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Abstract

Artificial social agents are becoming increasingly present in the real world. For these agents, their success
is tied to their ability to remain truly autonomous—to appropriately adapt their decisions and behaviours
across changing physical and social contexts—and still remains a key area of research in the field of embod-
ied autonomous agents. Numerous approaches towards models of adaptation have been proposed, including
biologically-inspired models based on the regulation of an agent’s internal environment. A more recent con-
cept from biological systems, called “(social) allostasis”, proposes a mechanism for the anticipatory adaptation
of the internal environment through (affect-based) interactions with the (social) environment. Despite the
long-term adaptive benefits proposed by social allostasis, current approaches towards models of adaptation
for artificial social agents are yet to consider its principles in their approaches. In this manuscript, we address
this shortcoming and investigate how mechanisms of social allostasis through affect-based relationships can
be used for long-term adaptation of an embodied agent model. Using a biologically-inspired artificial life
approach, we systematically investigate numerous hypothesised, hormonal mechanisms that underpin social
allostasis and the survival-related benefits associated with affect-based social relationships. We conduct
these investigations using a small society of simulated agents across numerous dynamic physical and social
contexts. Our results find that adaptation of an embodied agent model through social allostasis mecha-
nisms can provide survival-related advantages across several dynamic conditions in some contexts through
physiological and behavioural adaptation. Throughout the manuscript, we also find numerous social inter-
actions and dynamics that mirror biological systems. Our work addresses limitations in current approaches
to adaptive models for embodied artificial agents, and presents a novel framework to guide future work in
this field. The work also contributes a biologically-inspired artificial life model as a scientific tool to address

some methodological challenges in natural systems.
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Chapter One
Introduction

1.1 Introduction

Recent years have seen a rise of social agents in the real world [1] from applications in health care [2] [4],
education [5] [9], communication and use in public spaces [10], [11] and are only likely to become more
widespread in the near future. One aspect of consideration for the long-term success of these agents in the
real world is their ability to remain autonomous to use their own (cognitive) processes in order to regulate
their interactions with their (changing) environment appropriately [12] in a way that allows them to remain
viable, long-term solutions. Given the dynamic nature of the real world, autonomous regulation requires the
ability to adapt to, and even anticipate, constantly changing conditions. How to approach this adaptation
for social agents is a non-trivial challenge that still remains a key area of research in the eld of embodied
arti cial intelligence.

Looking to the natural world, autonomous regulation and therefore long-term survival has been un-
derpinned by continuous adaptation to ongoing changes in the physical and social environments [13], [14].
For social species (including humans), this adaptation is facilitated, in part, through the formation and
maintenance of socially-a ective relationships [15] [17]. Individuals with a ect-based social support have
consistently been found to bene t from improvements in health and longevity of life [18] [20]. When devel-
oping approaches to long-term adaptation in social environments, the adaptive potential proposed by these
socially-a ective relationships should be considered.

One long-standing concept suggested to be responsible for long-term adaptation is that of homeostasis
[21]: that stability (i.e. survival) of an organism is driven by the maintenance of its essential parame-

ters within an ideal range or safe zone. The viability of an organism or system, according to Ashby
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[22] describes the ongoing maintenance of these essential parameters within a range that promotes system
stability through behavioural and physiological regulation and adaptation. Numerous approaches towards
adaptation have been proposed using homeostatically-controlled models (Section 1.3). In recent years, how-
ever, the notion of homeostatic processes being solely responsible for long-term survival has been reconsidered
[14], [23], [24]. Rather than the depletion-replenishment approach of Cannon's de nition of homeostasis [21],
the concept of allostasis [14], [25], [26] proposes a more anticipatory, adaptive mechanism of regulation.
Allostasis proposes that physiological processes including the set points or ranges of homeostatically-
controlled parameters can be adjusted when faced with, and in anticipation of, changing internal and
external environmental conditions, by accounting for prior information and the current internal and external
stimuli. Unlike traditional homeostatic systems, where stability is achieved by correcting deviations of a
physiological parameter from a static set point, allostasis describes a mechanism that anticipates environ-
mental changes and dynamically adjusts the homeostatically-controlled set point before the need to correct
(large) deviations occurs. We illustrate the di erence between homeostasis and allostasis with an example.
Consider a biological agentA (i.e. an animal) that is sleeping and must maintain its blood pressure (a phys-
iological parameter) within a given range of values. WhenA wakes, her blood pressure rises accordingly.
In a strictly-homeostatically-controlled system, this change would result in an error signal (the deviation of
the present blood pressure value from the static range of safe values) which threatens the stability of the
system and requires correction through physiological or behavioural adjustments. Allostasis anticipates the
changing environment (i.e. from sleeping to not sleeping) and adjusts the safe range of blood pressure ac-
cordingly (to relatively higher levels) in order to maintain stability of the system. Therefore, this anticipatory
adaptation of physiological processes, driven by allostasis, can be seen as an adaptive mechanism that adapts
the adaptive mechanism (of homeostasis) and proposes long-term stability across dynamic environments.
By extension, social allostasis [14] proposes that this anticipatory adaptation of physiological processes
is driven by interactions with the social environment. Such a re-conceptualisation of homeostatic regulation
challenges classic homeostatic theory though not without criticism [23], [27] and provides a biologically-
plausible mechanism for how individual in a society adapt their physiology and behaviours to constantly
changing physiological, physical and social environments. Despite recent criticisms that the de nition of
homeostasis su ciently describes the physiological adaptation proposed by allostasis [27], [28], we use the
term (social) allostasis to describe a mechanism that is complementary to homeostasis [29] and which
adapts the homeostatically-controlled system through (several) anticipatory physiological and behavioural

