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ABSTRACT

In this paper we argue that a model of human emotions
provide reasonable and useful heuristics for 1) reducing and
controlling nondeterminism involved in an agent’s decision
making process, 2) flexible cooperation and coordination be-
tween agents, and 3) building efficacious human-agent in-
terfaces to facilitate the interaction between human users
and artificial agents in hybrid multi-agent systems. In order
to incorporate heuristics that are inspired by human emo-
tions in an agent model, we first discuss an existing model
of human emotions proposed by Ortony, Clore & Collins
(“OCC”) and present a formalization of that model. This
is done by introducing a logical language and its semantics
that are used to specify an agent model in terms of mental
attitudes including emotions. The emotions in this model
function as heuristics as they constrain an agent’s model.
We show in this model how emotions help reducing nonde-
terminism in an agent’s decision making process.

1. INTRODUCTION

Many branches of computer science in general and multi-
agent systems in particular involve problems that need heu-
ristics to manage their complexities. We will discuss three
problems in multi-agent systems for which we propose heu-
ristics inspired by human emotions. These problems are
related to the autonomy of individual agents, the coopera-
tion and coordination between agents, and the believability
of and efficacious interaction with agents in hybrid multi-
agent systems.

In multi-agent systems, individual agents are assumed to
be autonomous. This implies that they should have the ca-
pability to deliberate and decide which actions or plans to
perform in order to reach their objectives. For many practi-
cal applications and for building interpreters for agent pro-
gramming languages, standard decision-theoretic concepts
(e.g., probability and utility) and rules (e.g., maximizing
expected utility) will leave an agent with multiple actions
or plans with equal or near-equal preference. This gives rise
to nondeterminism in an agent’s decision making, which is
a problem if the agent has to choose only one of the options
at each moment in time (e.g., the interpreter of a BDI agent
needs to decide which action to select at each deliberation
cycle [3]). Moreover, individual agents need to cooperate
and coordinate their actions in order to achieve their global
(social) objectives, often called the objectives of a multi-
agent system. Interaction protocols and mechanisms are the
common means to specify the cooperation and coordination
of individual agents to guarantee the achievement of their
global objectives. However, the use of interaction protocols
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imposes restrictive constraints on the behavior of individ-
ual agents and thereby limits their autonomy. On the other
hand, the absence of interaction protocols brings the prob-
lem of nondeterminism back to individual agents, because
there may be many options for interaction with other agents.
It should be noted that an interaction protocol can in fact be
considered as a way to solve the problem of nondetermin-
ism. We believe that for many (non-critical) applications
of multi-agent systems the restrictive interaction protocols
can be replaced by more flexible and more general policies
or heuristics. Finally, in hybrid multi-agent systems, where
human users are also considered as constituting agents, ef-
ficacious interfaces are needed to enhance and optimize the
complex interactions between humans and artificial agents.
Also, as humans intuitively assign a personality, motives,
and an affective state to any system displaying complex be-
havior, the challenge in human-agent interaction lies with
living up to these expectations of the human user and thus
creating believable agent behaviors.

In this paper, we argue that as long as heuristics are
needed for solving the three mentioned problems in multi-
agent systems, a model of affect based on human-inspired
emotions may provide reasonable and useful heuristics.
Moreover, we argue that using a model of affect is especially
beneficial because it is a single mechanism that functions as
a heuristic for all three of these problems. We propose using
heuristics inspired by human emotions to (partially) solve
the aforementioned problems in a functional way. Specifi-
cally, we propose to formalize the existing functional OCC
model of human emotions proposed by Ortony, Clore &
Collins [12] and incorporate it in the existing multi-agent
KARO framework [8, 9]. This is done by extending the
syntax and semantics of the KARO framework with emo-
tions. The functional structure of emotions as proposed in
the OCC model are then considered as heuristics that con-
strain the model of agency suggested by the KARO frame-
work. We show that the resulting constraint model will re-
duce and control the nondeterminism involved in artificial
agents.

The outline of this paper is as follows. We start in sec-
tion 2 by motivating how a model of human emotions can
be used to (partially) solve the three aforementioned prob-
lems in multi-agent systems. Furthermore, we introduce the
model of human emotions that we are using and discuss
relevant related work. In section 3 we introduce the agent
specification language (and its semantics) in which we for-
malize our model of emotions. Part of this formalization is
presented in section 4 and interesting properties of the for-
malized emotions are discussed in section 5. The effects of



emotions on the deliberation of an agent are discussed and
formalized in section 6. Finally, section 7 concludes this

paper.

