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Abstract

The aim of this short paper is to discuss the role played by formal logic in
the research on synthetic emotions. Indeed, logical methods have been recently
exploited in order to to provide a rigorous specification of how emotions should be
implemented in an artificial agent and how agents should reason about and display
some kind of emotions. I will emphasize that, although the application of logical
methods to the formal specification of emotions has been quite successful, there is
still much work to be done. Indeed, there is still no formal model in the literature
which is able to characterize in an adequate way complex emotions such as regret,
jealousy, envy, shame, guilt, reproach, admiration, remorse, pride, embarrassment.
These emotions are complex in the sense that they involve very sophisticated forms
of reasoning such as self-attribution of responsibility, counterfactual reasoning,
reasoning about norms and ideals. In the last part of the paper I will show how
current logical approaches can be extended in order to provide a comprehensive
formal framework for the specification of complex emotions.

1 Introduction
In the recent years Internet has become a pervasive technology. Online services in-
crease more and more every year. Among the different online services there are: ticket
systems (for trains, movies, etc.); practical information systems (restaurants, hotels,
tourism, etc.); cultural events (art, literature, history, etc.); tutoring systems. Interac-
tive systems are at the heart of a new generation of Internet services. The general idea
is that people must have direct access to a large set of services without any other help.
Since the complexity of an interactive system increases with the complexity of the ser-
vices it offers, we need, more than ever before, understandable and intuitive interfaces
and systems. Therefore, a major objective in the area of information technologies is
to develop interactive systems that are more attractive and closer to the users and that
can be considered as believable interlocutors. These systems must be endowed with
refined communicative capabilities. In this perspective, a technological challenge is to
build machines which are capable: to reason about emotions, to predict and understand
human emotions, and to process emotions in reasoning and during the interaction with
a human user. This challenge concerns a large variety of interaction systems such as
virtual agents, tutoring agents, personal scheduler agents, etc.

1



With the aim of creating a new generation of emotional interaction systems, the
study of affective phenomena has become a “hot” topic in computer science and arti-
ficial intelligence (AI) where the domain of Affective Computing [33] has emerged in
the last few years. Emotion has a long standing tradition in several disciplines such
as psychology [12, 37, 14, 19, 29], economics [20, 13], cognitive neuroscience [18].
In the last years, research in artificial intelligence and computer science has addressed
modelling and communication of expressive, emotional content. Consider for example
research on Affective Computing at MIT [33] and on Kansei Information Processing
in Japan [40]. Such researches led to the development of several systems prototypes
for many different uses, such as expressive personal assistants and Embodied Con-
versational Agents (ECAs) [8], virtual environments conveying emotional information
for enhanced user experience, robots displaying emotional behavior, virtual agents for
entertainment (e.g. games, interactive storytelling).

In research on expression and recognition of emotion in computer science, the main
interest is in the design of anthropomorphic systems that can interact with human users
in a multi-modal way. Such systems are justified by the various forms of ‘anthropomor-
phic behavior’ that users show toward technologies. Intelligent ECAs use a model of
emotions to simulate the user’s emotion and show their affective state and personality.
This is in order to appear more believable [4], but also to adapt their behavior to the
user’s emotions, preferences, attitudes and needs. Indeed, there are many evidences
suggesting that virtual agents and robots (interacting with humans) that are capable
to display emotions, to recognize the human users’ emotions, and to respond to their
emotions in an appropriate way, allow to induce positive feelings in the humans during
the interaction and to improve their performance. For instance, it has been shown that
machines which express emotions and provide emotional feedback to the human user,
enable to enhance the user’s enjoyability [35], his performance in task achievement
[31], and his perception of the machine [6, 34].

Some authors in the field of Affective Computing have also analyzed empathy,
sympathy as fundamental concepts for the design of socially intelligent agents [30, 28].
Empathy has especially been considered as a human-like quality which can be used to
enhance the human user’s satisfaction and perception of the agent [6, 35].