changes.
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Underpinning this socially-driven adaptation is the formation and maintenance of a ect-based social rela-
tionships, such as parent-o spring [14], [30] and close-kin relationships [31]. These a ect-based relationships
may provide mechanisms through which individuals are able to adapt their physiology and behaviours, per-
mitting long-term survival across a range of conditions. The mechanisms underpinning the formation and
maintenence of these social relationships, along with their adaptive functions on behaviour and physiology,
however, are still unclear.

Despite its biological plausibility, its relevance to the Ashbyan framework of ultrastability the ability
for a system to maximise stability by adjusting its internal environment in response to on-going changes in
environmental conditions [32] and suggestions that models of adaptation should consider allostasis as part
of their approach [33], approaches explicitly using (social) allostasis principles in their models of adaptation
still appear to be largely unexplored. Where such agents are situated in the world that they are (socially)
interacting with in real time, making context-relevant, socially-a ective decisions can be seen as an essential
component of successful decision-making, which may contribute to their long-term success. These mecha-
nisms of social allostasis, facilitated by social interactions and relationships, may provide a framework to
guide approaches towards developing models for long-term adaptation in a social environment.

The work presented within this manuscript aims to address this limitation in the present literature by
approaching adaptation of embodied agent models using these principles of a ect-based relationships and
social allostasis in the contexts of small social groups. We systematically investigate some of the underlying
mechanisms that are hypothesised to play a role in the physiological and behavioural adaptation through
a ect-based social relationships, inspired by the principles of social allostasis. We focus our attention on
two speci ¢ biological hormones oxytocin and cortisol and investigate a number of their hypothesised,
adaptive functions within social relationships and physiological and behavioural adaptation. Through the
manuscript, we move from an agent model driven by strictly-homeostatic control to a socially-adaptive model
underpinned by a ect-based social relationships and mechanisms of social allostasis.

Despite being widely studied, the specic e ects of the hormones we investigate still lack universal
consensus, presenting an additional challenge to our research. As we will see throughout this manuscript,
we also use our model as a tool to investigate, validate, and even challenge some of the contrasting, often-
contradictory hypotheses of these hormones from biological literature.

As we nd in later chapters, physiological and behavioural adaptation through social allostasis-inspired
mechanisms promotes the performance of our model across a number of dynamic, challenging physical and

social conditions. We suggest that such an approach towards adaptation provides signi cant advantages
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with respect to the long-term viability of embodied agent models, and we suggest that future work builds on
our framework and continues to explore socially-a ective relationships and social allostasis as mechanisms

for adaptation in their approaches.

1.2 Aims & Hypothesis

In this manuscript, we aim to investigate how the adaptation of a homeostatically-controlled embodied agent
model through mechanisms of a ect-based relationships and inspired by social allostasis principles a ects
the performance (in terms of viability, Section 2.4.1) and social dynamics of a small society of arti cial
agents.

We will systematically investigate several hypotheses motivated by biological mechanisms that underpin
a ect-based social interactions and relationships, and evaluate their e ects on the viability of our agent
model across several dynamic physical and social environments.

Our research is therefore guided by the following research question:

How does the adaptation of a homeostatically-controlled embodied agent model through a ect-based social
relationships and social allostasis mechanisms a ect the viability and social dynamics of a society of

arti cial agents?

