x) = max(level(l1), level(l2)). In addition, level(l1) < level(a)
and level(l2) < level(a), hence, level(x) < level(a) which means that a still has the high-
est decision level in c′ = a ∨ x ∨ β where β = α \ {l1, l2}. c′ therefore remains asserting.
Furthermore, the second highest decision level of literals in c′ remains the same as in c since
max({level(y), y ∈ α}) = max({level(y), y ∈ (β ∪ {x})}).

The resulting scheme that we call Extended CDCL (ECDL in short) is described in Algorithm 1.
All in this algorithm are as in CDCL except that we introduce extensions at restarts (lines 14–
17) and substitution of literals with extended literals for asserting clauses derived from conflicts
(line 8). At line 17, the extension operator ◦ can be any binary connective and in this paper we
take ◦ ∈ {∨,∧,⇒;⇔}. Note that an extension is not systematically added at each restart but
only when the solver finds it necessary (through a heuristic) and when the maximum number
of extensions (introduced as a parameter of the algorithm) is not yet reached. Hence, by exten-
sion needed we mean the moment the solver decides to make an extension typically through
a heuristic. Function substituteExtendedLits which carries out substitution is described in Al-
gorithm 2. In order to perform substitution, all extensions are converted so that they use the
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Algorithm 1: Extended CDCL
Input: A CNF formula F
Result: SAT or UNSAT

1 begin
2 dl← 0; ∆← ∅;
3 while true do
4 conf ← unitPropagation(F ∪∆);
5 if conf ̸= null then
6 if dl = 0 then return UNSAT;
7 (c, btLevel)← analyze(conf ); /* return an asserting clause and the

backtracking level */
8 c← substituteExtendedLits(c);
9 ∆← ∆ ∪ {c}; /* learn clause c */

10 backtrack to btLevel;
11 else
12 if all variables are assigned then return SAT;
13 if time to restart then
14 if extension needed and not reached max number of extensions then
15 let δ be the current interpretation;
16 choose a fresh variable x and a not yet extended pair {l1, l2} from δ such that

level(l1) > 0, level(l2) > 0, level(l1) ̸= level(l2) ;
17 F ← F ∪ clauses(x↔ l1 ◦ l2) ; /* encode the extension as

clauses and add to the formula */

18 restart();

19 pick an unassigned variable and assign it a value;
20 dl← dl + 1;

Algorithm 2: substituteExtendedLits
Input: An asserting clause c
Result: A clause

1 begin
2 a← the asserting literal of c ;
3 c′ ← {a};
4 c← c \ {a};
5 while ∃{l1, l2} ⊆ c such that the extension l↔ l1 ∨ l2 is present in the solver do
6 c← c \ {l1, l2};
7 c′ ← c′ ∪ {l};
8 c′ ← c′ ∪ c;
9 return c′;
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connective ∨. Hence, the extensions l ↔ l1 ∧ l2 and l ↔ l1 ⇒ l2 are respectively converted to
¬l ↔ ¬l1 ∨ ¬l2 and l ↔ ¬l1 ∨ l2. As far as the extension l ↔ l1 ⇔ l2 is concerned, we use
two auxiliary variables {l′, l′′} for its conversion which lead to the extensions ¬l ↔ ¬l′ ∨ ¬l′′,
l′ ↔ ¬l1∨ l2 and l′′ ↔ l1∨¬l2. It is worth mentioning that substitution here is not performed on
unary or binary clauses since it requires that the clause contains at least two literals in addition
to the asserting literal. Notice that function substituteExtendedLits will return the clause as is if
called with an unary or a binary clause or even when no extension has yet been introduced in
the solver. Another thing to point out in Algorithm 1 is that extensions are made with only two
literals. This does not mean that reasoning in solvers is limited to at most two literals at a time.
In fact, in Algorithm 1, extensions can be made using other extended literals as well. Hence,
extensions with more literals such as l ↔ l1 ◦ l2 ◦ · · · ◦ ln can be represented by a sequence of
two-literal extensions. The drawback here is that several fresh variables need to be introduced
in the solver for that.

Unlike Extended Clause Learning (ECL) which performs a restart after each extension made
after conflicts analysis, ECDCL does not alter the restart policy of the CDCL solver and hence
eliminates the completeness issue related to an uncontrolled restart strategy. Furthermore, since
we limit the number of extensions that can be used, ECDCL remains complete.

V EXPERIMENTAL RESULTS

In order to evaluate ECDCL, we conducted a first stage of experiments on the 400 applica-
tion benchmarks1 drawn from the 2018 SAT Competition2. For these experiments, we im-
plemented ECDCL on top of the state-of-the-art CDCL SAT solver Glucose-3.03. Glucose-
3.0 was chosen because it is one of the most used today as a base for many CDCL SAT
solvers. We distinguished several different versions obtained by varying the type of exten-
sion and the maximum number of extended variables allowed in the solver: We designated
by Glucose-3.0_exT_◦_maxExtVars_K the version of our solver where the extension operator
is ◦ with ◦ ∈ {∨,∧,⇒,⇔} and the maximum number of extended variables allowed set to
K ∈ {100, 500, 1000}. In our implementations, we used a very straightforward heuristic to
decide when the extensions are made: it consists of making an extension at every restart per-
formed when the current interpretation contains at least two decision levels, starting from the
beginning of the search until the maximum number of allowed extensions is reached. This
heuristic deserves a further study but we leave it for future investigations. When performing an
extension l ↔ l1 ◦ l2, we set the VSIDS score of l to the sum of the scores of l1 and l2 so that
when making a decision in the solver, the extended variable l is prioritized overs l1 and l2. It is
worth mentioning that in our modified solvers, all the other parameters of Glucose-3.0 were left
unchanged. The base solver, referred to as Glucose-3.0_default was used with its default con-
figuration. Preprocessing was enabled for all versions of Glucose-3.0 used in the experiments
including the default one.

All our experiments were carried out on the StarExec4 [21] cluster infrastructure running Red
Hat Enterprise Linux Server version 7.2 (Maipo). Each node of this infrastructure has 128 GB
of memory and two Intel processors with 4 cores (2.4 GHz) each. For each solver, we set a time
limit of 1800 seconds and a memory limit of 24GB for the resolution of each benchmark.

1http://sat2018.forsyte.tuwien.ac.at/benchmarks/Main.zip
2http://www.satcompetition.org/
3https://www.labri.fr/perso/lsimon/downloads/softwares/glucose-3.0.tgz
4https://www.starexec.org/
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The results obtained at the end of these experiments are summarized in Table 1. The table
indicates for each extension type and maximum number of extended variables allowed, the
number of satisfiable instances solved (#S), the number of unsatisfiable instances (#U), the
total number of instances solved (#T) as well as the PAR-2 score. The PAR-2 score is defined
as the sum of all runtimes for solved instances + 2 × timeout for unsolved instances. The
line default in the table represents the performance of Glucose-3.0_default which are repeated
for every limit on the number of extended variables to ease the comparisons. We see in this
table that all our solvers outperformed the original solver on the total number of instances
solved (up to 14 additional instances solved for our best performing solver). The second remark
is that our solvers are very efficient on satisfiable instances (our best performing solver on
satisfiable instances solved 12 more satisfiable instances than the original solver) meaning that
the extension rule greatly helped improve the resolution of satisfiable instances.

Number of extended vars ≤ 100 Number of extended vars ≤ 500 Number of extended vars ≤ 1000
#S #U #T PAR-2 #S #U #T PAR-2 #S #U #T PAR-2

exT_∨ 83 71 154 2436.36 82 69 151 2454.71 76 69 145 2499.94
exT_∧ 73 71 144 2515.47 78 70 148 2472.11 75 68 143 2518.84
exT_⇒ 80 70 150 2455.51 79 70 149 2484.04 75 67 142 2521.33
exT_⇔ 74 67 141 2531.56 75 68 143 2505.41 84 68 152 2456.92
default 72 68 140 2526.22 72 68 140 2526.22 72 68 140 2526.22

Table 1: Performance of Glucose-3.0 and Glucose-3.0_exT_◦_maxExtVars_K on the 2018 SAT Compe-
tition’s benchmarks when substitution is carried out on all learned clauses

This table also shows that the number of solved instances generally decreases as the limit on the
number of extended variables increases when substitution is carried out on all learned clauses.
There is however an exception for the extension operator⇔ where the performance increased
with the limit on the number of extended variables.

When considering another performance metric, notably the average PAR-2 score5 currently
used for ranking solvers at SAT competitions, we also notice that all our solvers outperformed
the original solver except for Glucose-3.0_exT_⇔_maxExtVars_100.

Fig. 1 shows the cactus plots of all the solvers on the 400 application benchmarks of the 2018
SAT competition. It clearly appears on these plots that the use of the extension rule was ben-
eficial for our solvers since they still outperformed the original solver Glucose-3.0_default for
various solving time limits in term of number of solved instances. Fig. 2 shows the scatter plot
comparing the original solver Glucose-3.0_default and our best performing integration namely
Glucose-3.0_exT_∨_maxExtVars_100. It appears on this plot that the run time of many in-
stances has been significantly improved: this is noticeable through the presence of many points
in the upper triangle that are far from the diagonal. However there are still a number of instances
where the original solver is faster.

