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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 field of embodied

artificial 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-affective relationships [15]–[17]. Individuals with affect-based social support have

consistently been found to benefit 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-affective 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 definition 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 difference between homeostasis and allostasis with an example.

Consider a biological agent A (i.e. an animal) that is sleeping and must maintain its blood pressure (a phys-

iological parameter) within a given range of values. When A 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 definition of

homeostasis sufficiently 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.

2
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Underpinning this socially-driven adaptation is the formation and maintenance of affect-based social rela-

tionships, such as parent-offspring [14], [30] and close-kin relationships [31]. These affect-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-affective 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 affect-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

affect-based social relationships, inspired by the principles of social allostasis. We focus our attention on

two specific 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 affect-based social relationships and mechanisms of social allostasis.

Despite being widely studied, the specific effects 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 find 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 significant advantages

3
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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-affective 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 affect-based relationships—and inspired by social allostasis principles—affects

the performance (in terms of “viability”, Section 2.4.1) and social dynamics of a small society of artificial

agents.

We will systematically investigate several hypotheses motivated by biological mechanisms that underpin

affect-based social interactions and relationships, and evaluate their effects 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 affect-based social

relationships and social allostasis mechanisms affect the viability and social dynamics of a society of

artificial agents?

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

following questions:

• How does oxytocin’s effects on increasing or decreasing the attention given to social cues affect group

wellbeing and interactions? (Chapter 3)

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

affect group viability and interactions? (Chapter 4)

• How does oxytocin-mediated social bond partner preference for social interactions affect the wellbeing

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

• How do different, rank-related tolerances to stress affect the social dynamics and agent viability in a

rank-based society? (Chapter 6)

• How do the effects of social support on reducing the release of a stress hormone affect 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,

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

• Does the adaptation of energy metabolism, through the stress-reducing effects 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 artificial agents built on the mechanisms that we systematically investigate and evaluate.

We aim to investigate several existing hypotheses from biology, with respect to hormonal effects 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 fields.

We also aim to contribute our artificial 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 artificial agents,

we hypothesise that mechanisms of adaptation, underpinned by affect-based relationships and the principles

of social allostasis, will result in significant 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 different fields. 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 affect 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 significant 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
5
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by cybernetics, earlier work [34] proposed an action-selection architecture that used hormonal mechanisms,

secreted as a function of “affective” states, to modulate the intensity of motivations and internal physiolog-

ical signals which then influenced 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 benefits through hormonal modulation of their decision-making models. More recently, [39] inves-

tigated the effects of ‘pleasure-like” hormonal mechanisms in a homeostatically-controlled agent model, and

[40], [41] investigated the effects 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 benefits 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 (Affect-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 significant performance benefits of using a proactive approach

in their agent’s decision-making model. Similar performance benefits 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 affective 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
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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 artificial

[60]–[63] and physical agents [64]. Current approaches find 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-specific improvements in the performance of their models when

artificial 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 affect-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 different 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–)affective 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 suffer 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 field 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 predefined 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 benefits 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 suffering from both the “Scaling” and “Dynamics” problems [104], a large focus

of current affect-based social models of adaptation—including social simulation models—have concerned

themselves either with dyadic interactions, which makes it difficult to extrapolate findings 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 significant challenge to

overcome in the field 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 artificial neural

networks for both artificial 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 field of socially-affective adaptive models, we are also mo-

tivated by the non-conclusive findings 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 effects [111]. Therefore, abstracting some of these proposed effects and inves-

tigating them with a model removed from the natural-world challenges may allow us to contribute to this

divided field 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 effects of some biologically-inspired

mechanisms underpinning affect-based relationships and social allostasis, and to develop an embodied agent

9



Chapter 1 1.5 Overview of Dissertation

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 first part (chapters 3 to 5) we investigate a

number of hypotheses related to the effects 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 effects of oxytocin and social support (the “social buffering” hypothesis).

Throughout the chapters, we incrementally build upon our agent model, using the findings from each

chapter to generate further hypotheses while developing our model of adaptation using mechanisms inspired

by social allostasis. Our final model is presented in Chapters 9.

This first 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 justification of methods where appropriate.

Our investigations start at Chapter 3, which describes our initial study into the effects of oxytocin on

the processing of social cues. In this chapter, we investigate the effects of two contrasting hypotheses (the

“prosocial” and “interactionist” approaches, respectively) regarding oxytocin’s effects 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

effects on social salience, we further test these hypothesised effect 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 effects on social salience may be context-dependent:

supporting the “interactionist” hypothesis. Based on our observations, we suggested that these contextual
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effects 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 effect of oxytocin on

social cues: that it specifically 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

different types of social bonds resulted in the emergence of a number of different affective behaviours. Based

on both our qualitative and quantitative findings, 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 “buffer” against the potentially-negative consequences of stressful conditions. Chapter 6 introduces our

initial work into investigating this “social buffering” hypothesis. Based on our results from the previous

chapter and additional biological literature, this first study investigated the role of individual, rank-related

“personality” differences—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 affected by a combination of individual stress tolerances and the physical challenges presented

by the environment. These results showed some contextual support for our hypothesis. In Chapter 7, we

continue the investigation into the “social buffering” hypothesis by accounting for the presence of affective

social bonds in the social environment. We investigate the effects of one hypothesised stress-reducing role of

social support on both individual and group dynamics and wellbeing, across a number of different physical

and social contexts.

Contrary to our hypothesis, we found that the stress-reducing effect of social support was dependent

upon the environmental and social context, and that the adaptive benefits of social support may be limited

by these contexts when only considering one of the “social buffering” effects. Building on earlier results from

Chapter 6, Chapter 8 investigates a second hypothesised effect of social buffering: that affect-based social

relationships also “buffer” the tolerance to stress in individuals. We investigate how accounting for two of

these hypothesised effects of social support affect social interactions and group viability.

The findings from Chapter 8 found how accounting for two of the stress-reducing effects of social support

resulted in different types of physiological and behavioural adaptation, dependent upon the degree of the

environmental challenge. In Chapter 9, we consider a third adaptive effect of these affect-based social

relationships: that they not only regulate the stress response, but that they also provide a more direct

physiological effect 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 effects 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 affect-based relationships, inspired by

social allostasis principles. We systematically investigate a number of adaptive, hormonal mechanisms

that underpin affect-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 final model across a number of social and physical conditions (Chapter

9).

• A framework for modelling and quantifying the quality of affective and dyadic relationships for artificial

agents. Capitalising on the capabilities of artificial systems, we have proposed a dynamic, real-time

measure of (affective) 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 quantifiable model and measure of affect-based relation-

ships for future investigations.

• A mathematical model of the hypothesised “trade-off” 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

modified 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

findings 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 scientific

tool to conduct future cross-disciplinary investigations.

This Ph. D. has contributed several journal articles and conference proceedings:

• Khan, I., Lewis, M. and Cañamero, 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 Cañamero, L., 2018. Modelling adaptation through social allostasis: Modulating the

effects 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 Cañamero, L., 2019, September. The Effects of Affective Social Bonds on

the Interactions and Survival of Simulated Agents. In 2019 8th International Conference on Affective

Computing and Intelligent Interaction Workshops and Demos (ACIIW) (pp. 374-380). IEEE. (Chapter

5)

• Khan, I., Lewis, M. and Cañamero, L., 2020. The Effects of Rank-Related Differences in Stress Tol-

erance on the Social Dynamics and Group Viability of Artificial Affective Agents. IEEE Transactions

on Affective Computing (Chapter 6, submitted).