2. MOTIVATION AND RELATED WORK

In psychological studies, the emotions that influence the
deliberation and practical reasoning of an agent are called
secondary (or deliberative) emotions [12, 11]. They are con-
sidered as heuristics for preventing excessive deliberation [2].
Meyer & Dastani [8, 3] propose a functional approach to de-
scribe the role of secondary emotions in practical reasoning.
According to this functional approach, an agent is assumed
to execute domain actions in order to reach its goals. The
effects of these domain actions cause and/or influence the
appraisal of emotions according to a human-inspired model.
These emotions in turn influence the deliberation operations
of the agent, functioning as heuristics for determining which
domain actions have to be chosen next, which completes the
circle.

The OCC model describes a hierarchy that classifies 22
secondary emotions. The hierarchy contains three branches,
namely emotions concerning aspects of objects (e.g., love
and hate), actions of agents (e.g., pride and admiration),
and consequences of events (e.g., joy and pity). At the bot-
tom, the second and third branch combine to form a fourth
group of compound emotions, namely emotions concerning
consequences of events caused by actions of agents (e.g.,
gratitude and anger). Because the objects of all these emo-
tions (i.e. objects, actions, and events) correspond to notions
commonly used in agent models (i.e. agents, plans, and goal
accomplishments, respectively), this makes the OCC model
suitable for use in the deliberation and practical reasoning of
artificial agents. It should be emphasized that emotions are
not used to describe the entire cognitive state of an agent
(as in “the agent is wholly happy”); rather, emotions are
always relative to individual objects, actions, and events, so
an agent can be joyous about event X and at the same time
be distressed about event Y.

The OCC model defines both qualitative and quantitative
aspects of emotions. Qualitatively, it defines the conditions
that elicit each of the emotions; quantitatively, it describes
how there is a potential, threshold, and intensity associated
with each elicited emotion and what are the variables affect-
ing these quantities. For example, the compound emotion
gratitude is qualitatively specified as “approving of some-
one else’s praiseworthy action and being pleased about the
related desirable event,” whereas the variables affecting its
(quantitative) intensity are 1) the degree of judged praise-
worthiness, 2) the unexpectedness of the event, and 3) the
degree to which the event is desirable.

The OCC model has previously been used for emotion
synthesis (often partially adapted to the research domain),
for example for modeling personalities in social relationships
[6, 5], facial expressions for poker playing agents [7], and
believable animated characters [1, 10] (cited in Picard [13]).

We propose to use the OCC model for creating heuristics
to control the nondeterminism arising in rational / delibera-
tive agents. We will use the OCC model because of its suit-
ability for formalization, but we plan to broaden our research
with alternative theories of emotion. An implementation of
the OCC model can be achieved by first formalizing the elic-
iting conditions of these emotions in terms of beliefs, goals,
actions, and plans. Then the formal model can be extended
with a quantitative model for these emotions, capable of

handling emotion potentials, thresholds, and intensities as
described by OCC. Finally, the deliberation process of an
agent can be extended with heuristics based on the effects
of these emotions.

According to Sloman [14], the OCC model can be classi-
fied as a broad but shallow model of emotions. It is broad
because it covers a wide range of emotions, but it is shal-
low because it does not provide a survey of the types of
information processing architectures and e.g. the kinds of
states, emotions, and experiences they support. However,
for our purposes a shallow model of emotions is adequate,
because we do not intend to reconstruct a human mind, but
rather use emotions as heuristics to develop a directly im-
plementable and usable agent system.

Our use of the OCC model is motivated by the three prob-
lems identified in the introduction. As an example of how
emotions modeled after the OCC model might reduce non-
determinism in an agent’s deliberation and decision making
process, suppose an agent generates a plan to achieve a goal.
Because the agent is now committed to the plan, it is pleased
with the prospect of achieving the associated goal, so it hopes
to achieve the goal using the plan. However, as soon as the
execution of the plan fails (e.g., the execution of some ac-
tion fails or its effect is not perceived), the agent will also
experience fear with respect to the plan of not achieving the
goal. As soon as the intensity of the fear becomes greater
than the intensity of the hope, the agent may drop the plan
and start replanning to achieve the goal. Of course, if given
multiple revised plans to choose from, the agent will pre-
fer new plans that have previously caused it to experience
relief, while avoiding those that have previously resulted in
the emotion fears-confirmed. In this way, the incorporated
model of emotions indicates which plans need to be dropped
or adopted and thereby helps to reduce the nondeterminism
involved in an agent’s decision making process.

If agents, which have to cooperate with each other, know
how they work internally, they can anticipate expected ac-
tions. Note that this assumption is realistic only for closed
(not open) multi-agent systems where the design of agents is
known. For example, if an agent predicts that a cooperating
agent cannot perform its current plan which contributes to
the achievement of a common goal and is about to drop it,
then the agent may be able to take anticipatory actions in
order to prevent the imminent failure of the other agent. We
believe that, if all agents were using affective mechanisms as
heuristics for their decision making, this kind of coopera-
tion can be achieved in much the same way as humans do
in their interactions. Specifically, an agent could accom-
plish this by mapping the perceived state of another agent
to its own affective mechanisms (in our proposal, modeled
after OCC) and approximate the affective state of the other
agent. It can then predict what actions the other agent is
most likely to perform next by running its own affective de-
cision making heuristics. This is what humans do in their
interactions; building a model of another person’s affective
state and predicting how the other person might react. If
agents were using the same affective mechanisms, they could
do the same type of (implicit) cooperation and coordination.