To address this research question and focus our investigation throughout the manuscript, we ask the

following questions:

How does oxytocin's e ects on increasing or decreasing the attention given to social cues a ect group

wellbeing and interactions? (Chapter 3)

Does oxytocin-mediated adaptation of internal satisfaction signals associated with tactile interaction

a ect group viability and interactions? (Chapter 4)

How does oxytocin-mediated social bond partner preference for social interactions a ect the wellbeing

of agents with social bonds in a rank-based society? (Chapter 5)

How do di erent, rank-related tolerances to stress a ect the social dynamics and agent viability in a

rank-based society? (Chapter 6)

How do the e ects of social support on reducing the release of a stress hormone a ect social dynamics

and the viability of agents with and without social support? (Chapter 7)
4
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How does the adaptation of tolerances to stress, through social support and oxytocin mechanisms,

a ect the viability and social interactions of agents? (Chapter 8)

Does the adaptation of energy metabolism, through the stress-reducing e ects of social support, im-
prove agent wellbeing and reduce socio-negative interactions for agents with social support? (Chapter

9)

We aim to use our results to develop and contribute a novel framework for a socially-adaptive model for
embodied arti cial agents built on the mechanisms that we systematically investigate and evaluate.

We aim to investigate several existing hypotheses from biology, with respect to hormonal e ects and social
dynamics, by using our biologically-inspired model as a tool to address some methodological challenges of
studies in the natural world. We therefore aim to contribute the results of our investigations to inspire future
work for those elds.

We also aim to contribute our arti cial life model as an experimental tool for hypothesis generation and
validation, and promote future cross-disciplinary research.

Based on existing literature from natural systems and current models of adaptation for arti cial agents,
we hypothesise that mechanisms of adaptation, underpinned by a ect-based relationships and the principles
of social allostasis, will result in signi cant improvements to the performance with respect to viability of

a homeostatically-controlled agent model across a number of challenging social and physical conditions.

1.3 State of the Art

We take a cross-disciplinary approach to our investigation and are therefore motivated by the work and
limitations from a number of dierent elds. Here, we discuss related and current approaches of adaptive
models using (hormonally-modulated) homeostatic models. We also discuss current work related to models
of social interaction and adaptation in simulation models, and approaches towards modelling a ect in multi-
agent social systems. We also highlight some related approaches towards adaptation using principles of

allostasis.

1.3.1 Hormonal Modulation of Homeostatically-Controlled Agent Models

The use of hormones as a form of modulation in embodied agent models is not a new area of research.
On the contrary, a signi cant amount of work has been undertaken in this area to investigate how such

mechanisms can provide more adaptive decision-making and behaviours in autonomous agents. Inspired
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by cybernetics, earlier work [34] proposed an action-selection architecture that used hormonal mechanisms,
secreted as a function of a ective states, to modulate the intensity of motivations and internal physiolog-
ical signals which then in uenced behaviour selection. Building on this, [35] used hormonal modulation in
their homeostatically-driven model to modulate the perception of external cues, and [36] investigated the
neuromodulation of a neural-network-based Braitenberg vehicle, modulating internal thresholds related to
a robot's energy . Later studies built upon this to modulate perceived internal errors [37] and internal
physiological variables [38]. In those investigations, the researchers demonstrated adaptive behaviours and
viability bene ts through hormonal modulation of their decision-making models. More recently, [39] inves-
tigated the e ects of “pleasure-like hormonal mechanisms in a homeostatically-controlled agent model, and
[40], [41] investigated the e ects of several hormones to adapt the strength of sensory input and the speed of
agent movement as well as the sensitivity of hormone receptors in an epigenetic-like model of hormonal
modulation. Additional investigations [42] [45] have also been inspired by similar neuromodulatory functions
for adaptation of their homeostatically-driven controllers, showing adaptive bene ts of these mechanisms in
physical agents.

Additional models of neural network-based hormonal adaptation have been proposed by [46], [47], with
[48], [49] using these mechanisms to create a model of homeostatic plasticity in their models. More recent
approaches have also considered the social environment as part of their investigations. Models of homeostatic

hormonal control have been used in social learning in robot-animal colonies [50]

1.3.2 Models of Adaptation through (A ect-Based) Social Interactions

Models of adaptation through social interaction have also been proposed, though largely concerning them-
selves with dyadic interactions and not group-level interaction. The study in [51] used a probabilistic model
in a simulated human-robot simulation to compare the performance of strictly-reactive and proactive models
during a cooperation task. The authors evaluated how a proactive model could adapt to learning behavioural
intent of the (simulated) human, and showed signi cant performance bene ts of using a proactive approach
in their agent's decision-making model. Similar performance bene ts resulting from anticipatory social action
have been reported by [52] [54] who modelled mechanisms of adaptation albeit using a computationally-
intensive approach to determine optimal behavioural strategies in physical agents. Behaviour and attitudes

of humans towards virtual agents [55], [56] have also been seen to improve when the agent would adapt its
behaviour through a ective social interaction. The maintenance of social habits, facilitated by embod-

ied interactions with other social individuals, has also been demonstrated to improve the performance of



Chapter 1 1.3 State of the Art

homeostatically-controlled agent models [57].