• Khan, I., Lewis, M. and Cañamero, L., 2020, July. Modelling the Social Buffering Hypothesis in an

Artificial Life Environment. In Artificial Life Conference Proceedings (pp. 393-401). MIT Press.

(Chapter 7)

• Khan, I., and Cañamero, L., 2021. The Long-Term Efficacy of “Social Buffering” in Artificial Social

Agents: Contextual Affective Perception Matters. Frontiers in Human-Robot Interactions (Special

Issue: Affective Shared Perception) (Chapter 8)
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Chapter Two

Simulation & Agent Model

2.1 A Biologically-Inspired Artificial 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
field-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 justification for our methodology choices where appropriate.

We use a simulated, artificial life approach throughout the course of our research, developed using the

NetLogo [114] platform, version 5.3.1. We propose advantages to using an artificial 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) artificial life models are able to deduce mecha-

nisms and behaviours from real-world observations, abstract them into simple computational models; embed

them within artificial 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 artificial

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 artifi-

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 benefits towards the study of these fields, the implications of extrapo-

lating our findings 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 specifically address in this research. In defence of our bio-inspired approach, we suggest that an

artificial life model may address some of the limited conclusions drawn from real-world studies, and can be

used as a scientific tool in its own right to contribute to hypotheses in those fields.

Despite the proposal that artificial agents should have biological targets [121], our modelling approach

did not have any specific 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 (specifically chimpanzee) studies. We discuss the reasons for this in Section 5.2.1.
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Chapter 2 2.2 Simulation Environment

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 field-of-vision and
remains unchanged throughout all investigations.

In those chapters, we identify and describe similarities between the behaviours and dynamics of our artificial

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 “artificial primates”, and discuss the potential of using our findings

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

2.2 Simulation Environment

We use an artificial 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
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contains two different types of objects or resources: autonomous Agents 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 field-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

5–9). 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 conspecifics. Initially, all agents were homogeneous (Chapter

3–4), though this changed in later chapters (Chapters 5–9).

The choice to use six agents was justified by the nature of the investigations and numerous validation

experiments before our first investigation (Chapter 3). As there is limited literature studying artificial 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 flexible enough to create “groups” of agents of significant size. Furthermore,

to overcome some of the limitations of previous agent-based models that we had identified, 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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Energy SocialNeed

Eat Groom

Food

Agents

Hungry Lonely

Internal Variables

Motivations

Behaviour Selection

External 
Stimuli

Energy
SatisfactionRate

Social
SatisfactionRate

Chapter 2 Model (Previous)

Calculate deficit between ideal and actual values (Eq. 2.1)

Calculate salience of external stimuli (Eq. 2.2)

Calculate intensity of each motivation (Eq. 2.3a)
Select motivation with highest intensity (Eq. 2.3b)

Calculate intensity of corresponding behaviour (Eq. 2.4a)
Select winning behaviour (Eq. 2.4b)

Update internal variable by rate of physiological satisfaction (Eq. 2.5)

Figure 2.3 Illustration 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 deficits. Food resources reduces at a rate of 1×10−2

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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maintenance of two homeostatically-controlled variables (Figure 2.3), by keeping their values above its lower

bound so as to remain stable (or viable [22]). These variables relate to two competing needs: a physical

need, denoted as Energy, as well as a social need, denoted simply as SocialNeed :

Energy represents a physical need and is analogous to a basic biological requirement to consume nutrition

to stay “alive”. As such, it is a survival-related variable: when it reaches its lower bound, the agent will “die”.

SocialNeed, on the other hand, is non-critical, though still drives a motivation and goal-directed be-

haviours through the ASA. As the name suggests, it is analogous to a need for social interaction with

another agent. As a non-critical variable, agents do not “die” when this value reaches its lower bound.

The goal of the agents is to maintain the two internal homeostatically-controlled variables as close to the

ideal points as possible, by correcting any deficits through a relevant goal-directed behaviour: to Eat food

resources to correct Energy deficits, and Touch other agents to satisfy their SocialNeed deficits. This com-

prises a two-resource problem of action-selection. The ASA described here selects which of these behaviours

to execute at any given time.

Each of these two variables have a lower and upper bound between 0 and 1 respectively, with their ideal

value set at 1. Both internal variables start at their maximum value and experience a small deficit at each

time step, at an independent rate, when their relevant motivations are not being satisfied. We describe these

values fully in Table 2.1. Upon initialisation, the ASA then works as follows:

Step 1: At each time step, the difference between the ideal value of an internal variable (ideali) and its

current value (currenti) is calculated, producing an error (deficit) value for that internal variable (di).

di = ideali − currenti (2.1)

Step 2: The salience of each of the two external stimuli (Food and Agents) is calculated as the perceived

amount of each resource:

ci = Si (2.2)

Step 3: The error value (Equation 2.1) is combined with the amount of each relevant stimuli (Food and

Agents) to calculate the intensity, or “urgency”, of each of the two motivations (Hungry, Lonely):

mi = di + (di × ci) (2.3a)

mwinner = max(mHungry,mLonely) (2.3b)
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Step 4: The motivation with the largest intensity is then selected as the winning motivation. In our

two-resource problem, each motivation has a single corresponding behaviour: Eat when an agent is Hungry,

and Groom when an agent is Lonely (Table 2.1). This constitutes a “Winner-Takes-All” architecture.

bi = mi (2.4a)

bwinner = max(bEat, bGroom) (2.4b)

Once a winning behaviour has been selected, it drives an agent to satisfy the relevant motivation by

heading towards an available resource related to that behaviour, or wandering around the environment until

a relevant resource is perceived. When the winning behaviour has been executed, the relevant internal

variable v (Energy when agents Eat, SocialNeed when agents Groom) is satisfied at a pre-determined rate p:

vi = vi + pi (2.5)

Table 2.1 describes the relationship between each homeostatically-controlled variable, the relevant moti-

vation, the behaviour and resource required to satisfy that motivation, and the effect of the behaviour on

the agent’s physiology. Internal values are updated at each time step and motivations recalculated. A visual

representation of the ASA can be seen in Fig. 4.1.

The basis of the architecture presented here remains unchanged throughout all of the experiments.

Throughout the course of this dissertation, each chapter incrementally builds upon this framework, moving

from a model driven strictly by homeostatic control to a homeostatically-controlled model that is adapted

through mechanisms of social allostasis and affect-based social relationships. These changes are described

both mathematically and diagrammatically within each relevant chapter.

2.3.2 Hormonal Modulation of the Action-Selection Architecture

Several biological hormones can be considered to underpin affect-based social interactions and social allostasis

[29], [122]. Our investigation focuses on two: oxytocin, a hormone associated with social interaction, and

cortisol, a hormone associated with stress and adaptation. To justify our selection of these hormones, we

highlight some of their hypothesised roles and functions in biological agents.