We noticed during our experiments that the substitution operations were very time consuming
despite our optimizations. To address this issue, we decided to restrict the substitutions to the
learned clauses that were most likely to remain in solvers for a longer time. Thus, we restricted
the substitutions to clauses whose LBD values at the time of their learning were less than or
equal to an empirically chosen threshold set to 20. With this new optimization, we conducted a
second phase of experiments, this time with an extended set of benchmarks including those of

5Solvers with the lowest scores are the best performing
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Figure 1: Cactus plots, for the extension type, 1 = ∨, 2 = ∧, 3 =⇒, 4 =⇔
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Figure 2: Scatter plot Glucose-3.0_exT_∨_maxExtVars_100 vs Glucose-3.0_default

the SAT competitions 20186 and 20207. Moreover, we integrated ECDCL with this optimiza-
tion in one of the current top performing SAT solvers, MapleLCMDistChronoBT8, in order to

6http://sat2018.forsyte.tuwien.ac.at/benchmarks/Main.zip
7https://satcompetition.github.io/2020/downloads/sc2020-main.uri
8http://sat2018.forsyte.tuwien.ac.at/solvers/
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evaluate the impact on its performance. The versions of the solvers used in these experiments
were named in the same way as before, i.e. MapleLCMDistChronoBT_exT_◦_maxExtVars_K
is the version of MapleLCMDistChronoBT integrating ECDCL where the extension operator
is ◦ with ◦ ∈ {∨,∧,⇒,⇔} and the maximum number of extended variables allowed set to
K ∈ {100, 500, 1000}. The default version of MapleLCMDistChronoBT as far as it is con-
cerned was named MapleLCMDistChronoBT_default. For all these versions of MapleLCMDist-
ChronoBT including the default one used in our experiments, we set the --chrono option to
-1 and enabled preprocessing. The experiments were conducted under the same conditions as
described in the first phase and the results obtained are reported in Table 2 and Table 3. Each
of these tables has two parts respectively for the benchmarks of the SAT Competition 2018
(SC2018) and for the SAT Competition 2020 (SC2020).

Number of extended vars ≤ 100 Number of extended vars ≤ 500 Number of extended vars ≤ 1000
#S #U #T PAR-2 #S #U #T PAR-2 #S #U #T PAR-2

SC
20

18

exT_∨ 78 72 150 2465.88 80 74 154 2426.68 80 74 154 2427.34
exT_∧ 72 71 143 2494.51 83 71 154 2433.98 81 70 151 2448.30
exT_⇒ 75 69 144 2493.24 79 73 152 2455.69 80 69 149 2466.28
exT_⇔ 71 71 142 2498.26 81 71 152 2443.35 73 72 145 2490.11
default 72 68 140 2526.22 72 68 140 2526.22 72 68 140 2526.22

SC
20

20

exT_∨ 50 61 111 2778.94 54 64 118 2732.46 50 62 112 2765.89
exT_∧ 49 67 116 2749.18 50 60 110 2788.62 51 62 113 2757.20
exT_⇒ 45 68 113 2761.84 52 66 118 2747.27 43 63 106 2821.51
exT_⇔ 49 67 116 2750.60 47 64 111 2773.05 58 63 121 2706.09
default 47 65 112 2773.01 47 65 112 2773.01 47 65 112 2773.01

Table 2: Performance of Glucose-3.0 and Glucose-3.0_exT_◦_maxExtVars_K on the 2018 and 2020 SAT
Competitions’ benchmarks when substitutions are carried out only on learned clauses having LBD lower
than or equal to 20

Number of extended vars ≤ 100 Number of extended vars ≤ 500 Number of extended vars ≤ 1000
#S #U #T PAR-2 #S #U #T PAR-2 #S #U #T PAR-2

SC
20

18

exT_∨ 114 86 200 2025.28 111 84 195 2045.07 113 84 197 2042.22
exT_∧ 108 86 194 2066.72 119 88 207 1953.83 116 87 203 1986.98
exT_⇒ 118 86 204 1983.04 111 88 199 2038.26 110 88 198 2034.79
exT_⇔ 118 84 202 1993.29 117 85 202 1987.66 112 86 198 2031.29
default 115 86 201 1986.70 115 86 201 1986.70 115 86 201 1986.70

SC
20

20

exT_∨ 63 74 137 2585.92 57 69 126 2656.81 60 70 130 2636.93
exT_∧ 60 73 133 2616.19 54 70 124 2670.61 58 70 128 2648.66
exT_⇒ 62 71 133 2608.55 61 72 133 2601.37 59 72 131 2617.42
exT_⇔ 59 71 130 2621.29 62 72 134 2610.89 62 72 134 2599.70
default 59 75 134 2592.51 59 75 134 2592.51 59 75 134 2592.51

Table 3: Performance of MapleLCMDistChronoBT and MapleLCMDistChrono-
BT_exT_◦_maxExtVars_K on the 2018 and 2020 SAT Competitions’ benchmarks when substitutions
are carried out only on learned clauses having LBD lower than or equal to 20

We can see in Table 2 that for the SAT Competition 2018 benchmarks, the PAR-2 scores as
well as the number of solved unsatisfiable instances have been significantly improved com-
pared to those of the first phase experiments in Table 1. This clearly indicates that it is more
favorable to perform substitutions on clauses with low LBD scores. In Tables 2 and 3 it ap-
pears that the most notable improvements still reside at the level of satisfiable instances both
for those of the 2018 and the 2020 SAT Competitions. We see for instance in Table 2 that
the solver Glucose-3.0_exT_∧_maxExtVars_500 (resp. Glucose-3.0_exT_∨_maxExtVars_500)
solved 11 (resp. 7) satisfiable instances of the SC2018 (resp. SC2020) more than the base solver
Glucose-3.0_default and in Table 3 that MapleLCMDistChronoBT_exT_∧_maxExtVars_500
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(resp. MapleLCMDistChronoBT_exT_∨_maxExtVars_100) solved 4 (resp. 4) more satisfiable
instances of the SC2018 (resp. SC2020) than the base solver MapleLCMDistChronoBT_default.
Even if we can see clear improvements on the unsatisfiable instances of the SAT Competition
2018 in Table 2, we still notice a decrease in performance at the level of those of the SAT
Competition 2020. This same observation is made on Table 3 for the solvers MapleLCMDist-
ChronoBT_exT_◦_maxExtVars_K. From Table 3, we can see that the gain in performance for
the solvers MapleLCMDistChronoBT_exT_◦_maxExtVars_K is not as important as that for
Glucose-3.0_exT_◦_maxExtVars_K solvers and even sometimes we observe a decrease in per-
formance. This is justifiable because the base solver MapleLCMDistChronoBT is a highly
optimized and therefore more difficult to improve.

The scatter plots in Fig 3 compare the performance of some of our best integrations with the
base solvers. We see on these plots in general that many instances were solved with run times
almost similar to those of the base solvers. This is noticeable through the presence of several
points near the diagonals. However, with the presence of many points above the diagonals,
we note that the solving times of many instances have been improved. It is also important to
mention that for all these plots, there are many points at the top and right borders indicating the
instances solved by one of the solvers and not by the other.
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Figure 3: Scatter plots comparing some of our best integrations with the base solvers. At the left (resp.
right) we have the comparison using the SC2018 (resp. SC2020) benchmarks

VI CONCLUSION AND FUTURE WORK

We presented in this paper a new integration scheme of the extension rule within CDCL called
extended CDCL (ECDCL) which, unlike the state-of-the-art integrations, uses extensions to
enhance reasoning in solvers. ECDCL also allows to substitute literals in asserting clauses
with extended literals while preserving their asserting nature as well as the asserting levels.
We showed experimentally that the extension rule helps improve the resolution of satisfiable
instances and in some cases unsatisfiable instances as well.

This work opens doors to many other investigations. For instance, an interesting research di-
rection is to determine if our algorithm seen as a proof system is theoretically strictly more
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powerful than general resolution. Additionally, it might be interesting to see whether the proof
system implemented in our algorithm p-simulates ER. Some extensions introduced in the solver
might already exist in the original formula in the form of Boolean functions [18]. So it would be
interesting to detect and use them instead of making new extensions with fresh variables which
unnecessarily increase the formula size.
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ABSTRACT. Named Entity Recognition (NER) is a fundamental task in many NLP applications that
seek to identify and classify expressions such as people, location, and organization names. Many
NER systems have been developed, but the annotated data needed for good performances are not
available for low-resource languages, such as Cameroonian languages. In this paper we exploit the
low frequency of named entities in text to define a new suitable cross-lingual distributional represen-
tation for named entity recognition. We build the first Ewondo (a Bantu low-resource language of
Cameroon) named entities recognizer by projecting named entity tags from English using our word
representation. In terms of Recall, Precision and F-score, the obtained results show the effectiveness
of the proposed distributional representation of words

RESUME. La reconnaissance des entités nommées (REN) est une tâche fondamentale du TALN dont
le but est d’identifier les expressions telles que les noms de personnes, de lieux et d’organisations
dans un texte. Il existe de nos jours plusieurs systèmes de REN, cependant les données nécessaires
pour les utiliser dans le traitement des langues peu dotées telles que les langues camerounaises
ne sont pas disponibles. Nous exploitons le fait que les entités nommées apparaissent rarement
dans les textes pour définir une nouvelle représentation distributionnelle interlingue des mots, qui soit
adaptée à la REN. En utilisant notre représentation, nous projectons les entités nommées de l’anglais
vers l’ewondo (une langue bantou du Cameroun); nous obtenons donc le tout premier modèle de
reconnaissance des entités nommées en langue ewondo. Les résultats en terme de précision, rappel
et f-mesure montrent l’efficacité de notre représentation
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1. Introduction
Expressions such as people names, organization names and location names are so

important in almost all Natural Language Processing (NLP) applications so that there is
a dedicated task that focuses on them. This task is called Named Entities Recognition
(NER) and its goal is to firstly identify those expressions and secondly classify them.

NLP aims to equip computers with the capability to communicate with humans in
natural way, that means using human language. As NLP is important for resource-rich
languages such as English, French, or German, it is also important for low-resource lan-
guages. A language is said to be low-resource when there is not (eventually not enough)
annotated corpora, name dictionaries, good morphological analyzers, POS taggers, tree-
bank, ... in that language. Ewondo is one of the most studied (by linguists) language in
Cameroon and, as some Cameroonian languages, it is already taught in high schools and
specialized training centers; however, it is a resource poor language.