Models of social learning have also been proposed as a mechanism for adaptation for social agents. Using
neural network-based simulation models, [58], [59] showed how behavioural adaptation through social learning
resulted in improved task-related performance for their agent model. More recent approaches towards social
learning have shown improvements in agent performance compared to individual learning in both arti cial
[60] [63] and physical agents [64]. Current approaches nd how social learning is maximised particularly
when multiple social partners are used to learn from, and when teachers determine what is being learned
[65], as well as the emergence of group leadership in a small collective of social agents [66].

In sum, researchers have shown task-speci c improvements in the performance of their models when
arti cial agents adapt behaviours through their social environment and social interactions using a range of
approaches.

Investigations using large multi-agent systems have considered the relationship between small-scale in-
teractions and wider group dynamics [67] [71]. Biologically-inspired embodied models, particularly those
modelled on primate societies [72] [77], have been used to study emergent group dynamics primarily through
dominance-based interactions. Conversely, recent biologically-inspired models [78] [81] have sought to un-
derstand the role of cooperative social interactions on group dynamics.

Social dynamics have also been investigated through a ect-based decision-making models. For instance,
[82], [83] used discrete models of emotion, independent of a cognitive decision-making architecture, to dynam-
ically adapt agent behaviour in their evacuation-related models. An alternative approach towards emotion
modelling, based on cognitive appraisal theory, has been used by [84], [85], whose modelling of emotion
also accounts for internal cognition, drives, and personality traits of individual agents. A similar approach
was used by [86], [87]: using di erent intensities of predetermined emotional states to determine an agent's
mood to adapt decision-making. More recent work has included approaches using multi-dimensional models
of personality and emotion. This includes both agent agent, [88] [91] and multi agent [92] interactions. Ad-
ditional studies have investigated models of (socially )a ective decision making, focusing on human agent
interactions [93] [95]. More recently, [96] demonstrated how a triadic awareness of resource-sharing (altru-
ism) shaped future group interactions and dynamics through indirect reciprocity of behaviours. However,
many of these approaches su er from several limitations which we aim to address in our investigation. We

discuss these in Section 1.4.
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1.3.3 Current Approaches of Allostasis

Despite the increasing discussion of allostasis in the eld of autonomous agents [12], [97] [99] and the no-
tion that allostasis aligns with Ashby's [22] discussion of ultrastable systems [100], the development of
allostasis-inspired models still appear to be somewhat limited. Nevertheless, some investigations have been
undertaken, using allostatic mechanisms to adapt homeostatically-driven systems, both with and without
hormonal mechanisms.

Using a probabilistic approach in their physical agents, [101] used an allostatic controller to control
numerous homeostatic subsystems which concerned themselves with foraging behaviour. They found that
such an approach created behavioural stability, demonstrating behavioural similarities between their physical
agent and a rodent model. More recently, [102] used an allostatic control layer as a second-layer above a
homeostatic system for a robot during social human robot interactions. Similarly, the model proposed by
[103] proposes an allostatic-type model by using a second-order adaptive layer above prede ned sensorimotor
control loops. Finally, the work undertaken by [40] also constitutes a process of allostasis. In those inves-
tigations, the epigenetic mechanisms adapted the internal physiology of the agents over time, resulting in
improved performance during challenging conditions.

In sum, models that either use, or are explicitly inspired by, allostatic mechanisms have been limited in

the current literature. As a result, models using social allostasis principles are yet to be proposed.

1.4 Motivations for the Research

Overall, numerous approaches towards models of adaptation, including hormonally-modulated homeostatic
systems, have shown performance bene ts across a range of dynamic world conditions. Despite some early
work using allostatic mechanisms for adaptive models [40], [101], [102], much more work needs to be under-
taken. By extension, models related to social allostatic principles that of the adaptation of the internal
environment via the (external) social environment are yet to be systematically investigated. Despite re-
searchers discussing the relevance of their adaptive models for (physical) social agents, the relationship
between micro-level social interaction and wider social dynamics have rarely been the focus of investigation.
As we mentioned in Section 1.1, the re-evaluation of homeostatic mechanisms in the form of social
allostasis [14], [26] provides researchers of embodied agent models with a biologically-plausible framework
that can be used to better conceptualise and develop potential models of long-term adaptation for social

agents. Any model that concerns itself with adaptation in a social context must also consider their social
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milieu as part of their adaptation [14]. We are therefore motivated by this limitation in the current literature.