Oxytocin is a neuropeptide hormone that is released during social behaviours. Given its correlations

with prosocial behaviours, it has historically been dubbed the “love hormone’, having been associated with the

promotion of maternal behaviours [123], [124], trust [125], generosity and reward-sharing [126], and empathy
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[127]. It has also been observed to have a number of effects on partner preference [128], [129], including

“in-group” bias [130]. These effects are not only restricted to human studies [107], and are likely facilitated

in part by oxytocin’s effect on the dopaminergic or reward circuitry in the brain [131]. Its association with

social behaviours is not always seen to be prosocial in nature. For instance, oxytocin has also been found to

have effects on envy [106], decreased trust [132] and out-group aggression [130]. These findings have made

researchers reconsider the precise effects of oxytocin, and the contexts in which these effects differ.

Cortisol, on the other hand, is a steroid hormone released as a result of (internal or external) stress. It

is associated with energy production [133], heightened vigilance [134] and improved memory formation [135]:

all of which are adaptive, survival-related responses. Cortisol is misunderstood as a stress hormone that

only has maladaptive consequences, and should instead be considered a hormone of physiological adaptation

[29]. However, long-term exposure to chronic levels of cortisol results in physiological detriments [136]: and

even long-term medical disorders such as Cushing’s syndrome [137] or Addison’s disease [138] in humans.

However, to characterise cortisol as only a hormone of “stress” overlooks its survival-related adaptation [14].

Individual [115], [116] and social [108], [117] contexts also determine responses to elevated levels of cortisol

and stress.

In our model, we define an (artificial) hormone as an internal value that is “secreted” as a function of the

internal and/or external environments. These hormones are used to modulate different components within

the Action-Selection Architecture calculations. This is line with similar work using modulatory hormones

within their action-selection models [34]–[36], [40], [41], [139]. As the specific hormonal mechanisms and

modulatory effects used changed throughout this research, each mechanism will be introduced and discussed

at the start of each relevant chapter.

2.3.3 Agent Interaction

Agents are endowed with two consummatory (goal-achieving) behaviours, Eat and Groom, which are per-

formed on either food or other agents respectively to satisfy the current motivation. When a resource is not

available, agents have a goal-seeking, appetitive behaviour of “wandering”. We briefly describe the way in

which agents interact with the environment here.

Vision System: Each agent has a fixed “field-of-view” which describes the maximum length and angle of

its perception. This cone is of length 20 patches with an angle of 80 degrees (+/- 40 degrees). This modelling

decision was justified after a number of pre-experimental runs prior to the investigation in Chapter 3 being

undertaken. A length of 20 patches corresponds to approximately 1/5th of the world length. This cone of
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Internal

Variable

Decay

Rate

Motivation

mi

Behaviour

bi

Stimuli

Si

Physiological

Effect

pbi

Energy −1× 10−3 Hungry Eat Food
+ Energy

(+1× 10−2)

Social

Need
−1× 10−3 Lonely Groom Agent

+ SocialNeed

(+3× 10−2)

+Oxytocin

(+1)

Table 2.1 Description of the two internal variables, and the initial decay rate of each of these
variables. Deficits of each of these variables are associated with a corresponding motivation and
behaviour, with one type of stimuli with which that behaviour can be executed. The final column
denotes the effect that performing behaviour bi has on the corresponding internal variable.

vision remains unchanged for all agents across all experimental iterations. Agents are able to perceive a

resource only if it falls within this vision range. A screenshot of this cone of vision is seen in Figure 2.2.

Movement: Agents move through the environment at a default rate of 0.5 patches per time step. In

absence of any relevant stimuli, agents randomly wander through the environment, constituting an appetitive

behaviour. When a stimulus is perceived that affords an agent to satisfy its winning motivation, wandering

becomes more directed in the direction of the resource. When an agent is in close proximity of a resource

(within a one-patch radius), it performs one of two consummatory behaviours in order to satisfy each of the

two motivations: Eat a Food resource, or Touch another Agent.

Eat is executed when an agent is within one patch radius of a food resource. Agents stop at the resource

that they want to consume and, at each time step, take “bites” of the food resource. As agents consume the

resource, their Energy is replenished at a small rate (Table 2.1) for each bite taken. At the same time, the

nutritional availability of food resources is reduced.

Groom is executed when agents are within a radius of two patches of another agent. This distance

corresponds to being within “touching distance”. Unlike Eat, the consummatory behaviour of Groom is

executed in a single time step. Initially, this behaviour satisfies an agent’s internal SocialNeed by a fixed

value (Table 2.1). In later chapters, this rate becomes more dynamic and context-dependent. Agents can

perform this behaviour on another agent or, in some scenarios, agents can perform this behaviour on each

other at the same time.

Table 2.1 summarises the default conditions of each internal variable, their decay rate, the motivation
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and behaviours it drives, along with the rate of satisfaction.

2.4 Metrics

2.4.1 Viability Indicator Metrics

The term “viability”, as proposed by Ashby [22], describes how the “survival” of an individual or system

(insofar as it can remain stable) is represented by the state of its essential variables: its internal milieu [140].

In biological creatures, some examples of these essential variables include heart rate, blood pressure and

blood oxygen levels. These essential variables exist within upper and lower limits, called a “viability zone”

(Figure 2.4). When one or several of these essential variables approaches either of these limits, the stability

(and therefore survival) of a system or individual is challenged. If these variables are not corrected and

transgress these limits, an individual will “die”.

As we described earlier, regulation of these variables can be achieved through homeostatic control, and

the selection of appropriate viability measures provides researchers with a more holistic understanding of

the stability and performance of a system. In the world of autonomous agents, reports of “viability” should

concern itself with both quality and quantity of system stability. We use the measures described below

to assess the performance and suitability of the different versions of our model. We therefore employ the

approach proposed by [35] who have suggested and described the use of multiple metrics (which they refer to

as “viability indicators”) to assess model performance. We describe these viability indicator metrics below.

Life Length

Life Length describes the amount of time an agent has survived (by keeping its survival-related internal

variables above 0), as a percentage of the overall simulation runtime:

LifeLengthA =
tlifeA
trun

(2.6)

Where tlife is the time, in time steps, that an agent survived, and trun is the maximum run time of the

experimental run.
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Figure 2.4 A visualisation of the internal “viability zone” for each agent. Each internal variable
(Energy and SocialNeed can exist in the range 0 to 1, with the goal for each agent to keep both
variables as close to the green zone as possible (i.e. Energy as close to 1 as possible, as SocialNeed
is non-critical). The closer these internal variables are to the red zone, the closer an agent is to
“death”. The value of each internal variable is used along with the presence of external stimuli to
calculate the intensity of each motivation (Lonely or Hungry).

Average Comfort

The Average Comfort metric describes the mean satisfaction of the internal homeostatically-controlled vari-

ables:

AverageComfortA :=

tlifeA∑
i=1

(1− d̄i)
tlifeA

(2.7)

Physiological Wellbeing

Finally, Physiological Wellbeing describes the homogenity with which both internal variables are satisfied

during an agent’s life.