Nowadays, machine learning (ML) approaches are popularly used in NER because
they are easily trainable and are adaptable to different languages while rule-based ap-
proaches lack the ability of copying with the problem of portability and robustness. How-
ever the most performant ML approaches use supervised learning algorithm [3]. Hence
they cannot be used to process low-resource languages because annotated data needed for
learning are not available. More recently, new NLP systems based on cross-language pro-
jection of linguistic annotations from a resource-rich language to a low-resource language
were developed and they achieve good performances [17]. The key idea of projection of
linguistic annotations can be summarized as follows: through word alignment in paral-
lel text corpora, the annotations are transferred from the source (resource-rich) language
to the target (under-resourced) language, and the resulting annotations can be used for a
supervised training in the target language. However, the poor performance of word align-
ment algorithms constitutes a principal limitation of approaches based on projection of
linguistic annotations. As many Cameroonian languages, Ewondo is a morphologically
rich language compared to English and French since it has agglutinative or inflectional
morphology. In such languages, the production of hundreds of words from a given root
is possible, which results in the data sparsity problem. The first consequence of this
property is that a word in Ewondo can be translated to a sequence of words in English
and hence English-Ewondo word alignment algorithms would perform poorly. For in-
stance the Ewondo phrase "Akore ya woṅ awu" is translated by the Glosbe platform 1 as
"Freedom from a morbid fear of death".

In this paper, we present a new cross-lingual distributional representation that give
very good performances for the NER task. We use this representation to efficiently project
NER tags from English to Ewondo using a model inspired from [19]. The model would
perform as well in any other language since the projection is done without any word align-
ment, without any knowledge about the target language and there is no need to choose a
similarity measure.

The rest of this paper is as follows: Section 2 presents related work; Section 3 presents
the Zennaki et al. [19] POS tagging model, adapted for NER. The proposed distributional
representation is described in Section 4. The details of experiments and results are re-
ported in Section 5 and Section 6 concludes this paper.

1. https://glosbe.com/en/ewo/death

 2    ARIMA Journal  -  Volume 33  - 2020

https://glosbe.com/en/ewo/death


2. Related work
Regarding the target language, named entity recognition methods can be classify in

two groups: the first group contains methods for resource-rich languages and the second
one is for methods that are applicable on low-resource languages.

2.1. Named entity recognition for resource-rich language
State of the art of named entity system for resource-rich language rely heavily on

hand-crafted features which are domain and language-specific [7]. A Hidden Markov
Model (HMM) based English named entities recognizer in which the basic input feature
is character instead of word as it is most of the time have been constructed by [4]. This
charater-level HMM got 83% of F-score on the CoNLL-2003 English test set which is
better than the corresponding word-level HMM by a difference of about 10%. A Sup-
port Vector Machine (SVM) has been used to construct a named entity recognizer with
hundreds of thousands of features [11] that give an F-score of 84%. The goal was to be
able to use many features without overfitting and without high computational cost. As for
other SVM models of NER found in the state of the art, it uses different contextual infor-
mation (surrounding words) along with the variety of orthographic word-level features.
SVM based NER models are more efficient than HMM to deal with the non-independent
and overlapping features of the language. Most recently, researchers proposed methods in
which the effort needed for feature engineering is considerably reduce. For instance a neu-
ral architecture that automatically detect word and character-level features using hybrid
bidirectional LSTM and CNN architecture [1], eliminating the most feature engineering.

Because these methods are language-specific and need large amount of annotated data
to perform, they can not be used for low-resource languages.

2.2. Named entity recognition for low-resource languages
For low-resource languages, many works are based on annotation projection. Intro-

duced in 2001, annotation projection is the process of transferring annotations from one
language to another language [17]. For instance, in order to build the first named en-
tity annotated corpus for Malay, named entity tags have been projected from English
(resource-rich) to Malay (low-resource) language with an F-score of 90% on their test
set [18]. Based on a Malay-English align corpus, their method can be resume is three
steps: they have firstly annotated the English part of the corpus using UIUC named en-
tity tagger [14]. Secondly they have used a Malay-English dictionary to align English
and Malay words according to a bi-gram Dice coefficient. Finally, they projected named
entity tags using the word alignment obtained previously; however, they applied some
language-specific rules (mostly regular expressions) for more confidence. One of the
most important difference between this method and the process we are proposing in this
paper is that no assumption on the target language is required and hence no language-
specific rule is used.
A multilingual NER has been built by projecting entity tags from English to French,
Spanish, German, Czech and Russian with 94% of recall [3]. After the annotation of the
English side of the corpus with an in-house NER system [15], they used a phrase-based
statistical machine translation [6] to align named entities found in the English side with
their corresponding portion of text on the target side. They used three different methods
for projection, starting from the most rigorous to the most tolerant. They started by the
string matching and if it fails, they continue with consonant signature matching. For cases
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where consonant signature return no result, they apply a Levenshtein edit distance on con-
sonant signature and projection is applied when this distance is greater or equal to 0.7.
The approach we are using in this paper is different as it uses a neural network that learn
itself the best similarity measure, and no word alignment between language is required.
Furthermore, it is not easy to get a phrase-based machine translation for resource-low
languages.
Distributional regularities in monolingual data, projected information across closely re-
lated languages and human linguist judgments have been exploited to quickly build a
NER system for Sorani Kurdish and Tajik resource-low languages of Western Iranian [8].
They wanted to build a usable NER system in very few time, although not perfect. In-
stead of relying on elaborated and robust linguistic resources built ahead of time, they
opportunistically incorporate linguistic theory, informal and non-expert intuitions about
the language and the target application, and resources adapted from closely related lan-
guages while avoiding extensive manual annotation. Non-experts are linguists that do
not speak the target languages but are familiar with the structure of human languages in
general. They have some knowledge about the family of target languages, and they can
rapidly have intuitions about the languages by reading reference grammar and exploring
data. The approach used in this paper makes no assumption about the target language or
its family.
Using a set of language-independent features grouped in lexical, non-lexical, gazetteer
and wikifier features, a cross-lingual NER trained only on English have been built [16].
The model can be used to perform NER in any language on Wikipedia. The strength of the
model is that it only requires multilingual Wikipedia, no sentence-aligned or word-aligned
parallel text is needed, however the model perform a word-alignment in background in
order to align words in the target language to English word.
Mayhew et al. [12] used Cheap translation to project named entities from one language
to another. Because lexicons are much cheaper and easier obtainable than parallel corpus
[10], they decided to rely their translation only on a lexicon instead of a parallel corpus
as in [6]. [2] trained a conditional random field model for NER in low-resource language
by augmenting the small amount of data in the low-resource language with data com-
ing from a set of rich languages related to the target low-resource language. As stated
by the authors, this approach is different from annotation projection since it requires the
low-resource language data to be annotated.

State of the art named entity tags projection methods have two main sources of error
in common: word alignment and similarity measure. Solving those issues would lead to
more accurate projection. Furthermore, making no assumption on the target language is
better for generalization. In the next section we present a model that overcomes these
limitations for the Part Of Speech Tagging (POS Tagging) task and that we are going to
modify in Section 4 for NER. The modification is based on a new cross-lingual distri-
butional representation. There is no report of named entities recognition work prior to
our experiment for Ewondo and more generally for any Cameroonian language. More-
over, the proposed approach is, in our knowledge the first attempt to tackle NER for
low-resource languages by projecting annotations without word alignment nor similarity
measure, and in which no language-specific feature is used.
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3. The Zennaki et al. model
Part Of Speech Tagging is a task of NLP that aims to assign to each word in a text its

part of speech. Zennaki et al. [19] used a Recurrent Neural Network (RNN) to projects
12 part of speech tags from English to French, German, Spanish and Greek. The model
is based on a simple principle stipulating that if we can find a space where a word in the
source language and its translation in the target language have the same representation
then an artificial neural network can learn from words in the source language and make
predictions on the words in the target language. Since a word and its translation will
always appear in the same bi-phrase in a parallel corpus, they represent each word w in
the bi-text (parallel corpus) by a binary vector Vw of size N (the number of bi-phrases in
the bi-text) called distributional signature where:

Vw[i] =

{
1 if w appears in the ith bi-phrase,
0 otherwise. (1)

The neural network architecture is described as follow:
– the input layer has N neurons,
– there is a first hidden layer with 640 neurons followed by the second hidden layer

which contains 160 neurons,
– the output layer has 12 neurons and softmax is applied,
– the activation function of every neuron in the network is sigmoid
– and there is a feedback loop from the first hidden layer to the input layer.
The model has been tested using a multilingual corpus extracted from Europarl [5]

and achieved more than 75% of accuracy for the POS tagging. The model suffers of two
main problems: firstly, words that are not in the vocabulary are not represented and are
tagged just according to their context; secondly, the memory and time needed to use the
model increase too much with the size of the bi-text used. However the model has three
great advantages:

1) no need to choose a similarity measure, the best one is implicitly learned by the
RNN,

2) the same model can be used for many languages without any change. Indeed
the only thing to do is to translate the resource-rich language text used for training in the
new language,

3) the model is trained only on the source language (resource-rich language).

We have exploited these properties to build a named entity tagger for low-resource
languages. This tagger is described in the next section.