2 Logical modelling of emotions
Recently, some researchers working in the field of multi-agent systems (MAS) have
been interested in developing logical frameworks for the formal specification of emo-
tions (see [25, 39, 11, 1, 42] for instance). Their main concern is to exploit logical
methods in order to to provide a rigorous specification of how emotions should be im-
plemented in an artificial agent. The design of agent-based systems where agents are
capable to reason about and display some kind of emotions can indeed benefit from the
accuracy of logical methods. My contribution in this area has been a logical framework
for the specification of graded beliefs and goals in which anticipatory emotions such as
surprise, hope, fear, disappointment, relief can be formalized [21, 9, 24, 22].

All proposed logical frameworks for the specification of emotions are based on the
so-called BDI (belief-desire-intention) logics which have been developed in the last fif-
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teen years in the MAS domain (see [10, 23, 26, 36, 38, 44] for instance). BDI logics are
multimodal logics in which agents’ attitudes such as beliefs, goals, desires, intentions,
etc. are formalized. Such concepts are generally expressed by corresponding modal
operators and their interaction properties are specified. By way of example, consider a
simple BDI logic with operators for belief, desire and time where time is supposed to
be linear as in [10]. The operatorBeli is used to express what a certain agent i believes.
The operator Goali is used to express what a certain agent i wants. The operator X
is used to express those facts that will be true in the next state of system. Given an
arbitrary formula φ of the logic:

• Beliφ is meant to stand for: agent i believes that φ;

• Goaliφ is meant to stand for: agent i wants φ to be true;

• Xφ is meant for: φ will be true in the next state of the system.

An operator Possi can be defined as the dual of the belief operator Beli, that is,
Possiφ

def= ¬Beli¬φ. Possiφ is meant to stand for: agent i thinks that φ is pos-
sible.

BDI logical approaches have been used to disambiguate the different dimensions of
emotions which have been identified in the existing psychological models of emotions.
Let me just present a couple of examples in order to show how the previous modal
operators for belief, goal and time can be used for formalizing some basic emotions.

The fact a certain agent i feels joy about a certain fact φ (or rejoices about φ) can
be expressed as follows:

Joyiφ
def= Beliφ ∧Goaliφ

According to this definition, agent i feels joy about φ if and only if i believes that φ is
true and wants φ to be true. In this sense, i is pleased by the fact that he believes he has
achieved a desirable result. The fact a certain agent i hopes that φ will be true can be
expressed as follows:

Hopeiφ
def= PossiXφ ∧GoaliXφ

According to this definition, agent i hopes that φ will be true in the next state if and
only if i thinks that φ will be possibly true in the next state and i wants φ to be true in
the next state. 1

Although the application of logical methods to the formal specification of emotions
has been quite successful, there is still much work to be done. In fact, there is no
formal model in the literature which is able to characterize in an adequate way complex
emotions such as regret, jealousy, envy, shame, guilt, reproach, admiration, remorse,
pride, embarrassment. With ‘complex emotions’ I mean those emotions that are based

1This simple BDI logic of belief, goal and time could be extended to a concept of graded belief in order
to account for intensity of emotions. Such an extension would enable reasoning about beliefs with different
degrees of certainty in such a way that a concept of graded hope could be formalized. In the logic, the
intensity of hope would depend on the degree of certainty of the corresponding belief.
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on complex forms reasoning and on a larger set of appraisal variables than the set
involved in ‘basic emotions’. As it has been stressed in the psychological literature
such emotions involve very sophisticated forms of reasoning such as: self-attribution
of responsibility [43], counterfactual reasoning [45, 17, 15], reasoning about norms
and ideals [27].

For instance, several psychologists have emphasized the peculiar counterfactual
dimension of regret: an agent regrets something he did only if he is aware to have taken
a certain decision which turned out to be worse than expected, and the agent believes
that if he had decided to do something different, he would have achieved better. Other
psychologists working on guilt and shame [41, 27] have stressed the fact that these
emotions involve not only counterfactual reasoning and the concepts of causality and
responsibility, but also normative and moral aspects. In particular, such emotions are
often based on an agent’s internalization of some social norm. For example, an agent
feels guilty for something only if he thinks to be responsible for having violated a
certain norm that he has internalized and he thinks that if he did something else he
would not have incurred a violation.