PhysiologicalWellbeingA =

tlifeA∑
i=1

(1− σ2(di))

tlifeA
(2.8)

2.4.2 Additional Metrics

While the viability indicators were the main metrics with which we quantified the model performance, we

also reported a number of additional metrics throughout the course of the investigation where we deemed

it appropriate. These additional metrics reported quantified measures of individual and group behaviours,

and are defined and discussed as they are used in different chapters.
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Finally, with the view that the simulated can be viewed as “artificial animals”, we supplemented these

quantified measures by observing experimental runs and providing qualitative analysis where appropriate in

order to provide a holistic analysis of emergent dynamics and agent behaviour. Despite related work analysing

agent behaviour using dynamical systems theory [141], we employed an agent-based approach as we were

interested in understanding the contexts of agent interactions and behaviours, and then to understand social

dynamics as a bottom-up, emergent property of non-homogeneous agent interactions. Given our interest

in individual-level, and not purely aggregated, dynamics, an agent-based approach was better suited than

a dynamical systems approach for this research. However, we highlight that any subjective discussions

regarding agent behaviours and dynamics remain an interpretation of the researcher.

Statistical significance testing was performed using one-way ANOVA between comparison groups, with

significance reported at p ≤ 0.05. In later chapters, correlations between variables was assessed using

Pearson’s Correlation Coefficient.
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Chapter Three

The Social Salience Hypothesis of

Oxytocin: An Initial Investigation

3.1 Introduction

Figure 3.1 A high-level view of the effects investigated in this chapter. Red highlights extensions
to the model. OT = Oxytocin. A more granular view of the Action-Selection Architecture can be
seen in Figure 3.2

In Chapter 2, we described our simulated agent model as well as the foundation of our decision-making

model (called the Action-Selection Architecture) and how each of its steps are calculated. We described

the base environmental conditions in which the experiments are conducted. This chapter describes our first
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investigation into one of the potential mechanisms to use for an adaptive model of social allostasis.

As we have discussed (Subsection 2.3.2), adaptation via social allostasis is driven, in part, by adaptation

to an individual’s social environment. The ability to regulate, anticipate and adapt social behaviours (that

is, actions performed on other social entities) based on internal and external contexts constitutes one type of

adaptation. One way in which these social behaviours are adapted may be facilitated by the different levels

of attention given to social cues.

Oxytocin has been seen to affect the attention given to social cues (the “social salience” hypothesis)—

which may underpin the formation of social relationships and social behaviours—though the precise effects

are still not clear. A number of hypotheses have been proposed, and we focus on two contrasting ones in

this chapter. One hypothesis is that oxytocin promotes these behaviours by strictly increasing the attention

given to social cues (the “prosocial” hypothesis): another that its effects are context-dependent and, in some

cases, oxytocin decreases social salience for survival-related outcomes (the “interactionist” approach).

In this chapter, we test the effects of these two contrasting hypotheses on agent viability under three

different environmental conditions related to increased challenges in food availability. Our results showed

that, in the conditions observed, increased social salience via oxytocin presents significant behavioural and

viability advantages in challenging world environments, whereas decreased social salience through oxytocin

mechanisms significantly hindered performance. We also observed the emergence of a number of social

behaviours related to trust, imitation, and manic-type behaviours, and considered oxytocin’s role in these

behaviours in real-life individuals.

3.1.1 Oxytocin & Social Salience

For social individuals, social interaction can provide survival-related advantages [107], but also comes with

attention, temporal and energy cost [142]. Attention given to social cues may come at the cost of taking

away attention given to other survival-related resources. When individuals have multiple needs that must

be managed (as is the case in natural systems), or live in socially-challenging environments, operating at

an “optimal” level of social vigilance can be a case of life-or-death. Freeing up the attention given to

less-relevant stimuli can provide an individual with “attentional resource” that can be focused towards the

pursuit of other survival-related goals [107], [126]. In a social context, adaptation—and ultimately survival—

is therefore dependent upon how and when attention should be given to cues in the social environment [25],

[107], [142].

For social agents, including humans, oxytocin is seen to be the primary hormone that mediates such social
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interactions. The social salience hypothesis of oxytocin states that oxytocin’s effect on social behaviours is

facilitated by its effect on attention given to social cues [143]. A number of theories regarding oxytocin’s

effects on social salience exist, and we focused on two particular ones. The first, described as the “prosocial”

hypothesis of oxytocin [125], considers that oxytocin promotes social behaviours, and one of the ways in which

this is achieved is through increased attention to social cues. A competing theory, called the “interactionist”

approach [106], [107], finds that oxytocin’s effects on social behaviours, including its effect on social attention,

are diverse and dependent upon individual, social and environmental context. We highlight some of these

contextual effects in Subsection 2.3.2. Overall, the precise effects of oxytocin are incredibly diverse and not

unanimously agreed upon.

In this chapter, we use the capabilities of our artificial life model to investigate two of these proposed

effects in isolation. We created an abstraction of two hypothesised effects of oxytocin on social salience—that

it increases social salience (the “prosocial” approach), and that it can decrease social salience (the “interac-

tionist” approach)—and investigated their effects on survival-related (viability) metrics and behaviours in a

small society of artificial agents.

3.1.2 Aims & Hypothesis

In this chapter, we aim to investigate two contrasting effects of oxytocin—that it increases, or that it de-

creases the attention given to social cues—on the survival-related benefits (viability) and behaviour selection

of a small group of agents across three different physical environments related to food availability. We hy-

pothesised that group viability would be significantly improved across all conditions when oxytocin increases

social salience. We aim to use the results of this investigation to assess one potential mechanism for a model

of social adaptation.

3.2 Extensions to the Agent Model

Each of the agents were endowed with the Action-Selection Architecture as described in Chapter 2. In this

initial iteration, we introduced the hormone of “oxytocin” with a single mechanism: to modulate the salience

of external social cues in the Action-Selection Architecture in one of two ways. We describe these effects

below.
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Figure 3.2 A granular view of the Action-Selection Architecture (ASA) used in this investigation
(right), compared to the initial model presented in Section 2.3.1. Extensions to the agent model
are highlighted in red. In the current model, oxytocin (OT) modulated the salience of social cues
in one of two ways, as described in Section 3.2.1. Dashed lines indicate modulatory effects.

3.2.1 Modulation of Social Salience via Oxytocin

We developed a computational model to capture some of the hypothesised effects of real-world oxytocin (OT)

mechanisms on social cues, as discussed in Section 3.1. This hormone OT modulated the salience value of

social cues (i.e. other agents) within the Action-Selection Architecture, in one of two opposing ways (Figure

3.2). In the first condition, salience of social cues was increased as a function of an agent’s internal level of

OT. In the second, salience of social cues was decreased as a function of OT.

Increased Social Salience was calculated as:

Sagents = Cagents × (1 +OT ) (3.1)

Decreased Social Salience was calculated as:

Sagents = Cagents × (1−OT ) (3.2)

where Cagents is the total number of other perceived agents, and Sagents is the final salience calculation.