4. Named entities tagger for low-resource languages
Transferring knowledge from one language to another requires the ability to transfer

features from the source language to the target language; however features such as sur-
rounding words, prefixes or suffixes are not easily transferable between languages because
of their syntactical differences. Hence, the more the source and the target languages are
linguistically similar, the better is the projection.
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The distributional representation described in [19] is very impressive because it is
not based on any language, we say it is language-free. Our model also uses distributional
signature to represent words, but it is not binary. Indeed, named entity expressions are less
frequent in text than expressions that are not named entities; considering this observation,
we believe that using word frequency will lead to a better distributional representation
for named entities. The term frequency or the frequency of a word in a document is the
weight of that word in the document, computed according to its number of occurrences
in the document [9]. This is a powerful notion, widely used in information retrieval. The
frequency of a word in a document is the number of its occurrences divided by the total
number of word in the document. It is a way to measure the importance of that word in
the document. To reuse this notion, we have to decide what we call a document in our
context. We have identify three possibilities:

– Corpus-based term frequency where the corpus (the bi-text) is considered as being
a whole document. In this case, the term frequency is language independent and we will
have a single document.

– Side-based term frequency that is only based on the words from the same language.
Here, each side of the bi-text is a document, hence we have two documents: The rich side
and the low-resource side.

– Phrase-based term frequency where each phrase in considered as being a document.
Here, a word has as much frequencies as there are phrases in the corpus.

Given the definition of the document, the term frequency of a word w is given as
follows:

tfw =
nbOcc(w)

nbWC
(2)

where nbOcc(w) is the number of occurrences of w in the document containing it and
nbWC is the total number of words in that side.

In information retrieval, it is sometimes a good idea to normalize the term frequency.
We used the following normalizations [9]:

1) natural: norm(tfw) = tfw

2) binary: norm(tfw) = 1 if tfw > 0, and 0 otherwise
3) logarithmic: norm(tfw) = 1 + log(tfw)

4) maximal: norm(tfw) = 0.5 + 0.5× tfw
max({tfm|∀m ∈ document})

5) log average: norm(tfw) =
1+log(tfw)

1+log(avg({tfm|∀ m ∈document}))
Given the previous definition of the frequency of a word, we define a general cross-

lingual distributional representation of a word w as being a vector Vw, of size N and with
each component defined as follows:

Vw[i] =

{
norm( 1

tfw
) if w appear in the ith bi-phrase,

0 otherwise.
(3)

Hence, the distributional representation used by [19] is the side-base term frequency
coupled with the binary normalization. This representation does not take advantage of the
observation that named entities are less frequent in text than non name entities. Using nat-
ural, logarithmic, maximal or log average normalization, it would be easier to distinguish
between name entities and non named entities since all these alternatives clearly take the
word frequency (or more precisely the inverse term frequency) into account. Using one
of these four representation, the distributional representation (given by Equation 3) of a
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named entity is more likely to be further from the null vector; while the distributional rep-
resentation of a non named entity is more likely to be closer to the null vector. Therefore,
a binary classifier can be easy trained to differentiate named entities from non-named
entities.

Our approach is based on a feedforward neural network with two hidden layers, more
precisely the architecture is as follow:

– the number of neurons in the input layer is set to the size of distributional signature
(the number of bi-phrases in the bi-text). For experiments described in Section 5 it is 210
neurons,

– the first hidden layer has 640 neurons each using sigmoid activation function,
– the second hidden layer has 160 neurons and use sigmoid activation function,
– the output layer has four neurons for our four named entity classes PERSON, OR-

GANIZATION, LOCATION and MISCELLANEOUS plus a neuron for the non named
entity class OTHER.

– the output is normalized using softmax function.
We have an empirical guess of the internal behavior of our model: some of its first

neurons behave like a binary classifier to check if the input is a named entity or not. If
the answer is “NO” the model outputs OTHER. If the answer is “YES”, the remaining
neurons are used to identify the specific named entity class of the input. In the next
section, the experimental evaluation of our model is presented.

5. Experimental Results
To test our model, we need a parallel corpus containing the target low-resource lan-

guage aligned with a rich language. The alignment must be phrase-based and not word-
based. The corpus must have named entity annotations at least on the rich side. As far
as we know, such a dataset do not exists in the literature; hence we manually created
one using English as the rich side and Ewondo, a Bantu language of Cameroon as the
low-resource side. Data are extracted from an online bible 2. For each verse we have an
English version and an Ewondo version. Each side of the bi-text has been manually an-
notated using Brat 3 and the help of an Ewondo native speaker. The named entities tagset
used is described in Table 1 and the statistic of the bi-text is presented in Table 2, Table 3
and Table 4. As shown in Table 2 the number of words in Ewondo is not the same as in
English; there is no bijection between English and Ewondo, hence word alignment might
not be suitable here. Table 3 and Table 4 confirm the observation that named entities are
less frequent in text than other expressions; more precisely the proportion of named enti-
ties is only 14% in the whole text and about 10% when considering only the vocabulary.

We used only the vocabulary to train and test our model. The training set is the rich
side (RS) of the corpus, and the test set is the low-resource side (LRS). We trained the
model over 10 epochs using 10-fold cross validation. We stop the training if the validation
loss is the same between two consecutive epochs. In order to assess the robustness of our
model to random initialization of the network weights, the model is trained 10 times
with different random initialization of the weights. We reported the mean and standard

2. https://www.bible.com
3. http://brat.nlplab.org
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NE tags Meaning Examples
PER a person name Yesus→ Jesus
ORG an organization name bësadukea→ Sadducees
LOC a location name Yerusalem→ Jerusalem
MISC others named entities Mfufub Nsisim→ Holy spirit

O non named entities kòbò→ to speak

Table 1 – Named entities tagset

English Ewondo
# of sentences 210 210

# of words 4753 4185
# of distinct words 912 1029

Table 2 – Corpus statistics

PER ORG LOC MISC O
English 5.87% 0.02% 0.95% 2.51% 90.62%
Ewondo 7.08% 0.05% 1.09% 2.68% 89.07%

Table 3 – Named entities distribution in the whole text

PER ORG LOC MISC O
English 8.77% 0.10% 1.95% 1.84% 87.32%
Ewondo 8.18% 0.19% 1.82% 1.15% 88.64%

Table 4 – Named entities distribution in the vocabulary

deviation of precision, recall and F1-score. The source code and the dataset we used are
available here 4

We have built our baseline by performing the projection using the distributional sig-
nature proposed by [19]. The network architecture is the feed forward neural network
described in Section 4. The result are reported in Table 5.

Precision Recall F1-Score
Train set (English) 80.20% ± 3.49 56.53% ± 2.78 69.09% ± 3.3
Val. set (English) 78.79% ± 4.02 59.15% ± 3.23 72.03% ± 1.48

Projection (Ewondo) 69.99% ± 2.67 47.83% ± 2.16 60.16% ± 2.59

Table 5 – Zennaki et al. Model performance (average on 10 runs)

For each term frequency definition (phrase, side or corpus-based) and for each nor-
malization (natural, logarithmic, maximal and log average) presented in Section 4, we
have run our model and reported the precision, recall and F1-score in Table 6. This table
shows in bold the highest precision, recall and F1-score for each definition of the term
frequency; the lowest performances are underlined.

Regardless of the definition of the term frequency, the best results are obtained using
the natural normalization. In fact, with the phrase-based term frequency, the projection is

4. https://github.com/frankl1/Word2vec-For-NER-In-Low-Resource-Languages
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performed with a precision of about 75%, a recall of about 67% and a F1 score of about
70%; comparing to the baseline, this is an improvement of about 6% for the precision,
20% for the recall and 10% for the F1-score. The worst results are given by the log
average normalization, and is even worse than the baseline.

Using the side-based term frequency leads to a slightly better projection comparing to
the phrase-based term frequency. By the way, the projection improves up to about 78%,
the recall up to about 67% and the F1-score up to about 71%. It is also important to notice
that the worst results here (obtained using the maximal normalization) is very closed the
the baseline. This is because the side-based term frequency is more likely to give the
same representation to a word and its translation and hence produce a better cross-lingual
representation than the phrase-based term frequency

The corpus-based term frequency also produced better results than the phrase-based.
These results are very closed those produced by the side-base term frequency. Indeed, the
projection precision is 78%, the recall is 64% and the F1-score is about 70%. In fact, using
the corpus-based term frequency is also more likely to give very similar distributional
representations to a word and its translation.

In any case, experimental results validate our hypothesis: taking into account the low
frequency of named entities is important for the projection of named entity tags. Further-
more, performances on the test set (projection) show that unlike the model from [19], the
proposed model performs pretty well as an English named entity annotator. In fact, the
validation set is classified with a precision of about 85%, a recall of about 80% and an
F1-score of about 80%. Instead of the feed forward neural network, we have also run ex-
perimentations with the recurrent neural network from [19] and the performance was not
significantly different. Therefore, we think the knowledge about the past (coming from
the recurrence) is too much different from English to Ewondo.