Potentially as a result of su ering from both the Scaling and Dynamics problems [104], a large focus
of current a ect-based social models of adaptation including social simulation models have concerned
themselves either with dyadic interactions, which makes it di cult to extrapolate ndings to larger social
groups, or the modelling of large-scale group behaviours, that overlook the micro-level phenomena that
underpins aggregated behaviours (Section 1.3.2). Though this appears to be a signi cant challenge to
overcome in the eld of agent-based modelling [104], social models concerning themselves with understanding
the emergence of social dynamics should also allow for analysis at the micro-level of individual behaviours.
Our methodology is motivated by the limitations of these current models to adequately investigate both the
micro and macro-level phenomena: to understand how group dynamics can potentially emerge as a result of
smaller-scale interactions.

Many of the approaches towards adaptation of homeostatically-controlled models [40], [46] [49], [103],
[105] as well as mechanisms for social adaptation [53], [54], [64], [65] have been developed using arti cial neural
networks for both arti cial and physical agents. In our view, such approaches are computationally-costly
with application that is limited by resource availability. As part of our motivation in developing a socially-
adaptive model inspired by social allostasis principles, we are also motivated to simplify the computational
complexities of current adaptive models: to not let such a model be restricted by computational or hardware
limitations, in order to facilitate potential future investigations and application.

Finally, though not immediately relevant to the eld of socially-a ective adaptive models, we are also mo-
tivated by the non-conclusive ndings of hormonal mechanisms presented in the ethological and neuroscience
literature [106] [111]. There are a number of methodological challenges that exist when attributing causality
to hormones (including oxytocin and cortisol) in the real-world: including temporal delays of hormone release
[109], [112], the relative stress associated with subject analysis [113], and inconsistencies between exogenous
treatments and endogenous e ects [111]. Therefore, abstracting some of these proposed e ects and inves-
tigating them with a model removed from the natural-world challenges may allow us to contribute to this
divided eld of research, and to allow our model to be used as a tool to validate and generate hypotheses

for biological systems.

1.5 Overview of Dissertation

Our research concerns itself with systematically investigating the adaptive e ects of some biologically-inspired

mechanisms underpinning a ect-based relationships and social allostasis, and to develop an embodied agent
9
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model of adaptation based on such mechanisms for social agents. To this end, we have focused our research
on two hormones oxytocin and cortisol and, through a combination of our own results and observations

from the natural world, have tested several hypotheses of these hormonal mechanisms in our model while
systematically developing our model using these mechanisms. At the start of each investigation chapter
(Chapters 3 to 9), we provide the relevant background literature to justify the mechanisms and hypotheses
that have been investigated.

Our investigation can be considered in two parts. In the rst part (chapters 3 to 5) we investigate a
number of hypotheses related to the e ects of oxytocin on the attention given to social stimuli (the social
salience hypothesis). In the second part of this dissertation (chapters 6 to 9), our focus shifts towards the
stress-reducing e ects of oxytocin and social support (the social bu ering hypothesis).

Throughout the chapters, we incrementally build upon our agent model, using the ndings from each
chapter to generate further hypotheses while developing our model of adaptation using mechanisms inspired
by social allostasis. Our nal model is presented in Chapters 9.

This rst chapter ( Chapter 1 ) provides the relevant background and related work, along with our
motivations and aims for the undertaken research.

Chapter 2 gives an overview of the basic agent model and experimental methodology used throughout
this investigation. We describe our initial agent model, our experimental design and methodology, and
provide justi cation of methods where appropriate.

Our investigations start at Chapter 3 , which describes our initial study into the e ects of oxytocin on
the processing of social cues. In this chapter, we investigate the e ects of two contrasting hypotheses (the
prosocial and interactionist approaches, respectively) regarding oxytocin's e ects on the attention given
to social stimuli, and test these contrasting approaches on the performance of our agent model.

Chapter 4 builds upon our results from Chapter 3, which showed some support for the prosocial
approach of oxytocin mechanisms. From the results, we concluded that further contextual information needed
to be considered as part of our investigation. Continuing with the investigation into oxytocin's contrasting
e ects on social salience, we further test these hypothesised e ect when one additional hypothesised role of the
hormone related to the internal physiological signal associated with prosocial behaviours was considered
as part of our investigation.

Contradicting the initial results, the results from Chapter 4 found that the prosocial approach did not
always apply across all contexts. Instead, oxytocin's e ects on social salience may be context-dependent:

supporting the interactionist hypothesis. Based on our observations, we suggested that these contextual
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e ects may be dependent upon the social environment, though our investigations lacked an appropriate social
context. In Chapter 5 , we consider this social context in the form of a social hierarchy and the presence
of bond partners. In this social environment, we investigate a hypothesised contextual e ect of oxytocin on
social cues: that it speci cally enhances the valence of social bond partners for social interactions.