OT values take the range 0–1. Agents are initialised with the maximum OT value of 1. This value of OT

decreases at a rate of −0.005 per time step in absence of all behaviours, and increased to its maximum value
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SalienceEffect

World Condition No Effect Increase Social Salience Decrease Social Salience

Easy E0 E+ E−

Challenging C0 C+ C−

Super Challenging SC0 SC+ SC−

Table 3.1 Table of each experimental condition in this investigation with the corresponding label,
using the world condition (E, C, SC) and the modulatory effect of oxytocin on social cues (0
(None), + (Increase), − (Decrease)). Results are reported using these labels.

of 1 in a single time step when agents perform the Groom behaviour. The possible range of the modulation

functions described above was therefore 0–2.

3.3 Experimental Set Up

Experiments were conducted across three different environmental conditions corresponding to increasing

physical challenges related to food availability. These worlds were simply called Easy, Challenging and

Super Challenging. Figure 3.3 shows screenshots of each of the respective conditions. Below, we give a brief

description of each of the world conditions.

Easy conditions were world conditions in which food resources were considered to be abundant. 18

yellow food resources were available throughout the environment grouped together in small clusters. We

proposed that this would serve as the baseline environmental condition, and hypothesised that the abundance

of food posed little to no physical challenges for our agents (Figure 3.3, left).

Challenging conditions were world conditions where food resources were scarce. This condition had 6

yellow food resources in two small clusters placed in two corners of the environment (Figure 3.3, centre).

Super Challenging conditions had the same food distribution as Challenging conditions, though the

resources had half of the available nutritional value as the Challenging conditions. This constituted an

extremely challenging world condition, and we hypothesised that agent performance would be comparatively

poorer in these conditions (Figure 3.3, right).

This created a total of 9 experimental groups: 3 corresponding to the direction of modulation of social

cues (No Effect, Increase, Decrease) which we call the SalienceEffect, and 3 related to world condition (Easy,

Challenging, Super Challenging). The labels for each of these experimental groups can be seen in Table 3.1.

For simplicity, we have referred to each experimental group using these labels henceforth.
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Figure 3.3 Screenshots of the three world conditions: Easy (left), Challenging (centre), and
Super Challenging (right). Yellow circles represent food resources. In this chapter, agents were
represented using small bug shapes. Agent colour denotes their motivational state (green = Lonely,
red = Hungry).

In the Easy and Challenging world conditions, each food resource had a starting nutritional value of 2

units. In the Super Challenging condition, each food resource had a nutritional value of 1 unit. The effects

of food resources are discussed in Section 1.3.2.

Each of the six agents in this investigation were homogeneous, and were endowed with the same Action-

Selection Architecture, hormonal modulation effects and behaviours across each experimental condition. For

the purpose of visualisation, agents would turn one of two colours depending on their motivational state: red

when their current motivation was to Eat, and green when their current motivation was to Groom. These

colours were for the benefit of observers and were not detected by the other agents.

Each experimental group consisted of 20 simulation runs, resulting in a total of 180 simulation runs in

total. Simulations were run for 25,000 time steps. A time step is defined as one complete iteration of the

code. This equated to approximately 45 hours of simulation run time.

Results for each condition were reported using aggregated measures of the viability indicators, Life Length

and Average Comfort (Section 2.4.1), for the overall group. To assess the effects of social cue modulation on

decision-making, we also reported two additional measures, Motivation Distribution and Behaviour Time.

Motivation Distribution described the time, as a percentage of an agent’s life, that the agent spent in each

of its two motivational states (Hungry or Lonely). Since agents always experience one of two motivational

states, the sum of these percentages is 100%. Behaviour Time described how much time was spent executing

each of the behaviours, as a total percentage of Life Length.

Statistical testing was performed on the two viability indicators. Between-group statistical testing was
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Figure 3.4 Mean Life Length (left) and Average Comfort levels across all world conditions. These
results are aggregated values for all agents across all simulation runs. Error bars show the standard
error of the mean (SEM).

conducted using one-way ANOVA. Statistical significance was determined using Pearson’s correlation coef-

ficient and declared at p ≤ 0.05.

3.4 Results

3.4.1 Viability Indicators

Easy World

All agents in Easy conditions maintained a 100% survival rate across all experimental runs, and we observed

no relationship between the different SalienceEffect conditions (E0, E+, E−) and mean Life Length (Figure

3.4, left).

We observed a variance in Average Comfort results between the E0 and the E+ group (0.90 and 0.93

respectively, Figure 3.4, right) groups, though this did not achieve statistical significance (p = 0.07). However,

we find a statistically significant difference in Average Comfort between the E− group (0.72) and control

group (E0: p < 0.01), and E− and the E+ group (p < 0.01).

Due to the near-perfect viability performance in these world conditions, we considered it to be an ade-

quate baseline to compare the results of the more physically-challenging conditions (Challenging and Super
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Challenging) against.

Challenging Worlds

In Challenging conditions, we observed differences in viability performance across the different SalienceEffect

groups. Agents in the non-oxytocin group (C0) experienced a mean Life Length of 75%: a statistically

significant decrease when compared to the same group in the Easy conditions (E0: p < 0.01). Agents in the

C0 group achieved an Average Comfort level of 0.66: a statistically-significant reduction when compared to

the E0 group (p < 0.01).

The mean Life Length in the C+ group was 83% (Figure 3.4): a statistically significant improvement

when compared to the C0 group (75%, p = 0.022), but lower than the mean Life Length reported in the

Easy world conditions (E+: 100%),

In the C− group, we observed a reduction in both Life Length performance (65%) and Average Comfort

(0.55). For Life Length, this was a statistically significant result compared to both C0 (p = 0.027) and C+

(p < 0.01). Average Comfort saw a significant decrease compared to the C0 and C+ conditions (p < 0.01

for both, respectively).

Super Challenging Worlds

There was a significant reduction in Life Length performance in the Super Challenging world conditions

across all SalienceEffect groups when compared to the other two world conditions. In non-oxytocin conditions

(SC0), agents experienced a mean Life Length of 45%: a statistically significant decrease when compared to

both the Easy and Challenging world conditions (p < 0.01 for both, respectively).

When oxytocin increased social salience (SC+), mean Life Length increased to 50% (p = 0.042 compared

to SC0). For SC− groups, we observed a statistically-significant reduced performance in Life Length (30%)

, compared to both SC0 and SC+ groups (p < 0.01 for both, respectively).

Average Comfort levels were highest in this world condition in the non-oxytocin groups (SC0: 0.68, Figure

3.4, right): higher than the control condition of the Challenging world environment (C0, 0.66), though with

a larger variance (± 0.04 vs. ± 0.02). Finally, we found a non-significant reduction in Average Comfort

levels in the SC+ group (0.63) compared to SC0 (p = 0.43), with a further reduced performance in SC−

group (0.57, p = 0.02 vs. SC0).
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Experimental Condition

Behaviour E0 E+ E− C0 C+ C− SC0 SC+ SC−

Eating 3% 3% 1% 4% 4% 1% 11% 10% 8%

Grooming 15% 15% 14% 13% 12% 11% 7% 6% 2%

Wandering 82% 82% 85% 83% 84% 88% 82% 84% 90%

Table 3.2 Time spent executing each of the behaviours, Eating and Grooming. Time spent not
executing one of these two consummatory behaviours is spent Wandering.