Finally, humans are experts in social reasoning and be-
havior. If artificial agents were to use the same affective
mechanisms as humans, such as those described by OCC,
then humans would have an intuitive and efficacious way of
interacting with them. We believe that the use of a human
inspired affect model in artificial agents makes the interac-



tion between them and humans more efficacious and natu-
ral. A reason is that such agents would be able to live up
to the affective expectations of the human to a far greater
extent. An affective agent could also present information to
its user according to its affective state, further facilitating
an intuitive mode of interaction. Consequently, this could
greatly increase the believability of agents. Conversely, if an
agent had affective mechanisms like a human, then it could
also map the perceived affective state of a human to its own
affective mechanism and choose more suitable and anticipa-
tory actions, just like in multi-agent systems as described
above.

It should be noted that previous work on specifying and
implementing emotions carried out by Meyer [8] and Das-
tani [4] follows Oatley & Jenkins’ model of emotions [11]
and comprises only four emotions: happy, sad, angry and
fearful. Each emotion functions as a label of an aspect of an
agent’s cognitive state. Similar to our approach, the deliber-
ation of an agent behaves in accordance with the heuristics
associated with these four emotions. Dastani & Meyer [4]
have defined transition semantics for their emotional model,
which we also intend to do for our formalization of the OCC
model. However, we intend to formalize the quantitative as-
pects of emotions as well, which was not considered in the
purely logical model of Dastani & Meyer.

3. LANGUAGE AND SEMANTICS

We use KARO [8, 9] as a framework for the formaliza-
tion of the 22 emotions of the OCC model. The KARO
framework is a mixture of dynamic logic, epistemic / doxas-
tic logic, and several additional (modal) operators for deal-
ing with the motivational aspects of artificial agents. We
present a modest extension of the KARO framework, so
that the eliciting conditions of the emotions of the OCC
model can be appropriately modeled. We have completed
the formalization of a qualitative model of the 22 emotions
in the OCC model, but because of space limitations we can-
not present this entire formalization here. Instead, we will
focus on hope and fear alone in this paper. We have picked
these two emotions because of their pivotal role in reducing
nondeterminism in agent implementations.

The KARO framework is designed to specify goal-directed
agents; however, in contrast to KARO, we do not allow ar-
bitrary formulas as (declarative) goals and define a goal as
a conjunction of literals, where each literal represents a sub-
goal. This is because we want agents to be able to break up
their goals into subgoals to determine which parts of a goal
have already been achieved and which subgoals have yet to
be pursued. In order to record the set of achieved subgoals,
we will introduce the notion of accomplishment. Further-
more, we require goals to be consistent (individually, not
mutually) and non-empty (i.e. there must be at least one
literal in the conjunction).

When formalizing the branch (of the OCC hierarchy) of
emotions concerning consequences of events, we will trans-
late OCC’s notion of an event as the accomplishment or
undermining of a goal (or part thereof), because these are
the kinds of events telling an agent how its goals and plans
toward them are progressing. So such events provide reason-
able moments in time at which an agent can decide whether
or not its plan(s) need revising. This decision is then influ-
enced by the emotion appraised by the event. For example,
replanning may be triggered when fear for failure of the plan
to reach the goal is greater than hope for accomplishment

of the goal.

Although it is desirable to be able to talk about empty
accomplishments, it does not make sense to allow empty
goals. Therefore we will define two sets of (consistent) con-
junctions below, their difference being the inclusion of the
empty conjunction. We will not go into details about how
and when goals can be broken up into subgoals, because the
emotions presented in this paper (i.e. hope and fear) do not
require the notion of accomplishment to be formally defined.

Definition 3.1. (Consistent conjunctions). Let P be a set
of atomic propositions and Lits = P U{-p|p € P} be the
set of literals. With respect to the conjunction and disjunc-
tion of the empty set, let A® = T and \/0 = L, where L
stands for falsum and T for verum. Then K is the set of all
consistent conjunctions of literals, and KX’ does not contain
the empty conjunction:

K={A\®|®C Lits, ®¥ L} (1)
K =K\ {T} 2)

Thus the empty conjunction is denoted by T, and note that
T € K whereas T & K'.

When formalizing the branch (of the OCC hierarchy) of
emotions concerning actions of agents, we will translate
OCC’s notion of actions as plans consisting of domain ac-
tions and sequential compositions of actions. Other types
of actions that are often used in dynamic logic (e.g., tests,
conditional statements, loops) are outside the scope of this
paper. Note that besides domain actions that can be per-
formed by agents, we also distinguish deliberation opera-
tions (e.g., operations for selecting and applying reasoning
rules and for selecting plans) as actions that can be per-
formed by agents.