In the next section I will provide a more detailed discussion of the main components
of complex emotions. I will identify some necessary desiderata for the development of
a comprehensive logical model of complex emotions. Indeed, I consider this as one of
the main challenge in the field of Affective Computing.

2.1 Towards complex emotions
As emphasized above, the following are some of the most important dimensions that a
logic of complex emotions should take into account.

• Counterfactual dimension. As stressed in the psychological literature some
complex emotions such as regret and guilt are based on an agent’s counterfac-
tual reasoning about its own choices and actions. For instance, an agent feels
regrets if and only if he believes having failed to achieve one of its goal and
believes that if it decided to do something different, it would have achieved the
goal. In this sense, there are complex emotions which are based on the capac-
ity to imagine alternative scenarios to the actual one that could have realized if
something different was done. An aspect of counterfactual emotions which has
been emphasized in the psychological literature is the distinction between action
and inaction. For instance, an agent feels regret not only when it thinks that its
decision to do a certain action led it to a bad outcome but also, when it thinks
that its decision to refrain from doing a certain action led it to a bad outcome.

• Moral dimension. Many complex emotions such as guilt, remorse, pride, re-
proach, shame, admiration, embarrassment, involve normative and moral as-
pects. In particular, such emotions are often based on an agent’s internalization
of some social norm (e.g. an obligation). A social norm internalized by an agent
becomes an ideal of the agent that the agent is committed to pursue and to de-
fend by punishing possible violators. For instance, to feel guilty for something
it is not sufficient that an agent believes to be responsible for violating a certain
prescription. I do not feel guilty if I do not respect Ramadan prescription “Do
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not eat before the dawn during Ramadan”. Since I am not a Muslim and I am not
identifying myself with that religion, Muslim norms are not parts of my ideals,
and I simply do not care if I violate such norms. To feel guilty, an agent should
think that it has done something which does not conform to the norms that it has
internalized.

• Responsibility dimension. Some complex emotions such as regret, guilt, shame,
reproach, remorse are based on an agent’s self-attribution of responsibility (e.g.
guilt, shame, remorse) and an agent’s attribution of responsibility to other agents
(e.g. reproach, admiration). For instance, an agent feels guilty only if he thinks
to be responsible for having violated a certain norm that he has internalized (i.e.
an ideal), and an agent feels admiration toward someone only if he thinks that
the other was responsible for something has happened which conforms to its
ideals. The concept of responsibility must be carefully analyzed in order to
understand the cognitive structure of complex emotions. In particular, full re-
sponsibility must distinguished from partial or co-responsibility. In the former
case, an agent i is said to be fully responsible for the occurrence of some state
of affairs p if and only if the agent brought about p independently from what the
other agents did. In latter case, the agent i is said to be co-responsible for the
occurrence of p if and only if i brought about p together with some other agents,
that is, p was the effect of a joint action of a group of agents which included i.
This distinction between full and co-responsibility allows a better understanding
of how the intensity of complex emotions should be calculated. For instance, the
feeling of guilt is more intense when the agent believes to be fully responsible
for having violated a norm that it has internalized rather than when he believes
to be co-responsible for the the violation of the norm.

In order to build a logic which enables reasoning about the previous dimensions and
allows to specify complex emotions (e.g. regret, jealousy, envy, shame, guilt, reproach,
admiration, remorse, pride, embarrassment), it is necessary to go beyond the stan-
dard BDI approach discussed in the previous section 2. Indeed, a logic of complex
emotions should be sufficiently expressive not only to characterize different types of
agents’ mental attitudes (beliefs, desires, goals, intentions), but also to characterize the
previous concepts of responsibility, counterfactual, norms and ideals.