6. Conclusion
In this paper we have proposed a way to quickly construct a named entity annota-

tor for low-resource languages using cross-lingual distributional representation. We have
defined a generalized cross-lingual representation based on the observation that named
entities are less frequent in text than non named entities. We have coupled the proposed
representation with a 2 hidden layers network to project named entities from English
to Ewondo (a Bantu language of Cameroon). We have done several experiments with
different instances of the proposed cross-lingual representation. In each case the model
performs well on the used dataset. More precisely, we have projected named entity tags
from English to Ewondo with a precision of 78.15%, a recall of 67.29% and an F1-score
of 71.23%. We think that the proposed distributional signature can be used in any clas-
sification task where the classes of interest are more frequent (or less frequent) than the
class of other expressions. We will continue to verify this hypothesis on other NLP tasks.
Moreover, we intent to assess our model on a larger corpus, eventually from different do-
mains. Elsewhere, we will try to reduce the size of our representation using cross-lingual
word embedding techniques.
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Normalization Split Precision Recall F1-Score

Ph
ra

se
-b

as
ed

natural
Train set (RS) 87.13% ± 0.98 83.59% ± 1.41 85.11% ± 0.41
Val. set (RS) 84.79% ± 1.49 80.09% ± 1.25 81.46% ± 0.69

Projection (LRS) 75.72% ± 1.65 67.18% ± 2.34 70.72% ± 1.38

logrithmic
Train set (RS) 85.89% ± 1.43 72.07% ± 3.70 77.22% ± 2.56
Val. set (RS) 78.04% ± 3.63 67.57% ± 4.66 75.66% ± 3.15

Projection (LRS) 74.60% ± 1.46 57.82% ± 3.45 63.63% ± 2.66

maximal
Train set (RS) 79.24% ± 4.24 57.80% ± 1.38 68.12% ± 3.20
Val. set (RS) 75.92% ± 4.24 58.69% ± 3.14 71.81% ± 2.99

Projection (LRS) 68.73% ± 3.09 49.14% ± 1.30 59.44% ± 3.00

log avg
Train set (RS) 79.24% ± 4.24 69.15% ± 2.55 73.19% ± 2.06
Val. set (RS) 80.76% ± 5.70 65.68% ± 5.66 73.36% ± 4.55

Projection (LRS) 61.97% ± 2.27 28.87% ± 2.18 37.75% ± 2.07

Si
de

-b
as

ed

natural
Train set (RS) 87.35% ± 0.99 83.81% ± 2.80 84.50% ± 2.40
Val. set (RS) 85.63% ± 2.6 81.44% ± 1.45 82.29% ± 1.18

Projection (LRS) 78.15% ± 1.61 67.29% ± 1.95 71.23% ± 1.89

logrithmic
Train set (RS) 85.58% ± 1.07 77.76% ± 2.33 80.89% ± 1.31
Val. set (RS) 83.86% ± 2.70 75.17% ± 2.44 78.18% ± 1.86

Projection (LRS) 73.96% ± 1.29 65.12% ± 1.88 68.60% ± 0.96

maximal
Train set (RS) 74.44% ± 1.65 55.89% ± 4.23 69.13% ± 2.96
Val. set (RS) 77.00% ± 3.42 53.04% ± 4.16 65.78% ± 3.19

Projection (LRS) 66.20% ± 1.47 47.58% ± 3.91 59.80% ± 2.97

log avg
Train set (RS) 84.26% ± 4.00 75.62% ± 3.01 80.13% ± 2.43
Val. set (RS) 79.69% ± 2.47 72.03% ± 4.98 77.09% ± 4.03

Projection (LRS) 71.83% ± 3.40 63.16% ± 2.78 67.37% ± 2.30

C
or

pu
s-

ba
se

d

natural
Train set (RS) 88.26% ± 1.08 83.34% ± 2.50 85.21% ± 1.85
Val. set (RS) 85.42% ± 1.60 78.77% ± 2.37 80.70% ± 1.28

Projection (LRS) 78.68% ± 1.25 64.95% ± 2.02 70.52% ± 1.53

logrithmic
Train set (RS) 80.78% ± 4.30 73.37% ± 3.01 80.13% ± 2.23
Val. set (RS) 76.98% ± 2.06 72.45% ± 2.50 79.26% ± 3.15

Projection (LRS) 68.86% ± 3.42 62.47% ± 2.69 80.13% ± 2.23

maximal
Train set (RS) 72.68% ± 5.02 51.08% ± 2.22 68.14% ± 3.36
Val. set (RS) 68.65% ± 2.55 52.51% ± 2.52 72.29% ± 2.50

Projection (LRS) 61.27% ± 2.56 43.59% ± 1.83 61.93% ± 3.09

log avg
Train set (RS) 86.50% ± 2.07 79.27% ± 2.43 82.09% ± 1.3
Val. set (RS) 82.44% ± 3.35 76.13% ± 3.49 77.53% ± 2.30

Projection (LRS) 73.87% ± 2.05 67.50% ± 2.00 69.87% ± 0.89

Table 6 – Our Model performance using phrase-based term frequency (average on 10
runs)
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Résumé
L’analyse des opinions consiste à extraire des connaissances à partir des commentaires laissés par
les utilisateurs à propos d’un produit, service, actualité,... L’analyse des opinions basée sur les as-
pects consiste à décomposer le commentaire afin d’en extraire les aspects évalués par l’utilisateur.
Ces aspects contribuent à la prise de décision en fournissant plus de détails sur les avis des utili-
sateurs. Le modèle proposé par Jebbara et Cimiano, vainqueur de la compétition SemEval2016 ne
prend pas en compte les caractéristiques lexico-grammaticales des textes en entrée, ce qui limite
les performances tant dans la détection des aspects simples que celle des aspects composés. Nous
proposons une amélioration du modèle de Jebbara et Cimiano en y introduisant des unités CRF
(Conditional Random Field) afin de prendre en compte les dépendances entre les étiquettes et en
ajoutant aux entrées du modèle des caractéristiques lexico-grammaticales. Les expérimentations
faites sur les deux jeux de données de SemEval2016 ont permis de tester cette approche et de
montrer une amélioration de la F-mesure d’environ 3.5%.

Mots-Clés
Analyse des sentiment ; ABSA; Apprentissage profond ; Extraction des aspects ; Unité récurrente
à portes

I INTRODUCTION

L’avènement du web 2.0 a offert aux utilisateurs la possibilité de donner leurs avis sur des sujets,
articles,... à travers des commentaires postés en ligne. L’exploitation de ces commentaires dans
le but d’aide à la décision est appelée fouille (analyse) d’opinions (ou de sentiments). Dans
ce processus de fouille, un commentaire peut être traité globalement ou décomposé en aspects
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décrivant le sujet. Beaucoup de travaux se sont intéressés à l’analyse des sentiments. Ces travaux
distinguent trois niveaux : documents, phrases et aspects. L’analyse des sentiments basée sur les
aspects [11] se fait généralement en deux étapes : l’extraction des aspects et la polarisation de
l’aspect (positif ou négatif). Ce travail se limite à l’extraction des aspects. Par exemple, à partir
du texte "le repas était de bonne qualité" dans une revue de restaurant, l’aspect "repas" est
extrait avec une polarité positive.

Plusieurs approches ont été proposées pour l’extraction des aspects. L’approche basée sur l’ex-
traction des mots fréquents consiste à extraire les mots et groupe de mots fréquents [4, 5, 9, 19],
dont les limites sont la détermination du seuil de fréquence et la non extraction des mots peu
fréquents. La modélisation de sujets est une approche qui a pour idée générale de derterminer
la cible d’un mot d’opinion dans une séquence [6, 10, 12, 18]. Ces approches ne tiennent pas
compte des informations sur la sémantique des éléments de la phrase.

Récemment, des modèles d’apprentissage profond supervisé ont connus des très bonnes perfor-
mances [20, 21, 23, 24] notamment le modèle de Jebbara et Cimiano ([22]) vainqueur de la com-
pétition SemEval2016 basé sur des unités neuronales GRU [15] bidirectionnelles ou BiGRU (Bi-
directional Gated recurrent unit). Bien que cette approche permet d’obtenir de meilleures per-
formances que les travaux antérieurs, elle présente des limites : (1) performances relativement
faibles pour le cas d’extraction des aspects composés (mots composés), (2) la non-exploitation
des caractéristiques du niveau grammatical. La première est particulièrement importante. En
effet, une solution permettra au modèle d’extraire par exemple d’un corpus du domaine de
l’informatique où les caractéristiques sont souvent des mots composés, les aspects "Core i7",
"Windows 7". Une solution à la deuxième limite contribue à améliorer la représentation du texte
en entrée du modèle. Comme présenté dans le Tableau 1 cette proportion est non négligeable
dans les données de la compétition.

Pour apporter une solution à la première limite, nous proposons un mécanisme d’analyse des
dépendances entre les étiquettes de sortie des diffèrents mots (Section 3.3), ceci est fait en
ajoutant une couche CRF (Conditional Random Field) au modèle de Jebbara et Cimiano. Les
unités CRF permettent de prendre en compte les relations entre les classes associées aux dif-
férents mots. Pour la seconde limite, nous étendons l’espace des caractéristiques en y ajoutant
des caractéristiques grammaticales prises sur le graphe de dépendances grammaticales fourni
par stanford dependencies [7] et des caractéristiques lexicales. Nous appelons le modèle pro-
posé Grammatical BiGRU-CRF (GRAM-BiGRU-CRF). L’avantage de ce modèle par rapport
aux autres est sa capacité à étiquetter la séquence en se basant sur un BiGRU tout exploitant des
caractéristiques grammaticales et en utilisant la spécificité des CRF pour la prise en compte des
dépendances entre les étiquettes de sortie.

Dans la Section II, nous présenterons un état de l’art sur l’extraction des aspects. La Section III
aura pour objet la présentation de notre proposition. Les expérimentations ont été réalisées et
les résultats feront l’objet de la Section IV.

SemEval2016 SemEval2014 Alc 14 shortdata
Laptops Restaurants Laptops Restaurants
36.62 % 25.35 % 36.64 % 24.52 % 69.8 %

TABLE 1 – Proportions des mots composés dans quelques jeux de données.
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II ETAT DE L’ART

Hu et Liu [11] présentent les différentes approches pour la tâche d’extraction des aspects. Ces
approches sont notamment basées sur les noms et groupes de noms fréquents, sur l’apprentis-
sage supervisé et celle basée sur la modélisation des sujets. La méthode basée sur les noms et
groupes de noms fréquents trouve des aspects explicites [11] qui sont des noms et des groupes
de noms qui apparaissent dans un grand nombre de revues dans un domaine donné, cette mé-
thode a été améliorée par Popescu et Etzioni [4] en supposant que la classe du produit est
connue à l’avance. Leur algorithme détecte le nom ou groupe de noms caractérisant un produit
en calculant l’information mutuelle ponctuelle entre le nom ou groupe de noms et la classe du
produit.