Definition 3.2. (Plans). Let A be a set of atomic domain
actions. The set Plans of plans consists of all actions and
sequential compositions of actions. It is the smallest set
closed under:

o If o € A then o € Plans.
e If « € A and m € Plans then (a;7) € Plans.

When formalizing the branch (of the OCC hierarchy) of
emotions concerning objects, we only consider agents as ob-
jects, because there are no other notions in our framework
that could reasonably be regarded as objects. Emotions con-
cerning agents as objects and actions of other agents can be
used to influence the social behavior of an agent; however,
these emotions are not treated in this paper and will be a
topic of future work.

We define an emotional fluent for each of the 22 emotions
of the OCC model. The emotions are outlined below such
that each row contains two emotions that are defined by
OCC to be each other’s opposites, with the left column dis-
playing the positive emotions and the right column display-
ing the negative emotions (for agent ¢). It should be noted
that it is allowed for an agent to have ‘mixed feelings,’ i.e. it
can experience opposing emotions simultaneously. However,
our model will ensure that the objects of opposing emotions
are distinct (e.g., an agent can experience both joy and dis-
tress in response to some event, but the objects of these two
emotions will concern different parts of the event).



Definition 3.3. (Emotional fluents). Let G be a set of
agent names. The set Emotions is the set of emotional flu-
ents, which is defined as follows:

Emotions =
{ joy,(x), distress;(x),
hope, (7, k), fear;(m, k),

satisfaction;(, k), disappointment,(r,«),
relief; (7, —k),
happy-for, (j, x),
gloating, (j, x),
pride,; (@),

fears-confirmed;(m, —k),
resentment;(j, k),
pity;(j, x),

shame;(a),
admiration;(j, o), reproach,(j, a),
hate;(5),

gratification, (o, k), remorse;(«, k),

love;(j),

gratitude,(j,a, k), anger,(j,a, k)

|i,j€G, i#3j, a€ A m€ Plans, s €K'}

We now have all ingredients necessary to modify the
KARO framework and construct an agent specification lan-
guage. This language contains operators for belief (B),
goals (G), (cap)ability (A), commitment (Com), and ac-
tion (do).

Definition 3.4. (Language). Let the sets P, K', Plans, G,
and Emotions be defined as above. The agent specification
language £ is the smallest set closed under:

If pe P thenp e L.

If p1,p2 € L then =y, (@1 N @2) eL.

If p € L and i € G then B;p € L.

If k€ K and i € G then Gik € L.

If 7 € Plans and i € G then A;7, Com;(w) € L.

If m € Plans and ¢ € £ and i € G then [do;(7)]p € L.
If € € Emotions then € € L.

We also use the propositional connectives V, —, and «
with their usual interpretation. B;p means agent i believes
in ¢; G;k means agent i has the (declarative) goal to ac-
complish k; A;m means agent ¢ has the ability to perform
m; Com, () means agent ¢ is committed to performing T;
[doi(7)]e means ¢ holds after agent ¢ has performed 7.
For convenience, subscript agent indices (e.g., ¢ and j) are
omitted if the formula in question concerns only a single
agent. We use (- ) as the dual of [-] for the do operator.
We denote the execution of the deliberation operations as
[do(deliberate)].

With respect to the semantics of £, we model the belief
and action operators using Kripke semantics, while using
sets for ability, commitment, goals, and emotional fluents.
The semantics of actions are defined over the Kripke models
of belief, because actions may change the mental state of an
agent. We deviate from KARO by defining the goal operator
G in terms of a given set of goals, instead of an abbrevia-
tion of a selected, implementable, but unfulfilled desire (or
wish) [9]. This greatly simplifies our language, because it is
not necessary to model selection (usually denoted by C;yp)
and implementability (usually denoted by {ip) and their
dynamics as done in KARO.

Definition 3.5. (Semantics). Let the sets P, K, A, Plans,
and G be defined as above. The semantics of the belief and

action operators are given by Kripke structures of the form
M = (S,9, Rs) and (X, R4), respectively, where

e S is a non-empty set of states (or worlds);

¥ : S — p(P) is a truth assignment function per state;

e R : G xS — p(9) is an accessability relation on S
for the belief modality of an agent. Rp is assumed to
be serial, transitive, and euclidean;

e 3 is the set of possible model-state pairs. A model—
state pair is denoted as (M, s), where M = (S, 9, Rg)
as above and s € S;

e Ry :GX Plans x ¥ — p(X) is an accessability relation
on 3, encoding the behavior of actions of an agent.
RA(i, ) (for m € Plans) is defined as usual in dynamic
logic by induction from a given base case R (i, a) (for
a€ A),ie Ra(i,o5m) = Ra(i,o) @ Ra(i,m).