I think that a promising solution for developing a logic of complex emotions is
to combine a BDI logic of agents’ mental attitudes, with a logic of norms and ideals
(usually referred to as deontic logic [3]), and with a logic of agency and multi-agent
interaction [5, 2, 32]. The latter kind of logics are indeed well-suited to support both
counterfactual reasoning and reasoning about responsibility of single agents and groups
of agents.

There are several available logics of agency and multi-agent interaction in the litera-
ture in formal philosophy [5] and theoretical computer science [2, 32] such as Coalition
Logic (CL) [32], Alternating-time temporal logic (ATL) [2] and the logic of Seeing to
It That (STIT) [5, 16]. Here I only consider the modal logic STIT which has been
proposed in the domain of formal philosophy in the 90ies. More recently, it has been
imported into the field of theoretical computer science where its formal relationships
with other logics for multi-agent systems have been studied [7].
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STIT is a logic which supports reasoning about agents’ responsibilities and powers,
and counterfactual reasoning about agents’ actions and choices. The semantics of STIT
is based on a branching time structure with ordered moments. In STIT logic operators
of the form Stit{i} for any individual agent i and StitC for any group of agents C
are introduced. Moreover, operators of historical necessity and historical possibility
respectively noted 2 and 3 are used. The modal formulas Stit{i}φ and StitCφ re-
spectively express that: a certain agent i brings it about that the state of affairs φ is true
no matter what the other agents do, and a group of agents C brings it about that the
state of affairs φ is true no matter what the agents outside C do. The modal formula
3φ expresses that φ is true in at least one history passing through the moment in which
the formula is evaluated (formula 2φ expresses that for all possible histories passing
through the moment at which the formula is evaluated φ is true). STIT is endowed with
temporal operators for the past and the future. For instance, X is used to express those
facts which are true in the next moment and X− is used to express those facts which
were true in the previous moment. A reasonable assumption to be made in STIT is that,
once all agents have decided to do something, the effect of the joint action of all agents
is deterministic. This assumption is expressed by the formula StitAGTXφ ↔ Xφ,
where AGT denotes the group including all agents. This formula is meant to stand for
“all agents bring it about that the state of affairs φ is true in the next moment if and
only if φ will be true in the next moment”.

An interesting aspect of STIT logic is that it is sufficiently expressive to reason
about counterfactual situations involving actions and choices of agents. For example,
formula φ ∧ X−¬StitAGT\{i}Xφ captures an essential aspect of counterfactual rea-
soning about actions by denoting that φ is true at present, and the fact that φ is true at
present depends on the action chosen by agent i at the previous moment, that is, agent
i could have done otherwise and ensured φ to be false now. 2

I think that an integration of STIT logic with a logic of agents’ mental attitudes (in
the style of BDI logics) will enable to characterize complex emotions such as regret,
disappointment, jealousy, envy, shame, guilt, reproach, admiration, remorse, pride,
embarrassment which are based on counterfactual reasoning and involve the concepts
of causality and responsibility. For example, by adding modal operators for beliefs and
goals to the standard constructions of STIT logic, we can come up with the following
formal characterization of the concept of regret:

Regretiφ
def= Beliφ ∧BeliX−¬StitAGT\{i}Xφ ∧Goali¬φ

According to this definition, agent i regrets for φ (noted Regretiφ) if and only if
i wants φ to be false (noted Goali¬φ), believes that φ is true (noted Beliφ), and
believes that he could have done otherwise and ensured φ to be false now (noted
BeliX

−¬StitAGT\{i}Xφ).
Imagine a situation in which there are only two agents i and j, that is, AGT =

{i, j}. Agent i decides to park his car in a no parking area. Agent j (the police-
man) fines agent i 100 euros. Agent i regrets for having been fined 100 euros (noted
Regretifine ). This means that, i wants fine to be false (noted Goali¬fine), believes

2Indeed, the formula X−¬StitAGT\{i}Xφ expresses that “the group of agents AGT \ {i} did not
bring about φ no matter what agent i did”.
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that fine is true (noted Belifine), and believes that he could have done otherwise (to
park elsewhere) and ensured fine to be false now (notedBeliX−¬StitAGT\{i}Xfine).
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