Scaffidi et al. [5] ont présenté une méthode qui utilise un modèle linguistique pour identifier
les caractéristiques du produit. Ils ont supposé que les caractéristiques des produits sont plus
fréquentes dans les revues de produits que dans un texte en langage naturel général. Cependant,
leur méthode semble avoir une faible précision puisque les aspects extraits sont affectés par le
bruit. Certaines méthodes ont traité l’extraction des aspects comme un étiquettage de séquences
et ont utilisé un CRF pour cela. De telles méthodes ont donné de bons résultats (soit une F1 de
75.21% sur les données Laptop du SemEval2014) sur les ensembles de données, même dans
les expériences inter-domaines [9, 19]. Mais ces modèles ne sont pas adéquats dans le cas où le
domaine etudié possède une multitude d’aspects dont certains apparaissent trés rarement dans
le corpus. Ainsi, certains auteurs [6, 10, 12, 18] ont plutôt adopté des méthodes basées sur la
modélisation des sujets.

La modélisation des sujets a été largement utilisée comme base pour effectuer l’extraction et
le regroupement des aspects [10]. Le principe est le suivant : sachant que les opinions ont des
cibles dans la relation grammaticale entre un nom et un adjectif, ces relations peuvent être ex-
ploitées pour extraire des aspects qui sont des cibles d’opinions parce que les mots de sentiment
sont souvent connus. Deux modèles ont été considérés pour cette analyse : pLSA (Probabi-
listic latent semantic analysis) et LDA (Latent Dirichlet allocation) [12]. Les deux modèles
introduisent une variable latente "sujet" entre les variables observables "document" et "mot"
pour analyser la distribution sémantique des sujets dans les documents. Dans les modèles thé-
matiques, chaque document est représenté comme un mélange aléatoire des sujets latents, où
chaque sujet est caractérisé par une distribution sur les mots. De telles méthodes ont gagné en
popularité dans l’analyse des médias sociaux comme la détection de sujets politiques émergents
sur Twitter [18]. Le modèle LDA définit un processus de génération probabiliste de Dirichlet
pour la distribution sujet-document ; dans chaque document, un aspect latent est choisi selon une
distribution multinomiale, contrôlée par un Dirichlet antérieur α. Puis, étant donné un aspect,
un mot est extrait selon une autre distribution multinomiale, contrôlée par un autre Dirichlet
antérieur β. Parmi les travaux existants utilisant ces modèles figure l’extraction d’aspects glo-
baux (marque du produit) et d’aspects locaux (propriété d’un produit), l’extraction de phrases
clés [6] et la notation de multi-aspects. Cependant les méthodes basées sur la modélisation des
sujets ne permettaient pas de prendre en compte des informations telles que : la syntaxe, le sens
des mots et même le dictionaire du domaine. Pour pallier cette limite, des méthodes basées sur
l’apprentissage supervisé sont proposées [14, 20, 22].

L’apprentissage supervisé est aujourd’hui l’approche la plus utilisée et aussi celle présentant
des meilleures performances. L’équipe IHS-R&D [14] présente le meilleur système lors du se-
mEval 2014 pour la sous-tache d’extraction des aspects sur les données des restaurants attaque
la sous-tache comme un problème d’étiquetage de séquences en utilisant un classificateur de
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champs aléatoires conditionnels (CRF). Les mots, les groupes de mots et le rôle sémantique
sont les caractéristiques utilisées pour prédire les aspects et leurs catégories. Le modèle proposé
obtient une amélioration de près de 10% par rapport au modèle de référence (fourni lors de la
compétition semEval). Les approches récentes utilisant les réseaux de neurones profonds ont
montré une amélioration significative des performances, c’est notamment le cas du modèle de
Al-Smadi et al. [20] qui améliore le modèle IHS-R&D en ajoutant à la structure du modèle une
BiLSTM (Bidirectional Long Short-Term Memory) [3] pour résoudre le problème d’extraction
des aspects dans les revues d’hôtels arabes. Le modèle présenté lors du SemEval 2016 par Jeb-
bara et Cimiano. [22], le BiGRU (Bidirectional gated recurrent unit) [3] présente des résultats
encore meilleurs que le IHS-R&D sur le même jeu de données. Jebbara et Cimiano pour ce
modèle d’extraction, utilisent comme caractéristiques le mot, l’étiquette morphosyntaxique du
mot et la sémantique du mot fournie par SenticNet. Contrairement aux autres modèles, ils intro-
duisent une nouvelle unité de réseaux de neurones récurrent : le GRU (Gatted Recurrent Unit)
[15].

Li et al. [23] ont proposé HAST (History attention and selective transformation), un modèle
basé sur deux réseaux de neurones récurrents. Un premier niveau pour capturer l’historique et
un deuxième pour le résumé de l’opinion ; les unités neuronales dans les deux réseaux sont de
type LSTM. Les sorties de ces deux réseaux sont concatenées pour constituer les caractéris-
tiques à présenter en entrée à un réseau de nerones feedforward complètement connecté. Dans
[21] Poria et al. proposent une approche combinant un réseau de neurones convolutionnels à
sept couches (une couche d’entrée, deux couches de convolution, deux couches de pooling, et
couches complètement connectées) et les caractéristiques lingustiques pour étiquetter les mots
du corpus en "aspect" et "non aspect". Dans [24], Xu et al. proposent un modèle appelé DE-
CNN (Dual Embeddings CNN) basé sur deux niveaux d’extraction de caractéristiques : un
premier niveau pour l’extraction des caractéristiques du domaine et un deuxième pour les ca-
ractéristiques générales. Les caractéristiques obtenues sont alors soumises en entrée à un réseau
de neurones convolutionnels de quatre couches, qui enverra aussi se sorties en entrée à un ré-
seau de neurones feedforward complètement connecté. Le Tableau 2 présente un récapitulatif
des méthodes de la littérature. Les auteurs de ces méthodes utilisent différents ensembles de
données SemEval2014 et SemEval2016. Les évaluations se focalisent principalement sur les
métriques F1 et rappel.

Le Tableau 2 récapitule des méthodes de l’état de l’art. La colonne "Limites" présente les limites
principales de chaque méthode.

Auteurs, Année Réf Modèles Spécificités Limites

Popescu, 2005 [4] OPINE Utilisation d’un modèle non supervisé

Perfomances limitées dans
la detection des aspects

peu fréquents

Chernyshevich, 2014 [14] IHS-R&D
Introduction des

attributs : FA, FH et FPA
Contexte limité lié au traitement de la

séquence dans un seul sens

Xin Li et al. 2018 [23] HAST
Utilisation d’un modèle

basé sur l’attention

Utilisation de peu de
caractéristiques pour
representer un mot

Soujanya et al. 2016 [21] CNN+LP
Utilisation d’un modèle

basé sur un CNN

Utilisation de peu de
caractéristiques pour
representer un mot

Jebbara et al. 2016 [22] BiGRU
Introduction d’un modèle

récurent bidirectionel
Mauvaise performance dans

l’extraction des aspects composés

TABLE 2 – Récapitulatif des modèles de l’état de l’art.
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III SOLUTION PROPOSÉE

Nous proposons le modèle GRAM-BiGRU-CRF qui consiste à modifier le modèle de Jebbara et
Cimiano [22] en ajoutant à ses entrées les caractéristiques lexico-grammaticales et à ses sorties
une couche formée des unités CRF.

3.1 Graphe de dépendances grammaticales

Le graphe de dépendances grammaticales est un graphe orienté mettant en évidence les relations
grammaticales entre les mots dans une phrase ainsi que l’étiquette morpho-syntaxiquement
associée a chaque mot.

FIGURE 1 – Exemple de graphe de dépendances grammaticales généré pas la library StanforLP (http ://-
corenlp.run/)

Le graphe de dépendances grammaticales est un graphe orienté G = (S,A) tel que :

— S est l’ensemble des nœuds : un nœud du graphe de dépendance grammaticale est repré-
senté par un mot de la sequence d’entrée et a pour attribut l’étiquette morpho-syntaxique
du mots. Pour une sequence en entrée composée de n mots, le graphe obtenu a n + 1
nœuds, Le nœud supplémentaire est représenté par le mot clé ROOT .

Card(S) = Card(t1, t2, t3, ....tn) + 1 = n+ 1 avec t1, t2, t3, ....tn les mots de sequence

— A est l’ensemble des relations : une relation dans le graphe est représentée par trois
composantes (le nœud de départ d, Le nœud d’arrivée t et l’étiquette de la relation).

Du fait de son orientation, ce graphe peut être exploité pour la tache d’extraction des aspects. Ce
graphe possède une propriété importante : il existe au plus une liaison incidente sur un noeud.
Le Tableau 3 présente la signification des étiquettes sur les liaisons de la Figure 1 . Les étiquettes
morphosyntaxique utilisées dans cette Figure 1 proviennent de Penn Treebank tagset 1.

Dépendances Significations Descriptions
expl expletive Cette relation capture un "there" existentiel

advmod adverb modifie Adverbe (non clausal) qui sert à modifier le sens du mot.
xcomp open clausal complement Complément prédicatif ou clausal sans sujet propre.
mark marker Mot qui introduit une clause finie subordonnée à une autre clause.
cop copula Relation entre le complément d’un verbe copulaire et le verbe copulaire.
det determiner Relation entre la tête d’un NP et son déterminant.

amod adjectival modifier Toute phrase adjectivale qui sert à modifier le sens du NP.
nmod nominal modifier Nom fonctionnant comme un argument ou un adjuvant non essentiel (oblique).

compound noun compound modifier Tout nom qui sert à modifier le nom de tête.
case case marking La relation de cas est utilisée pour toute préposition en anglais.