These results showed further support for the interactionist approach of oxytocin, and we observed how
di erent types of social bonds resulted in the emergence of a number of di erent a ective behaviours. Based
on both our qualitative and quantitative ndings, we hypothesised that the wider social dynamics of a small
society may be determined by the interactions and behaviours of dominant individuals. We considered that
a rank-based society can also be a source of stress for some individuals, and that social support can create
a buer against the potentially-negative consequences of stressful conditions.Chapter 6 introduces our
initial work into investigating this social bu ering hypothesis. Based on our results from the previous
chapter and additional biological literature, this rst study investigated the role of individual, rank-related
personality di erences related to stress tolerance on social interactions and group dynamics.

The investigation in Chapter 6 showed how strictly-rank-based social interactions and the wider group
dynamics were a ected by a combination of individual stress tolerances and the physical challenges presented
by the environment. These results showed some contextual support for our hypothesis. I€hapter 7 , we
continue the investigation into the social bu ering hypothesis by accounting for the presence of a ective
social bonds in the social environment. We investigate the e ects of one hypothesised stress-reducing role of
social support on both individual and group dynamics and wellbeing, across a number of di erent physical
and social contexts.

Contrary to our hypothesis, we found that the stress-reducing e ect of social support was dependent
upon the environmental and social context, and that the adaptive bene ts of social support may be limited
by these contexts when only considering one of the social bu ering e ects. Building on earlier results from
Chapter 6, Chapter 8 investigates a second hypothesised e ect of social bu ering: that a ect-based social
relationships also bu er the tolerance to stress in individuals. We investigate how accounting for two of
these hypothesised e ects of social support a ect social interactions and group viability.

The ndings from Chapter 8 found how accounting for two of the stress-reducing e ects of social support
resulted in di erent types of physiological and behavioural adaptation, dependent upon the degree of the
environmental challenge. In Chapter 9 , we consider a third adaptive e ect of these a ect-based social
relationships: that they not only regulate the stress response, but that they also provide a more direct

physiological e ect by reducing the cost associated with stress for socially-supported individuals. Using
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our previous results and addressing some methodological challenges from the natural world, we propose a
potential mechanism through which social support directly adapts one type of physiological cost, related to
energy metabolism. We investigate the e ects of this adaptive mechanism on both individual and group
viability, and the wider social interactions.

Chapter 10 summarises all of the work completed and discusses several areas of consideration for future

work.

1.6 Contributions of the Research
The research undertaken makes the following contributions:

An embodied agent model of adaptation through mechanisms of a ect-based relationships, inspired by
social allostasis principles. We systematically investigate a number of adaptive, hormonal mechanisms
that underpin a ect-based social interactions, and build upon a homeostatically-controlled action-
selection model to develop a model of social adaptation inspired by social allostasis. We demonstrate
improved performance of our nal model across a nhumber of social and physical conditions (Chapter

9).

A framework for modelling and quantifying the quality of a ective and dyadic relationships for arti cial
agents. Capitalising on the capabilities of arti cial systems, we have proposed a dynamic, real-time
measure of (a ective) bond strength between dyads or small groups, called the Dyadic Strength Index
(DSI). This addresses a number of limitations from previously-used measures of social relationships in
agent models (Chapter 5) and contributes a quanti able model and measure of a ect-based relation-

ships for future investigations.

A mathematical model of the hypothesised trade-o between social partner selection in biological
agents, responsible for the context-dependent adaptation of social behaviours (Social Assessment Com-
ponent, Chapter 5). The modular implementation of the Social Assessment Component allows it to be

modi ed and integrated within future socially-adaptive embodied agent models.

The contribution of our observations and generation of a number of hypotheses to inspire future cross-
disciplinary work. Throughout the research, our biologically-inspired agent model has been used as a
tool to both support and challenge existing hypotheses from biological literature. We summarise these

ndings in Chapter 10.
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An open-source, biologically-inspired social simulation model, documented to the Overview, Design
concepts, and Details (ODD) Protocol, to provide ease of replicability and to be used as a scientic

tool to conduct future cross-disciplinary investigations.
This Ph. D. has contributed several journal articles and conference proceedings:

Khan, I., Lewis, M. and Cafiamero, L., 2018, April. Adaptation and the social salience hypothesis of
oxytocin: Early experiments in a simulated agent environment. In Proceedings of the 2nd Symposium

on Social Interactions in Complex Intelligent Systems (SICIS) Liverpool, UK (pp. 4-6). (Chapter 3)

Khan, I. and Cafiamero, L., 2018. Modelling adaptation through social allostasis: Modulating the
e ects of social touch with oxytocin in embodied agents. Emotions in Robots: Embodied Interaction

in Social and Non-Social Environments, MTI Special Issue 2(4), p.67. (Chapter 4)

Khan, I., Lewis, M. and Cafiamero, L., 2019, September. The E ects of A ective Social Bonds on
the Interactions and Survival of Simulated Agents. In 2019 8th International Conference on A ective
Computing and Intelligent Interaction Workshops and Demos (ACIIW) (pp. 374-380). IEEE. (Chapter
5)

Khan, 1., Lewis, M. and Cafiamero, L., 2020. The E ects of Rank-Related Di erences in Stress Tol-
erance on the Social Dynamics and Group Viability of Arti cial A ective Agents. IEEE Transactions

on A ective Computing (Chapter 6, submitted).