3.4.2 Motivational State Distribution and Behaviour Time

Across the control conditions (E0, C0, SC0), Motivational State Distribution was in line with the relative

physical challenge of the environment. In Easy world conditions, we observed a 10%pts difference in time

spent Hungry (45%) and Lonely (55%). In the Challenging world conditions, this difference reduced to a

more even distribution, with only a 4%pts difference between Hungry (52%) and Lonely (48%) motivational

states. In the Super Challenging world condition, this difference increased to 20%pts, with agents spending

more time Hungry (60%) than Lonely (40%).

In conditions where oxytocin increased social salience (E+, C+, SC+), we expected Motivational State

Distribution to favour the Lonely motivational state. This was seen in only the Easy condition (E+: 59%).

The C+ group saw a slight reduction in the time in the Lonely motivational state (-3%pts) compared to C0,

while the distribution in the Super Challenging world (SC+) remained unchanged.

In the Easy world, when oxytocin decreased social salience, agents spent 60% of their total life in the

Hungry motivational state. In more challenging conditions, we saw the inverse, with agents spending 83%

and 78% of their time in the Lonely motivational state, in the Challenging and Super Challenging worlds

respectively.

Table 3.2 shows the Behaviour Time of the society across each of the conditions. In the Easy and

Challenging environmental conditions, groups spent significantly more time Grooming (11−15%) than Eating

(1 − 4%). In Super Challenging conditions, this trend is reversed. Across all environmental conditions, we

find that decreased SalienceEffect groups (E−, C−, SC−) show decreased time spent eating when compared

to the other SalienceEffect groups. In the latter two conditions, this reduced time eating corresponds with

reduced motivation to Eat. Across these same conditions (E−, C−, SC−), we observed increased time

wandering and not performing any consummatory behaviour, compared to the other two SalienceEffect

groups.
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Figure 3.5 Motivational State distribution, showing the spent in each motivational state as a
percentage of an agent’s life, broken down by experimental condition (y-axis).

3.5 Discussion

Overall, we find that agent viability was significantly improved when oxytocin increased the salience of

social cues across all three world conditions. Where Life Length remained unchanged in the Easy condition,

viability improvements were still reported with increased Average Comfort. We observed both increased

Life Length and Average Comfort levels in the Challenging world condition when oxytocin increased social

salience. We observed a non-significant decrease Average Comfort when oxytocin increased social salience in

the Super Challenging group, though we consider that this may ne an effect of the relative difficulty of the

environment.

In addition to improving agent viability performance by increasing social salience through oxytocin, we

found decreased viability across all environments when oxytocin decreased social salience. Furthermore, the

time spent performing the prosocial behaviour (Grooming) was also significantly reduced in these condi-

tions. Here, we suggest a causal link between the prosocial behaviour of Grooming, facilitated by oxytocin

mechanisms, and agent viability. We discuss a number of observations of our experiments below.
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3.5.1 Attention to Social Cues Affects Eating Behaviours

In our model, oxytocin’s effect on social salience affected the motivation to perform a prosocial behaviour

(Equation 3.1), and we had predicted that increased social salience groups (E+, C+, SC+) would show

increased motivations to Groom as a result of the increased attention given to social cues.

Contrary to this prediction, in Challenging and Super Challenging world conditions, we found that agents

spent more time in the Hungry motivational state rather than the Lonely (Figure 3.5). We propose that this

is due to the relative physical challenge of the world condition. Additionally, agents in these conditions were

able to perform a similar amount of Grooming with others compared to the C0 and SC0 groups (Table 3.2).

In Super Challenging conditions, we observed a significant difference in the time spent eating compared

to the other two environmental conditions (Table 3.2). Watching the simulation runs, we found that, due to

the relative sparsity of food resources, agents would maximise the opportunity to eat once they had located

a food resource. As a result, agents in these conditions were found to spend longer periods of time eating

for longer periods to satisfy larger internal deficits—akin to a “feasting-type” behaviour. In contrast, where

the internal Energy deficit was smaller in the other two world conditions (Easy and Challenging), eating

behaviours in those groups were seen to be “little-and-often”, allowing for internal deficits to be satisfied

regularly and freeing up attention to satisfy their other internal need (SocialNeed).

3.5.2 Increased Social Salience through Oxytocin Results in Emergent “Imita-

tion”

We highlight that the increased viability in the Increase Social Salience conditions was, in part, due to the

emergence of agent “imitation” resulting in indirect cooperation towards the acquisition of food resources.

As we mentioned in Section 2.2, agents wandered through the environment and head towards salient

resources in their vision if that particular resource satisfies their current motivational state. As another

agent represents a dynamic resource that both affects and satisfies their motivation to Groom, these agents

(for instance, A1 in Figure 3.6) would follow the other agent (A2) order to Groom with it. In some cases,

the agent being “followed” would locate a food resource and—as a result of this following behaviour—both

agents (A1 and A2) are able to locate the food resource. Agents then satisfy their Energy deficit through

this opportunistic finding of resources. The proximity afforded by both agents eating together also increased

their likelihood to Groom, therefore satisfying both internal needs in a short space of time. An illustration

of this behaviour can be seen in Figure 3.6.

This behaviour was also seen to extend to three agents in some simulation runs and, in some rare
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Figure 3.6 Screenshots showing how agents followed or “imitated” others towards food resources.
A: Agent A1 is motivated to groom, and sees agent A2 who is searching for food. B: A1 begins to
follow A2. C: A2 sees food to satisfy its Hunger motivation, and by following A2, A1 also sees this
food. D: Both A1 and A2 successfully find and acquire food. This satisfies their Energy variable
and, by virtue of being close to each other, are more likely to Groom with each other (not shown).
Agent colours represent motivational states: Green when they are Lonely and looking for agents,
and red when they are Hungry and looking for food. Picture C shows how A1’s motivation changes
as a result of seeing food.

circumstances, extended to four agents organising in such a way. Therefore, increasing salience to social cues

not only allowed agents to exploit the presence of other agents, but also to utilise the other agents’ range of

vision in the location and consumption of food resources.

Such behaviour did not emerge in groups where oxytocin decreased social salience (E−, C−, SC−).

In those conditions, we observed more of a solitary approach towards food acquisition, compared to this

cooperative behaviour towards food acquisition described above. In conditions where food resources were

difficult to find (Challenging and Super Challenging), this behaviour provided survival-related benefits for

agents.

We highlight that this emergent cooperation driven by increased attention to social cues—the effect

related to the prosocial hypothesis of oxytocin— was a social behaviour that resulted in improved agent

viability in these conditions. We propose that this behaviour, underpinned by oxytocin’s effect on social

salience, may constitute a form of behavioural adaptation through the social environment for these agents

[144].
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3.5.3 Decreased Social Salience Results in Social “Ignorance”

As we saw no survival-related benefits for decreasing social salience through oxytocin, we performed several

observations on simulation runs in these conditions to investigate the reasons further. From these observa-

tions, we highlight a number of emergent behaviours seen in these conditions that may have contributed to

reduced viability performance.

We found that when oxytocin levels were high, agents in the C− and SC− groups (i.e. when oxytocin

decreased social salience) would not perform Grooming with other agents to satisfy their SocialNeed deficit.

In some cases, this SocialNeed deficit would exceed the Energy deficit. Instead, we found that these agents

“ignored” others and continue to wander through the environment, in favour of food acquisition.