The semantics of ability, commitment, goals, and emotions
are given by means of structures of type (C, Ag,T’, E), where

e C: G x X — p(Plans) is a function that returns the
set of actions that an agent is capable of performing
per model-state pair;

e Ag: G x 3 — p(Plans) is a function that returns the
set of plans that an agent is committed to (are on an
agent’s ‘agenda’) per model-state pair;

e [': G x X — p(K') is a function that returns the set of
goals that an agent has per model-state pair;

e E = (Joy, Distress, Hope, Fear, ..., Anger) is a struc-
ture of 22 functions indicating per model-state pair
which emotions are being experienced by an agent.

Note that Hope and Fear are semantic functions designed
to define the semantics of the syntactic emotional fluents
hope and fear. It is crucial to note that the functions in
FE are constrained by the emotion axioms that we define
according to the OCC model, i.e. formulas (6) and (7) in
this paper. Because we will only be treating hope and fear in
this paper, we will only define the semantics, interpretation,
and emotion axioms of these two emotions. The emotion
functions in E have the following types:

Hope : G x ¥ — p(Plans x K')
Fear : G x ¥ — p(Plans x K™)

where K™ = {-x | kK € K'}. They have to be defined
per agent (G) and model-state pair (X); their mappings can
be directly derived from Equation (3). The semantics of the
other emotions are omitted in this paper, but they are easily
reconstructed by analogy. Furthermore, it is assumed that
an action/plan 7 is removed from an agent’s agenda Ag as
soon as the agent has executed 7, which is expressed by the
following constraint:

7w € Ag(i)(M, s) & (M',s") € Ra(i,7)(M, s) =
T & Ag(i)(M', s")

This constraint can be read as follows: if 7 is on the agenda
Ag of agent i in state s of model M and executing 7 leads
to the new state s’ of model M’, then 7 will not be on the
agenda Ag of agent i in state s’. Of course an agent could
have put a new instance of plan 7 on its agenda after per-
forming the ‘old’ m, but we assume this does not violate the
constraint above, because we treat these plans as different
instantiations of w. Finally, note that we do not assume
I'(7)(M, s) ¥ L, so goals may be mutually inconsistent.

(4)



Having defined the semantic operators, we can present
how formulas in £ are interpreted.

Definition 3.6. (Interpretation of formulas). Let M =
(S,9, RB), (3,RA), and (C, Ag,T', E) be structures defined
as above. Formulas in language £ are interpreted in model-
state pairs as follows:

M,sE=p & ped(s) forpeP

M, s = —p & M,s o

M, s = @1 A p2 S M,skE 1 & M, s = @2
M, s = By & Vs € Rg(i)(s) : M, s = o
M, s = Gik & kel(E)(M,s)

M, s = A & mel@)(M,s)

M, s = Com, () & e Ag(i)(M, s)
M,sE [doimle
V(M',s") € Ra(i,m)(M,s) : M',s" =
M, s |= hope,(m, k) < (m, k) € Hope(i)(M, s)
M, s |= fear;(m, k) < (w,—k) € Fear(i)(M,s)

Note that we evaluate formulas in state s of model M.
The Kripke structure (X, R4) is then used for the inter-
pretation of [do;(7)]p formulas. In the rest of this pa-
per, we will express that some formula ¢ is a validity (i.e.
V(M,s) € ¥: M, s = ¢) simply as = ¢.

Finally, we define a notion of possible intention equivalent
to the one by Meyer [8]. An agent has the possible intention
to perform plan 7 in order to accomplish & if and only if it
believes that 1) it has the ability to perform 7, 2)  is a goal
of the agent, and 3) the execution of 7 possibly leads to a
state where x holds.

Definition 3.7. (Possible intention). The possible inten-
tion I to perform 7 in order to accomplish k is defined as:

I(m, k) < B(Am A Gk A {do())k) (5)

The framework specified above is suitable for formaliz-
ing the eliciting conditions of the emotions from the OCC
model. We are also developing a quantitative model capa-
ble of modeling the intensities, thresholds, and potentials of
emotions and their interactions, as described by the OCC
model. However, because of space limitations, we cannot
present a full quantitative model incorporating all these as-
pects here. For the example emotions described in this paper
(i.e. hope and fear), we omit the treatment of potentials
and thresholds. Furthermore, we restrict ourselves to two
intensity values: low and high. This yields the minimal
model required for showing the interplay between hope and
fear as described by OCC.

Definition 3.8. (Emotion intensity). The partial function
intensity assigning intensities to emotions is declared as:

intensity : G X ¥ X Emotions — {low, high}

When supplied with an emotion, this function determines
its intensity value. So the intensity function has at least
22 definitions (one for each emotion type), of which we will
define the hope and fear cases in section 6. Furthermore,
intensity(i)(M, s)(e) is undefined if M, s [~ e. The intensity
function is defined per agent and model-state pair; however,
for convenience we will hence omit these two arguments.