Khan, I., Lewis, M. and Cafiamero, L., 2020, July. Modelling the Social Bu ering Hypothesis in an
Arti cial Life Environment.  In Articial Life Conference Proceedings (pp. 393-401). MIT Press.

(Chapter 7)

Khan, 1., and Cafiamero, L., 2021. The Long-Term E cacy of Social Bu ering in Arti cial Social
Agents: Contextual A ective Perception Matters. Frontiers in Human-Robot Interactions (Special

Issue: A ective Shared Perception) (Chapter 8)
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Chapter Two

Simulation & Agent Model

2.1 A Biologically-Inspired Arti cial Life Model

Figure 2.1 Screenshot of the graphical user interface (GUI) of the simulated model developed in
NetLogo. Left: The simulated world environment, showing agents (doughnut-shapes) and their
eld-of-vision (white), and food resources (yellow discs). Middle: Experimental controls and pa-
rameter settings. Numbers alongside each parameter denotes the chapter each parameter was
introduced. Right: Plots of internal states, variables and hormone levels, updated in real-time as
experiments are being conducted.

In this chapter, we introduce the basic overview of our simulated environment and agent model used

throughout our investigation, along with a brief description of the basic experimental design. We also
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provide justi cation for our methodology choices where appropriate.

We use a simulated, arti cial life approach throughout the course of our research, developed using the
NetLogo [114] platform, version 5.3.1. We propose advantages to using an arti cial life approach over
physical agents for reasons related to scalability, cost, resource requirement, noise reduction during data
capture, minimisation of complexity, and accessibility. For ease of reading, we extend on these points in
Appendix C.

The nature of the mechanisms that we are looking to investigate that of hormones and social adaptation
has roots in several disciplines, including neuroscience [25], [26], [29], developmental biology [13] and ethology
[115] [117]. To develop a plausible model, we must consider their literature as part of our own investigation.
Researchers of biologically-inspired (henceforth bio-inspired) arti cial life models are able to deduce mecha-
nisms and behaviours from real-world observations, abstract them into simple computational models; embed
them within arti cial agents, and use the observation of the emergent behaviours to validate ethological
behaviour or potentially propose alternative hypotheses of such behaviours in the real world.

We use this approach for our investigations, and our agent model may then be likened to that of arti cial
animals. This approach has traditionally been referred to as the animats approach of modelling, though
ethorobotics has been coined more recently in an attempt to formalise the multidisciplinary approach of
evolutionary, ecological, and ethological concepts towards the development of social (physical and arti -
cial) agents [118], [119]. In each chapter, we aim to provide relevant background literature to justify our
abstractions of mechanisms and hypotheses that we investigate.

However, despite the proposed bene ts towards the study of these elds, the implications of extrapo-
lating our ndings to biological agents has limitations. Though similarities can be deduced from emergent
behaviours with an explanation of causal mechanisms, we recognise that such modelling does not accurately
capture the nuanced complexities of real-world behaviour or physiology, especially that of human societies.
The utility of simulations for this purpose is a particularly complex issue [120] and is not a challenge that
we look to speci cally address in this research. In defence of our bio-inspired approach, we suggest that an
arti cial life model may address some of the limited conclusions drawn from real-world studies, and can be
used as a scienti ¢ tool in its own right to contribute to hypotheses in those elds.

Despite the proposal that arti cial agents should have biological targets [121], our modelling approach
did not have any speci c biological target in mind in our earlier investigations (Chapters 3 and 4). Later
investigations (Chapter 5 onwards), however, were partially inspired by some physiological and behavioural

observations from primate (speci cally chimpanzee) studies. We discuss the reasons for this in Section 5.2.1.
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Figure 2.2 A screenshot of the two-dimensional simulation model used in this investigation
(screenshot taken from experiments in Chapter 9). Both types of resources are labelled: agents
are doughnut-shaped discs (red or green), and food resources are yellow spheres. Food distribution
varies between world conditions and chapters. White patches show an agent's eld-of-vision and
remains unchanged throughout all investigations.

In those chapters, we identify and describe similarities between the behaviours and dynamics of our arti cial
agents and those of primate (chimpanzee) societies. As a result, we conclude (in Chapter 10) that the agents
in these later chapters can be considered arti cial primates , and discuss the potential of using our ndings

to contribute explanations of social phenomena in (human and non-human) primate societies.