As internal motivational states were driven as a function of both internal deficits and external cues

(Equation 2.3a), oxytocin’s inhibitory effects on attention given to other cues (Equation 3.2) resulted in

agents not being motivated to Groom in this scenario, despite an available social resource and an internal

deficit.

Such social ignorance related to oxytocin levels may underpin states of distrust, and has also been observed

in the real world. For instance, [145] discussed how elevated oxytocin can decrease trust and prosocial

behaviours in individuals with borderline personality disorders. We suggest that the social withdrawal and

ignorance of other individuals that we have described may have emerged as a result of oxytocin’s effect on

attention to social cues. These observation may provide an insight into one potential mechanism underpinning

these behaviours in biological agents, and provides a potential avenue for further investigation.

3.5.4 Oxytocin’s Secondary Effects as “Social Memory”

After watching the simulations, one unexpected consequence of our model was how oxytocin levels were

indicative of recency of a Grooming behaviour taking place. Specifically, higher levels of oxytocin indicated

a recent social interaction, and lower levels of oxytocin indicated that such an interaction had not taken

place for an extended period of time. This was most notable in groups where oxytocin decreased social

salience (E-, C-, SC−): where, after Grooming with another, agents would be seen to “ignore” other agents

as a result of elevated oxytocin levels (Subsection 3.5.3).

Here, we suggest that oxytocin may serve a secondary function related to “social memory” in our model:

an effect also seen in biological systems [146]. This effect may also play a role in oxytocin’s diverse, context-

dependent effects [145]: where a recent social interaction can “free up” attentional resource in pursuit of

other goals, which may therefore facilitate long-term survival.
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Currently, our agent model does not consider the recency of a social behaviour (via oxytocin levels) when

satisfying the internal SocialNeed variable. Instead, SocialNeed is corrected by the same value (+0.5) after

all Grooming interactions. Taking the view that oxytocin serves as a measure for how recently a social

behaviour has been performed, we propose that adaptation of this internal physiological signal (SocialNeed)

as a function of oxytocin may provide further insight into our initial findings. We consider this as an avenue

for further investigation.

In terms of a low-cost computational model for social interactions, such a social memory model may

provide some computational advantages over other approaches [147]–[150].

3.6 Summary

This chapter presented our initial work investigating one potential mechanism that underpins social be-

haviours and the formation of social relationships. Amongst other effects on social behaviour, oxytocin has

been hypothesised to play a role in social behaviours by affecting the attention given to social cues, though

views on its precise effects are still not unanimous.

We investigated two contrasting effects related to two hypotheses of oxytocin’s effects—by increasing

and decreasing the attention given to social cues, respectively—and accounted for these effects in our agent

model. We assessed the effects on the viability and behaviours of a small society of homogeneous agents

across three world conditions related to food availability. We had hypothesised that agent viability would

be improved when oxytocin increased social salience across all conditions.

Based on the quantitative results and qualitative observations, we observed viability benefits for all agents

when oxytocin increased the salience of social cues. From our results, we also found some support for the

prosocial hypothesis of oxytocin (which posits that oxytocin’s effects specifically enhance prosocial choices

and behaviour) in our experimental conditions. Conversely, we found that groups where oxytocin decreased

the attention given to social cues caused a detrimental effect to viability performance.

Despite the low-level hormonal mechanisms that we have modelled, the emergence of higher-order be-

haviours related to trust or imitation may provide some insight into the underlying mechanisms of such

behaviours in natural systems. We highlight that these emergent behaviours would not have been identified

by the quantitative data analysis alone. This initial investigation therefore provided insight into the value of

using observational analysis to understand the behaviour of (artificial) agents, and we continue this approach

in future chapters.

We found that, as oxytocin is released through social interaction, internal levels of oxytocin provided
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a proxy measure of recency of social interaction: where high levels were indicative of recent social inter-

action, and vice-versa. These hormonal mechanisms may also help shape internal representations of social

conditions—such as the availability of support, or a recent social interaction—which may provide contextual

information for the adaptation of oxytocin’s effects. We believe that such a mechanism may overcome the

computational requirements of previously-proposed social memory models.

Though we had found support for the prosocial hypothesis, these findings are limited as we only considered

one potential effect of the hormone. Though we do not aim to account for all of the potential contexts

regarding oxytocin’s proposed diverse effects, we identified that one additional area that could be investigated

is through the internal signals related to social behaviours. As a result of the different frequencies of grooming

behaviours between our experimental conditions, along with our observation that oxytocin levels serve as

an internal representation of recency of social behaviours (akin to social memory), we considered additional

context in the form of internal signals of physiological satisfaction of social behaviour. In the next chapter,

we consider oxytocin’s potential effects on these internal signals in the context of “affective touch”.
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Chapter Four

Investigating the Role of Affective Touch

on the Social Salience Hypothesis of

Oxytocin

4.1 Introduction

Figure 4.1 A high-level view of the effects investigated in this chapter. Red denotes extensions
to the model from the previous chapter. OT = Oxytocin. A more granular view can be seen in
Figure 4.2
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In the previous chapter, we investigated two contrasting effects related to oxytocin’s role in the attention

given to social cues—by both increasing and decreasing attention to social cues as a function of oxytocin

levels—and tested their effects on group viability and behaviours. Though we found some viability benefits

through effects related to the “prosocial” approach of oxytocin—that oxytocin promotes prosocial choices—

these findings required further investigation as the model lacked any of the additional context associated

with oxytocin’s diverse effects on social behaviours. As we continued our investigation into the social salience

hypothesis of oxytocin, we aimed to address this limitation in our model.

Observations of simulations in Chapter 3 found that oxytocin, released as a function of social interaction,

can also serve as a measure of how recently a positive social interaction has been performed. From this

observation, we considered that this may also provide an additional mechanism through which individuals

adapt social behaviours, which may provide some further insight into oxytocin’s contextual effects.

One way in which this additional context can be accounted for is through the internal signals associated

with performing prosocial behaviours. One example of a prosocial behaviour is that of tactile contact with

others, which can express or invoke an emotional state and can be considered “affective” touching.

However, the perceived satisfaction associated with tactile contact can be dependent upon the social or

environmental contexts, as well as the affective state of interacting individuals. Oxytocin has been seen

to facilitate impressions and responses of such tactile contact, though its precise effects on these internal

signals are still not fully understood. The diverse effects of oxytocin on these internal signals, along with its

context-dependent effects on external social cues, have made it difficult to study these effects at the same

time in real-world individuals.

We extend on the initial investigation into the social salience hypothesis of oxytocin (Chapter 3) by taking

into consideration a potential secondary effect of oxytocin. In this chapter, we accounted for oxytocin’s

proposed effects on modulating internal signals related to the pleasantness associated with performing a

prosocial tactile behaviour.