4. A FORMAL MODAL OF EMOTIONS

The OCC model provides for each emotion (among others)
a concise definition in a single sentence and a list of variables
affecting the intensity of the emotion in question. Below
we will repeat OCC’s definitions of hope and fear (given in
[12], page 112) and show how they can be formalized in the
language we have just defined. In section 6 we will deal with
the intensity part of these emotions.

Hope: According to OCC, hope is being pleased about
the prospect of a desirable event. From the viewpoint of
a goal-directed agent, a desirable event can be translated
to the accomplishment of a goal or part thereof, whereas
the prospect can be translated to ‘having’ a plan for accom-
plishing that goal. More specifically, we require the agent to
intend to perform this plan and to be committed to it. An
agent that is being pleased about the prospect of a desirable
event should act according to this mental state, so here we
are hinted at a possible heuristic that can be associated with
the emotion hope, namely to keep the intention and com-
mitment while this emotion is strong enough. What exactly
it means for hope to be strong enough will be formalized in
section 6.

Thus phrased in our language, an agent hopes to achieve
some goal using some plan if and only if it intends to perform
the plan for the goal and is committed to the plan. The
objects of the hope emotion are then the goal that the agent
intends to achieve and the plan to which it is committed. We
thus arrive at the following definition for hope:

hope(r, k) < (I(m, k) A Com(m)) (6)

It is important to note the use of the bi-implication, be-
cause it allows for the derivation of interesting properties in
section 5.

Fear: According to OCC, fear is being displeased about
the prospect of an undesirable event. However, OCC note
that if one experiences hope with respect to the prospect
of a desirable event, then the absence of that event will
be undesirable to the same degree. In other words, hope
and fear are complementary emotions. This means that the
intensities associated with hope and fear with respect to the
same prospect and event have to sum to a constant. Note
that this is different from what we called opposing emotions.

Because we have translated a desirable event as the ac-
complishment of a goal (or part thereof), an undesirable
event will constitute the failure to achieve that goal (or part
thereof). So fear will arise when the complement of an event
hoped for becomes probable (this is the prospect part). An
agent that is being displeased about the prospect of an unde-
sirable event should start considering alternatives in order to
ensure that it is the desirable event which will be achieved.
Again, how exactly this can be done will be formalized in
section 6.

Thus phrased in our language, an agent fears the failure
to achieve some goal using some plan if and only if it hopes
the plan will achieve the goal but it believes that it may not.
The objects of the fear emotion are then the plan from the
corresponding hope emotion and the negation of the goal
that it is hoping to achieve. We thus arrive at the following
definition for fear:

fear(m,—x) < (hope(r, k) A B{do(m))—k) (7

Because fear is the complement of hope, hope must be a
precondition of fear. The other precondition, namely that
the complement of the event hoped for has become probable,



is expressed as the belief that the execution of the intended
plan may fail to achieve the desired event (note the angled
brackets). As with the definition of hope, it is also important
to note the use of the bi-implication. Properties that can
consequently be derived are explored in Section 5.

It should be emphasized that the two emotion axioms
above act as constraints on the functions Hope and Fear in
the semantics of our language. The fact that these two ax-
ioms look like mere abbreviations of formulas (as in the case
of Equation (5) for possible intention) is coincidental. In our
complete qualitative formalization of OCC, most emotional
fluents cannot simply be written on the left hand side of a
bi-implication.

S. PROPERTIES OF EMOTIONS

Having defined hope and fear in our formal model, we
can check whether we can derive interesting properties from
these definitions and whether the derivable properties are
intuitive. In this section we will discuss several propositions;
their proofs can be found in the appendix.

= hope(, k) — [do ()] ~hope(, x) (8)
Hope only lasts for the duration of the prospect. As
soon as the agent has performed plan 7 with which it
hoped to achieve goal k, the hope disappears, because
it is no longer committed to 7. This follows almost di-
rectly from constraint (4) in combination with defini-
tion 3.6, validating = Com(n) — [do(w)]-Com(r),
and the fact that commitment is a precondition for
hope. Note however, that it is possible for an agent to
become committed to a new instance of m and experi-
ence ‘renewed hope.’

E fear(w, —k) — [do(7)]-fear(r, —k) 9)
Similarly to hope, fear only lasts for the duration of the
prospect. Indeed, this follows directly from the corre-
sponding property of hope above and the fact that
hope is a precondition for fear. Note that this propo-
sition does not say anything about whether or not the
agent succeeded in bringing about x by performing ,
only that it will not stay afraid afterwards.

E B[do(7)]—x — (—hope(r, k) A —fear(w, —k)) (10)
If the agent believes it has no chance of accomplishing
goal x using plan 7, then it will not hope for the impos-
sible, nor fear the inevitable. The fact that there is also
no fear in the consequent follows from the definition of
fear, which validates = —hope(r, k) — —fear(w, —x).