2.2 Simulation Environment

We use an arti cial life approach throughout the entirety of our investigation. This model was developed
using the NetLogo platform, version 5.3.1 [114]. NetLogo is a multi-agent modelling environment and was
selected as an appropriate development platform based on previous work from similar investigations [72],
[73]. All investigations undertaken used the same version of the NetLogo platform. Throughout the research,
the complexity of the environment (with respect to resource availability) was varied. Changes to these base
conditions are discussed in each respective chapter.

The simulated environment was set up as a two-dimensional square environment of size 99 by 99 patches.

In the NetLogo environment, a patch constitutes one square or unit on the grid structure. Each environment
16



Chapter 2 2.2 Simulation Environment

contains two di erent types of objects or resources: autonomousAgents whose behaviour is driven by a
motivation-based controller (Section 2.3.1) and which represent a social resource that can be interacted
with by other agents, and Food, representing a physical resource that can be consumed by agents. This
environment is surrounded by blue walls and agents cannot transgress beyond them. Agents detect a wall
when it falls into their eld-of-vision, and will randomly turn either left or right at an angle of 20 degrees to
avoid collision if a wall is detected. Across all of the investigations, agents interacted with the environment
across a two-dimensional plane. Several screenshots in this dissertation show this environment as a three-
dimensional world, and this is simply for visualisation purposes.

Agents are represented as a doughnut-type shapes (Figure 2.2), initially of size 2 patches (occupying
a space of 2 units in the simulation). This size was determined by social rank in later chapters (Chapters
59). When agents die (as a result of failing to remain viable which we discuss in Section 2.3.1), they
disappear from the simulated world and can no longer be interacted with.

All investigations used a society of six agents. For all agents, behaviour was driven by a homeostatically-
controlled decision-making model (called the Action-Selection Architecture, Section 2.3.1), based on the
maintenance of two internal needs. Agents are endowed with two consummatory (goal-achieving) behaviours,
Eat and Groom which are performed on either food or other agents respectively (described further in Subsec-
tion 2.3.3). When a resource is not available, agents have a goal-seeking, appetitive behaviour of wandering .
In biological terms, agents could be viewed as conspeci cs. Initially, all agents were homogeneous (Chapter
3 4), though this changed in later chapters (Chapters 5 9).

The choice to use six agents was justi ed by the nature of the investigations and numerous validation
experiments before our rst investigation (Chapter 3). As there is limited literature studying arti cial agents
on both an individual and aggregated group level (Section 1.3, but see [66]), we found no precedence on which
to build on or consider. Prior bio-inspired simulation models [72], [73], [84], [85], [92] used comparatively large
societies, were concerned with aggregated group performance and dynamics, and not investigating micro-
level agent performance and interactions. The size of the society had to be manageable enough to analyse
individual agent behaviour, and exible enough to create groups of agents of signi cant size. Furthermore,
to overcome some of the limitations of previous agent-based models that we had identi ed, an appropriate
number of agents would (a) allow us to study the dyadic interactions between agents and, (b) allow these
dyadic relationships to be investigated in the context of wider group dynamics and interactions.

Food resources are represented by yellow spheres, with a size proportional to its nutritional availability.

For instance, resources with a nutritional availability of 4 units would occupy space equivalent to 4 patches
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Chapter 2 2.3 Agent Model

Figure 2.3 lllustration of the basic homeostatically-controlled Action-Selection Architecture used
within our investigations, with a brief description of each stage and corresponding equation number.
Each chapter incrementally builds upon this basic model. Details of changes are discussed as they
are introduced.

(as seen in Figure 2.2). The nutritional value corresponded to how much nutrition is available within that
particular resource in order to satisfy the agents'Energy de cits. Food resources reduces atarate of 10 2
per time step when agents take bites of each food resource. As the nutritional availability is reduced in
this way, so does the size of the resource. When resources are not being consumed, they grow back at a rate
of 1 10 3 per time step.

This approach was inspired by the real-world: food grows over time at a much slower rate than it is
typically consumed. It also allowed for a semi-dynamic environment with no intervention from researchers
to manipulate the environment. In all experiments, these resources can only grow back to a maximum of
their initial starting value. Therefore, it was impossible for any environmental condition to have more food
available than the starting availability. As food resources can store their own variables, each food resource

was able to store its own nutritional availability.

2.3 Agent Model

2.3.1 The Action-Selection Architecture

Building on the work conducted by [34], [35], [39], [40], each agent in our investigation is endowed with an

Action-Selection Architecture (ASA): a decision-making model that drives behaviour selection through the
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