TABLE 3 – Relations grammaticales Stanford décrite dans "The Stanford typed dependencies manual".
[8]

1. https ://www.sketchengine.eu/tagsets/penn-treebank-tagset/
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3.2 Caractéristiques extraites

Avant d’extraire les caractéristiques, les opérations de prétraitements effectuées sur le corpus
sont la mise en minuscule de chaque mot et la tokenisation. Le but de la mise en minuscule de
chaque mot et la tokenisation est d’utiliser la même casse pour écrire tous les mots et de repré-
senter les commentaires en unités linguistiques. Les caractéristiques extraites sont les suivantes
(le Tableau 4 présente un résumé de celle-ci) :

Plongement de mots (Word Embeddings noté WE) 2 : qui est la représentation numérique
sous forme de vecteur d’un mot qui a été utilisé avec succès dans de nombreuses tâches de TAL
[16, 17, 20, 22, 25]. Le modèle utilisé ici est celui de Google contenant trois millions de mots
pour le calcul des WE de dimension 300 (la taille 300 a été choisi expérimentalement après
avoir testé glove-100d 3), contrairement au modèle de Jebbara et Cimiano qui utilise un WE de
dimension 100. La séquence de WE pour une phrase constituée d’une séquence de N mots est
le vecteur :

[W ]N1 = {W1,W2, ...,WN} (1)

où Wi ∈ R300 et R l’ensemble des nombres réels.

Étiquetage morphosyntaxique (POS) : Treebank Tagger [1] est l’outil d’étiquetage utilisé en
raison de son utilisation dans le graphe de dépendance grammaticale. Il possède 36 étiquettes.
Chaque étiquette est ensuite encodée en un vecteur de dimension 36.

[P ]N1 = {P1, P2, ..., PN} avec Pi ∈ R36 (2)

Pour un mot d présenté en entrée, son étiquette (POSd) dans le graphe et l’étiquette de sa cible
(mot cible) POSt lui sont associées. Le vecteur correspondant au mot d est le triplet (d, POSd,
POSt). Le mot t est le mot tel qu’il existe au plus un arc (d, t) avec d comme noeud incident
dans le graphe de dépendance grammaticale.

Sémantique (Sn) c’est une ressource niveau concept basée sur un graphe fournissant des in-
formations sémantiques et effectives. Pour chacun des 30.000 concepts faisant partie du graphe
de connaissance, Sn fournit des scores pour 5 sensations : le plaisir, l’attention, la sensibilité,
l’aptitude, la polarité [13]. Pour l’ensemble des mots en entrée nous obtenons donc la séquence :

[S]N1 = {S1, S2, ..., SN} avec Si ∈ R5 (3)

Sémantique des groupes nominaux (Sng) 4 : l’une des remarques faite sur le modèle de Jeb-
bara et Cimiano en ce qui concerne les entrées est le fait que ce-dernier ne prend pas en compte
la sémantique des mots dans leurs contextes. Or la sémantique d’un mot s’il se trouve dans un
groupe nominal dépend de celui-ci. La sémantique de groupes dans le modèle est obtenue par
le biais d’une fonction ζ définie comme suit :

ζ = Γ(f(G,X)) (4)

Avec :

2. gensim : https ://radimrehurek.com/gensim/index.html
3. https ://nlp.stanford.edu/projects/glove/
4. SenticNet : https ://pypi.org/project/senticnet
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— G et X respectivement la grammaire et la séquence de mots en entrée, G est définie par
l’expression régulière G =< (NN |NNP |NNPS|NNS)+ > où NN est le nom, NNP
le nom propre, NNPS le nom propre au pluriel et NNS le nom pluriel

— f(G,X) est la fonction qui permet d’extraire l’ensemble des groupes nominaux contenus
dans la sequence d’entrée en se basant sur la séquence spécifiée.

f(G,X) = {T1, T2, ..., TM} Avec [T ]i un groupe nominal (5)

— Γ(f) est la fonction qui étant donné un ensemble de groupes nominaux permet de déter-
miner la sémantique de chaque groupe.

Γ(f) = {Sng1, Sng2, ..., SngN} avec Sngi ∈ R5 (6)

Les éléments du vecteur Sngi représentent respectivement le plaisir, l’attention, la sensi-
bilité, l’aptitude et la polarité [22].

Le rôle (Rl) : cette caractéristique est obtenue à partir d’un graphe de dépendance grammaticale
[7]. Elle représente l’étiquette de la relation ayant pour nœud (mot) d’arrivée le mot courant.
Stanford typed dependencies possède 56 types de dépendances, chaque type sera donc repré-
senté par un vecteur de taille 56, chaque vecteur représentant une dépendance. Pour l’ensemble
des mots en entrée nous obtenons donc la séquence :

[Rl]N1 = {Rl1, Rl2, ..., RlN} avec Rli ∈ R56 (7)

Les éléments du vecteur représentent respectivement l’une des 56 dépendances, un seul com-
posant du vecteur peut avoir la valeur 1 et les autres la valeur 0 permettant ainsi d’identifier une
dépendance de façon unique.

L’appartenance à un groupe (InG) 5 : C’est un vecteur de dimension 2 permettant de représen-
ter l’appartenance et la position de l’entrée dans un groupe de mots gi. La grammaire permettant
d’extraire les gi estGG =< (NN |NNP |NNPS|NNS)+ > où le premier élément du vecteur
représente la position du mot dans le groupe, le second élément représente l’appartenance à un
groupe.

Caractéristiques Composantes Descriptions
WE 300 [l]Descripteur vectoriel de type "Word embeddings"
POSd 36 [l]Étiquetage morphosyntaxique do mot
POSt 36 [l]Étiquetage morphosyntaxique du mot cible de la relation
Sn 5 [l]Informations sémantiques sur les mots
Sng 5 [l]Information sémantique d’un groupe nominal
Rl 56 [l]Relation gramaticale entre le mot et sa cible dans le graphe gramatical
InG 2 [l]Représentation de l’appartenance du mot a un groupe nominal
et du début du groupe nominal

TABLE 4 – Résumé des caractéristiques.

3.3 Encodage des sorties

Le problème d’extraction est abordé comme un problème d’étiquetage de séquence. Pour cela,
les termes d’aspects exprimés sont codés en utilisant le formalisme IOB2 [2]. Selon ce schéma,
chaque mot de notre texte reçoit l’une des 3 balises, à savoir I, O ou B, qui indiquent si le
mot est au début, à l’intérieur ou à l’extérieur. La représentation binaire de ces étiquettes est la

5. spaCy : https ://spacy.io/
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suivante : I = (1, 0, 0), B = (0, 1, 0) et O = (0, 0, 1). La notation IBO (pour Inside, Begin,
Outside) respectivement permet d’étiquetter les mots comme étant le début d’un aspect (pour
B), comme étant à l’intérieur de l’aspect (pour I) et pas n’appartenant pas à l’aspect (pour O).
Un aspect composé commence par le mot de début (étiquetté B) et s’enchaine par les autres
mots (étiquettés I) ; tandis qu’un aspect simple est tout simplement étiquetté I ou B.

FIGURE 2 – Etiquettage d’une phrase au format IOB pour l’extraction des aspects et définition des
différentes composantes pour le calcul des mesures.

3.4 Modèle proposé

Le réseau neuronal proposé lit une séquence de mots et prédit une séquence de balises IOB2
correspondante. La Figure 3 présente l’architecture du modèle que nous proposons. La première
partie (couches d’entrée) représente l’ensemble des caractéristiques extraites du corpus. Les
caractéristiques que nous avons ajoutées à celles proposées par Jebarra et Cimiano sont en gras.
Les couches suivantes (Bi-GRU et Dense) sont composées des unités neuronales. La dernière
couche (CRF) est aussi une couche que nous avons ajoutée au modèle de Jebbara et Cimiano.
Elle a pour but la détection des dépendances entre les mots voisins. Un aspect est donc tout mot
de la grammaire BI∗.

FIGURE 3 – Modèle GRAM-BiGRU-CRF proposé.

IV EXPÉRIMENTATIONS

Les données utilisées et les résultats obtenus en expérimentant notre proposition sont présentés
dans cette section, ainsi qu’une comparaison avec le modèle de Jebbara et Cimiano. Les mesures
évaluées au cours de ces expérimentations sont la précision, le rappel et la F-mesure (F1).

4.1 Données

Les données de SemEval2016 ont été utilisées à cet effet. Elles consistent en des évaluations
des clients sur les restaurants et les ordinateurs portables. Les étiquettes "NULL" sont conser-
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vées, de même que les étiquettes conflictuelles. Le modèle de Jebbara et Cimiano [22] a été
réimplémenté afin de comparer à notre proposition. Le Tableau 5 résume la composition du
jeu de données. Celui concernant les restaurants est constitué de 2000 revues et 2507 aspects
pour l’entrainement et 676 pour les tests avec 859 aspects et le jeu de données concernant les
ordinateurs portables contient 3048 revues avec 2373 aspects pour l’entrainement et 800 revues
avec 654 aspects pour les tests.

Restaurants Laptops
Entrainement Test Entrainement Test

Nombre de revues 2000 676 3048 800
Nombre d’aspects 2507 859 2373 654
revues contenants un aspect 1151 410 931 266
revues contenants deux aspects 381 128 355 105
revues contenants trois aspects 126 33 141 34
revues ne contenants pas aspects 292 89 1556 378
Nombre d’aspects NULL 627 209 0 0

TABLE 5 – Description des jeux de données utilisés pour les expérimentations.

La majeure partie des phrases du jeu de données contient plusieurs aspects (avec des senti-
ments différents par aspect) par phrase. Contrairement au modèle de Wei et al.[26] qui duplique
les phrases contenant plusieurs aspects afin que chaque phrase dans son jeu d’entrainement ne
contienne qu’un aspect. Nous avons conservé les aspects multiples dans les phrases afin d’en-
trainer le modèle avec des données ayant une structure similaire à celle du test. Les expériences
ont été réalisées en appliquant une validation croisée d’ordre 5.