E fear(w, k) — B((do(m))k A (do(m))—k) (11)
An agent experiencing fear with respect to a plan 7
and a goal k believes that both the success and failure
to accomplish k are possible outcomes of performing
m. This logical model does not tell anything about
the likelihood of any of these outcomes; this is indeed
something that will have to be taken into account by
the quantitative model.

= (do(m))p — [do(m)]¢ = |= —fear(m, k) (12)
An agent that can predict the exact outcome of its
actions will never experience fear. So with our defini-
tions of hope and fear, we can express both the com-
plementary nature of these emotions as described by
OCC and the non-occurrence of fear in deterministic

environments; in other words, an agent will never ex-
perience fear with respect to deterministic plans! This
agrees with the intuitive notion that agents should not
fear an undesirable outcome of deterministic actions,
because they can predict the exact outcome before-
hand. On the other hand, agents in nondeterminis-
tic or partially observable environments should always
hope and fear simultaneously, because they cannot
predict with absolute certainty whether or not their
plan 7 for achieving goal k will succeed.

6. EFFECTS ON DELIBERATION

Now that we have specified when an agent experiences
hope or fear, we can try to specify what to do with these
emotions. Recall that hope and fear are complementary
emotions, so the specifications of the effects of these emo-
tions must combine them both. There are two possible com-
binations of hope and fear:

1. hope but no fear: this case is similar to the effect
of being happy as defined by Meyer & Dastani [8, 4].
When an agent is hopeful with respect to a plan and
a goal, it is said by OCC to be pleased about how its
plan is progressing, so it should keep its intention and
commitment with respect to the plan and the goal.
So in this case, the heuristic is to ensure that further
deliberation of the agent, denoted as deliberate, does
not change this:

(hope(m, k) A —fear(m,—kK)) —
[do(deliberate)](I(m, k) A Com(7))

2. Simultaneous hope and fear: this is the more inter-
esting case. The OCC model defines fear as being dis-
pleased about the prospect of an undesirable event.
But what could the effect of being displeased be? Do-
ing something about it! An agent experiencing fear
with respect to a plan and a goal should be allowed to
replan in order to find a new plan that can accomplish
the goal:

(hope(m, k) A fear(w, —k)) —
[do(deliberate)](Com(m) V
Com(replan(n, x,7'); 7))

We assume an agent has the ability to replan by per-
forming the deliberation operation replan(rw,r,n’),
which provides an alternative plan 7’ to achieve goal .
Plan 7’ may depend on the original plan 7 or even be
equal to 7 if an alternative plan cannot be found. For a
proper and complete definition of the replan function,
we refer the reader to Dastani et al. [3].

Is the formula above a good heuristic? No, because it is not
specific enough. The Com(rw) V Com(replan(m,x, " ); ")
term does not specify when an agent should start replanning,
only that it may do so. Because hope and fear are comple-
mentary emotions (i.e. their intensities always add up to a
constant), a reasonable heuristic would be one that states
that the agent should start replanning as soon as the inten-
sity of the fear w.r.t. the undesirable event is greater than
the intensity of the hope w.r.t. the desirable event. However,
this cannot be expressed in a purely logical model. There-
fore, a quantitative model of emotions is needed in order to
complete the heuristic.



According to the OCC model, the variables affecting the
intensity of hope w.r.t. a desirable event are 1) the degree
to which the event is desirable and 2) the likelihood of the
event. Analogously, the variables affecting the intensity of
fear w.r.t. an undesirable event are 1) the degree to which
the event is undesirable and 2) the likelihood of the event.
We can thus define the intensity function for hope and fear
as follows:

intensity(hope(m, k)) :=
Thope (desirability (), likelihood (rr, K)),

intensity (fear(m, —k)) :=
Ztear (undesirability (—k), likelihood (7, —K)).

Here the functions desirability, undesirability, and likelihood
return application-dependent and platform-dependent mea-
sures of the (un)desirability of (not) achieving x and the like-
lihood of the execution of plan 7 resulting in a state where
% holds, respectively. The functions Znope and Zjeqr then
combine these measures, according to this greatly simplified
quantitative model, to a value in the range of {low, high}. It
should be noted that the functions Zhope, Zfear, desirability,
undesirability, and likelihood all implicitly depend on the
agent and model-state pair passed to the intensity function
(see Definition 3.8). Because hope and fear are complemen-
tary emotions, we assume that the Zpope and Zpeqr functions
are constrained such that the intensity of hope is high if and
only if the intensity of fear is low, i.e. that the following
formulas define constraints on the agent model:

(hope(w, k) A —fear(w, k) —
intensity(hope(rw, k)) = high (13a)
(hope(w, k) A fear(w, —k)) —
(intensity(hope(r, k)) = high <
intensity (fear(mw, —k)) = low) (13b)

Now we can complete the heuristic by specifying that an
agent should keep its commitment with respect to a plan
while its hope with respect to that plan is greater than its
fear, whereas the agent should start replanning when its fear
is greater than its hope:

(hope(m, k) A fear(m, —-k)) —
((intensity(hope(m, k)) = high —
[do(deliberate)|(I(m, k) A Com(n))) A
(intensity(fear(mw, —k)) = high —
[do(deliberate)](I(r", k) A Com(7"))))

where 7' = (replan(m, k, 7'); 7).