4.2 Résultats

BiGRU-CRF Laptops Restaurants
Précision Rappel F-mesure Précision Rappel F-mesure

WE + POSd 70.58% 66.22% 67.99% 68.03% 68.00% 67.94%
WE + POSd + Sn 69.10% 66.26% 67.59% 68.07% 67.64% 67.84%
WE + POSd + Rl 68.67% 70.25% 69.44% 69.86% 67.67% 68.50%
WE + POSd + Rl + POSt 67.85% 69.93% 68.81% 69.83% 69.30% 69.56%
WE + POSd + Rl + POSt + NNi 70.04% 69.47% 69.71% 67.23% 69.34% 68.18%
WE + POSd + Rl + POSt + NNi + Sn + GSn 70.70% 69.17% 69.83% 70.01% 69.69% 69.75%

TABLE 6 – Evaluation du modèle GRAM-BiGRU-CRF sur les données d’entrainement.

Nous évaluons le modèle proposé en utilisant différentes combinaisons de caractéristiques en
entrée. La première combinaison contient uniquement les caractéristiques de base 6. Nous ajou-
tons ensuite des caractéristiques lexicales et des caractéristiques du niveau grammatical. La
dernière ligne de Tableau 6 montre qu’en combinant les 7 caractéristiques, nous obtenons un
équilibre entre le rappel et la précision.

BiGRU Laptops Restaurants
Précision Rappel F-mesure Précision Rappel F-mesure

WE + POSd 69.75% 68.55% 68.97% 69.24% 69.00% 68.89%
WE + POSd + Sn 69.90% 68.24% 69.01% 67.95% 68.84% 67.94%
WE + POSd + Rl 70.03% 67.33% 68.61% 67.73% 70.60% 69.13%
WE + POSd + Rl + POSt 70.34% 66.95% 68.60% 70.74% 68.12% 69.23%
WE + POSd + Rl + POSt + NNi 68.93% 71.60% 70.17% 66.46% 73.81% 69.89%
WE + POSd + Rl + POSt + NNi + Sn + GSn 69.55% 69.55% 69.79% 67.78% 71.77% 69.58%

TABLE 7 – Evaluation du modèle BiGRU sur les données d’entrainement.

6. Caractéristiques utilisées par Jebbara
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Le Tableau 7 présente Les résultats obtenus en utilisant le modèle proposé par Jebbara et Ci-
miano en ajoutant en entrée les caractéristiques que nous avons proposées. Les résultats sont
moins bons en utilisant les caractéristiques de base. Une meilleure précision est obtenue en
ajoutant à l’espace de caractéristiques de base le Role (Rl) et l’étiquette morphosyntaxique de
la cible (POSt). En précisant l’appartenance à un groupe (NNi), nous obtenons un meilleur
rappel et une meilleure F-mesure.

Évaluation sur les données de test : en plus de l’évaluation sur le jeu de données d’entrai-
nement, nous avons aussi testé les différents modèles sur le jeu de données de test en utilisant
différentes combinaisons de caractéristiques. Le Tableau 8 présente les résultats obtenus.

Laptops
GRAM −BiGRU − CRF BiGRU

Précision Rappel F-mesure Précision Rappel F-mesure
WE + POSd 68.67% 70.25% 69.44% 67.85% 69.93% 68.81%
WE + POSd + Rl 74.85% 68.27% 71.41% 70.76% 65.51% 68.03%
WE + POSd + Sn 73.76% 66.89% 70.16% 74.05% 61.03% 66.91%
WE + POSd + Rl + POSt 68.05% 67.58% 67.82% 67.62% 68.79% 68.20%
WE + POSd + Rl + POSt + NNi 73.28% 64.31% 68.50% 71.32% 68.62% 69.94%
WE + POSd + Rl + POSt + NNi + Sn + GSn 67.07% 66.72% 66.89% 70.58% 68.27% 69.41%

Restaurants
GRAM −BiGRU − CRF BiGRU

Précision Rappel F-mesure Précision Rappel F-mesure
W + POSd 71.17% 70.19% 70.68% 67.34% 71.17% 69.20%
W + POSd + Sn 68.90% 70.39% 69.64% 73.36% 68.03% 70.60%
W + POSd + Rl 69.33% 69.60% 69.47% 73.68% 68.62% 71.06%
W + POSd + Rl + POSt 69.69% 70.78% 70.23% 69.32% 69.99% 69.65%
W + POSd + Rl + POSt + NNi 68.03% 68.43% 68.23% 72.26% 69.99% 71.11%
W + POSd + Rl + POSt + NNi + Sn + GSn 70.66% 72.74% 71.69% 70.50% 70.78% 70.61%

TABLE 8 – Evaluation des modèles BiGRU et GRAM-BiGRU-CRF sur les données de test.

Nous évaluons les deux modèles (BiGRU et GRAM-BiGRU-CRF) sur les données de test en
utilisant plusieurs combinaisons de caractéristiques. Les résultats présentés dans le Tableau 8
sur les données concernant les laptops montrent qu’en ajoutant aux caractéristiques de base
celles tirées du graphe de dépendances grammaticales la précision augmente significativement
(4.61%). En ce qui concerne les données des restaurants, la combinaison des 7 caractéristiques
permet d’observer une augmentation considérable de la précision (4.92%), mais aussi une aug-
mentation de la F-mesure (1.91%).

Le Tableau 9 compare les modèles GRAM-BiGRU-CRF et BiGRU sur la détection des aspects
composés. Les ajouts apportés au modèle BiGRU permettent d’améliorer les résultats du modèle
BiGRU sur ces données.

Restaurants
Aspects non composés Aspects composés

BiGRU 77.3% 53.6%
GRAM −BiGRU − CRF 78.6% 55.8%

TABLE 9 – Comparaison des modèles BiGRU et GRAM-BiGRU-CRF sur la détection des apsects com-
posés.

Nous combinons ensuite les données des restaurants de SemEval2014 ce qui nous permet de
passer de 2000 évaluations à 3886 évaluations. Les expériences réalisées sur cet ensemble de
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données nous permettent d’obtenir les résultats du Tableau 9 en donnant le pourcentage d’as-
pects extraits en fonction du nombre de mots qui composent l’aspect. Ces résultats montrent
l’efficacité du modèle sur les aspects non composés et composés avec une amélioration de
2.2% pour les aspects composés.

Les caractéristiques presentées dans ce document ont aussi été utilisées pour la tache de polari-
sation d’un aspect specifique. Comme Jebbara and Cimiano [22], nous avons ajouté une couche
entrainée pour la polarité des aspects. Les resultats obtenus sont consignés dans le Tableau 10.
La caractéristique Dist représente la distance relative du mot par rapport à l’aspect sélectionné
[22]. Nous pouvons déduire du Tableau 10 que l’ajout des caractéristiques issues du graphe
de dépendances gramaticales (Rl − POSt) améliore également la polarisation des aspects ex-
traits de ce jeu de données 0.47% ; toutefois les meilleurs résultats sont obtenus en ajoutant la
sémantique du groupe nominal (GSn) soit 0.51%.

Caractéristiques Taux de succès
WE + POSd +Dist+ Sn 87.21%
WE + POSd +Dist+ Sn+Rl 87.68%
WE + POSd +Dist+ Sn+GSn 87.74%
WE + POSd +Dist+ Sn+Rl + POSt 87.28%

TABLE 10 – Taux succès obtenu sur la polarité des aspects extraits

Le Tableau 11 présente une comparaison des modèles GRAM-BiGRU-CRF, BIGRU, HAST
[23] et DE-CNN [24] sur les données de SemEval 2014 pour la tâche d’extraction des aspects
où P, R et F désignent respectivement la précision, le rappel et la F-mesure. Les résultats des
approches HAST et DE-CNN ont été obtenus en utilisant leur code source disponible sur In-
ternet 7 8. Le code de DE-CNN ne fournit pas en résultat le rappel et la précision. On constate
la supériorité des modèles HAST et DN-CNN sur les modèles à base du BiGRU. Cela peut
être dû à une bonne représentation des entrées car pour les modèles HAST et DE-CNN, les
caractéristqiues sont extraites à l’aide des couches neuronales.

SemEval2014
GRAM −BiGRU − CRF BiGRU HAST DE − CNN
P R F1 P R F1 P R F1 P R F1

75.30 % 73.40 % 74.26 % 72.22 % 70.33 % 70.77 % 77.33 % 77.80% 77.56% – – 81.59 %

TABLE 11 – Comparaison du GRAM - BiGRU - CRF et d’autres modèles de la littérature

V CONCLUSION ET RÉFÉRENCES

5.1 Conclusion

Cet article propose une amélioration du modèle de Jebbara et Cimiano en améliorant la re-
présentation du texte en entrée et la détection les aspects composés. Les caractéristiques lexico-
grammaticales ont été extraites des textes en entrée et combinées aux caractéristiques du modèle
de base. Une couche CRF a également a été ajoutée en sortie du modèle pour Les prendre en

7. https ://github.com/lixin4ever/HAST
8. https ://github.com/howardhsu/DE-CNN
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compte les aspects composés. Les expérimentations faites sur les mêmes données de la compé-
tition SemEval2016 ont montré que ces ajouts améliorent sensiblement les résultats du modèle
proposé par Jebbara et Cimiano.

En perspectives, nous allons étudier l’influence des caractéristiques lexico-grammaticales et des
unités CRF dans ce modèle. Nous envisagerons aussi d’étudier la possibilité de tester ce modèle
avec d’autres unités neuronales que les GRU et le LSTM.
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