7. CONCLUSION AND FUTURE WORK

We have identified three problems in multi-agent systems,
namely nondeterminism in autonomous decision making, co-
operation and coordination in multi-agent systems, and be-
lievability in human-agent interaction. Taking a functional
approach, we have presented part of a formalization of the
OCC model of secondary emotions. We expect that the pre-
sented affective model based on human-inspired emotions,
once completed, provides a reasonable and useful solution to
the mentioned problems. We have shown how the emotions
hope and fear as described in the OCC model can influence
the deliberation process of an agent, resulting in a decrease
in nondeterminism in its decision making process.

At the time of writing, we have completed a logical (qual-
itative) formalization of all 22 emotions in the OCC model.
We are currently working on a quantitative model incor-
porating emotions potentials, thresholds, and intensities,
as well as investigating how functions like desirability and
likelihood can be defined. For future work, we intend to de-
velop transition semantics and an implementation of our for-
malization in an agent-oriented programming language. We
will evaluate the emotional model by running it on the iCat
(see Figure 1), which is a cat-shaped robot with a human-
like face capable of making believable emotional expressions.
Current scenarios for the robot are that of a companion
robot for elderly and a cooking assistant.

v

Figure 1: The iCat robot, developed by Philips, is an
experimentation platform for human-robot interac-
tion. See http://www.research.philips.com/robotics.
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APPENDIX
A. PROOEFS OF PROPOSITIONS

The belief and action modalities are closed under implica-
tion, so we use the common [J-axioms for O € {B, [do(«)]},
i.e. O(p — ¥) — (Op — Ow). In our proofs there is often
a condition y for Oy, in which case we use the axiom in the
following form: (x — Op) AO(e — ¥) — (x — Ov).

PrOOF. (Proposition (8)).

1. hope(w, k) — Com(~) From Def. (6)
2. Com(7) — [do(7)]-Com(7) Constraint (4)
3. hope(r, k) — [do(m)]-Com(r) 1,2, HS'
4. -Com(7) — —hope(r, k) 1, Contraposition
5. [do(7)](-Com(7w) — —hope(m,x)) 4, Necessitation
6. hope(r, k) — [do(w)]-hope(n, k) 3, 5, O-axiom

a

PRrROOF. (Proposition (9)).
1. fear(m, k) — hope(m, k) From Def. (7)
2. hope(r, k) — [do(w)]-hope(r, k) Prop. (8)
3. fear(w, ~x) — [do(m)]-hope(w, k) 1,2, HS
4. —hope(m, k) — —fear(m, k) 1, Contrapos.
5. [do(m)](—hope(r, k) — —fear(mw,—k)) 4, Necessitation
6. fear(m, ~x) — [do(w)]-fear(r, k) 3, 5, O-axiom

a

'HS stands for hypothetical syllogism.

PROOF. (Proposition (10)).

- B[do(m)]= < B=(do(r))r () =-l1-

. B=(do(m))kx — —=B(do(n))x Seriality of B
)

. =B({do(m))k — —I(m, k From Definition (5)
)

. =I(m, k) — —hope(r, k) From Definition (6)

. “hope(m, k) — —fear(w, —k) From Definition (7)
[do(7)]—k — —hope(r, k) 1-4, HS
1-5, HS

Bldo ()]
Bldo(w)]-x — —fear(m, k)
B[do(7)]-x — (—hope(m, k) A

—fear (7, —k)) 6, 7, Combined

O

PROOF. (Proposition (11

)
)

1. fear(w, —x) — hope(n, k From Definition (7)
2. hope(r, k) — B(do(m))k From Definition (6)
3. fear(w, ~x) — B(do(m))x 1,2, HS
4. fear(mw, k) — B(do(7))—k From Definition (7)
5. fear(m, —x) — (B(do(m))x A

B(do())-k) 3, 4, Combined

O

PROOF. (Proposition (12)). If we consider deterministic
actions (or plans) 7, we have the property that all possible
executions of 7 produce the same result, i.e. = (do (7)) —
[do(7)]¢. We have seen in Proposition (11) that fear(m, k)
implies B((do(7))x A (do(7))—k). However, for determin-
istic r, this implies B([do(7)]x A [do(7)]—k), which implies
B[do(w)]L. This in turn contradicts the condition for fear
that B(do(7))—x must hold. Consequently, fear(w, —x) im-
plies —fear(w, —k); in other words, = —~fear(r,—x). [