We find that, in contrast to our initial results in Chapter 3, the adaptive effects of oxytocin on social

salience may be context-dependent. In terms of the current investigation, when oxytocin’s effects on internal

“satisfaction” signals of social interaction were accounted for, its survival-related benefits may extend beyond

a strictly-prosocial approach. Unlike our results from Chapter 3, our results from this chapter found survival-

related benefits in some conditions when oxytocin decreased the attention to social cues. As a result, we

considered our findings to be supportive of the “interactionist” approach towards oxytocin’s effects on social

behaviours.
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In terms of our wider research investigating potential mechanisms underpinning social relationships and

long-term adaptation, the results from this investigation suggest that there is no one-size-fits-all approach

to oxytocin’s effects with respect to agent viability. Instead, the effects of these hormonal should account

for additional contextual information.

4.1.1 Oxytocin & Affective Touch

Along with auditory and visual stimuli, interpersonal tactile contact is one modality through which individ-

uals interact and communicate socially, and plays a key role in the formation of social bonds [151]. “Affective

touch” can be considered to be any physical tactile contact between individuals which communicates, ex-

press or evokes an emotional state [152]–[154]. In humans, tactile contact such as touching can amplify the

intensity of emotional displays from facial and auditory (e.g., vocal) cues [155] and can also communicate

the positive or negative hedonic values of emotional states [156].

In social mammals (including humans), oxytocin has been found to be released after positive social tactile

behaviours [157], [158]. Oxytocin has been seen to increase the perceived pleasantness of tactile interaction

[159] as well as social evaluations after receiving it [160]. Importantly, social touch can act as an important,

adaptive behaviour for stress-reduction, promoting longer-term survival and wellbeing for social individuals

[108], [161].

However, the perceived pleasantness of this behaviour is shown to have inverse behaviours in individuals

with traits related to Autism Spectrum Disorder [159]. Additional mixed findings of oxytocin on the internal

signals and behavioural responses to “affective” touch [162]–[164] suggest that these effects are more diverse

than previously thought. More recent work has found that oxytocin can modulate attention switching

between internal and external cues [165], and that it may facilitate integration between internal signals and

external cues [166].

Potentially as a result of oxytocin’s diverse, context-dependent effects, studies investigating the concurrent

effects of the hormone on both internal and external signals have been difficult to study in the real-world

[165], [166]. Nevertheless, oxytocin appears to play a role in the processing of internal social signals. We are

also motivated by the limitations of studies integrating oxytocin’s effects on internal and external signals in

biological systems, and look to address this limitation in this chapter.
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4.1.2 Aims & Hypothesis

We continue our investigation into the two contrasting hypotheses of oxytocin’s effects on social cues—

the “prosocial” and “interactionist” approaches—by accounting for its effects on the perceived pleasantness

(the physiological satisfaction) associated with performing a social behaviour. We aim to investigate how

accounting for this second modulatory effect of oxytocin affects the viability of a group of agents.

We investigate two contrasting effects of oxytocin on the physiological satisfaction associated with tactile

behaviours—both increasing and decreasing internal signals of satisfaction—across three world conditions

related to food availability.

Based on our findings from Chapter 3, we hypothesised that group viability would be improved when

oxytocin both increased social salience, and increased the internal satisfaction (“pleasantness”) associated

with performing social (tactile) behaviours.

In terms of the development of our adaptive model, we aim to use the findings from this investigation to

understand the viability effects of one type of physiological adaptation through social interaction.

4.2 Extension to the Agent Model

In this investigation, we retain oxytocin’s effects on modulating social salience from Chapter 3, and introduce

a second effect: modulating the rate at which the internal variable SocialNeed is corrected after a Grooming

behaviour takes place. In the previous model, this rate was a static value of +0.05 (Table 2.1). In this

investigation, this rate becomes dynamic, modulated by internal oxytocin levels in one of two ways.

The rate of satisfaction of the internal SocialNeed, called the SocialSatisfactionRate, was dynamically

modulated through internal oxytocin levels in one of two ways. In the first instance, SocialSatisfaction-

Rate was directly modulated by the amount of oxytocin in an agent’s physiology (referred to as the Direct

modulation groups). Specifically:

SocialSatistfactionRate = ptouch ×OT (4.1)

In the second, it was inversely modulated by the amount of oxytocin (referred to as the Inverse modulation

groups):

SocialSatistfactionRate = ptouch × (1−OT) (4.2)
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Figure 4.2 Illustration of the agent model used in this investigation (right) compared to the
previous chapter (left). Extensions to the previous model are denoted in red. In the current model,
oxytocin modulates both the salience of social cues (Equations 3.1 and 3.2) and the physiological
SocialSatisfactionRate of executing the Groom behaviour (Equations 4.1 and 4.2). Dotted line
indicates modulation of values.

where ptouch is the default value of physiological satisfaction of Grooming. The internal SocialNeed

variable is then updated by the SocialSatisfactionRate value:

SocialNeedt = SocialNeedt−1 + SocialSatisfactionRate (4.3)

In Chapter 3, the rate at which Groom satisfied the SocialNeed (ptouch) was a fixed value of +0.05. Using

the modulatory effects of oxytocin described above, the internal rate of satisfaction was a dynamic value

between 0 and 1 in the current investigation.

4.3 Experimental Set Up

Experiments were conducted across several parameters: three different conditions related to oxytocin’s effects

on modulating social salience, two effects of oxytocin’s modulation on internal satisfaction signals, and three

world conditions. This created a total of 18 different combinations of experimental conditions. For concision,

results of each condition will be referred to using their labels in Table 4.1.

Firstly, as per the previous chapter, this investigation used three different effects of oxytocin on social
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Oxytocin Effects Environmental Conditions

Social Salience

Direction

SocialSatisfactionRate Modulation

Direction
Easy Challenging

Super

Challenging

None Direct E0/D C0/D S0/D

None Indirect E0/I C0/I S0/I

Increase Direct E+/D C+/D S+/D

Increase Indirect E+/I C+/I S+/I

Decrease Direct E−/D C−/D S-/D

Decrease Indirect E−/I C−/I S-/I

Table 4.1 Table of each experimental condition with the corresponding label. Experimental con-
ditions are labelled with the environmental condition (E = Easy, C = Challenging, S = Super
Challenging), the modulation effect of oxytocin on social cues (0 = No Effect, + = Increase Social
Salience, − = Decrease Social Salience) and modulation effect of oxytocin on the SocialSatisfac-
tionRate (D = Direct, I = Inverse).

salience: None (0), Increasing Social Salience (+), and Decreasing Social Salience (−). The modulatory

effects remained unchanged from Chapter 3 (Section 3.2.1).

Secondly, we investigated two different effects related to oxytocin’s modulation of the physiological satis-

faction associated with performing Grooming (called the SocialSatisfactionRate): as both a direct function

of oxytocin (Equation 4.1), and an inverse function of oxytocin (Equation 4.2). These were referred to as

the “Direct” (D) and “Inverse” (I) modulation groups, respectively.

In terms of world conditions, we investigated these effects across three different world conditions related

to food availability: Easy (E), Challenging (C), and Super Challenging (S). These conditions remained

unchanged from Chapter 3. Descriptions of these world environments are found in Section 3.3. Figure 3.3

shows screenshots of each of these conditions.

To create an appropriate control group, experiments were conducted in two stages. In the control ex-

periment (Experiment 1), we used static values of SocialSatisfactionRate from 0.05–1.0 (i.e. 5% to 100% of

the maximum value of SocialNeed), in 0.05 (5%) increments. Our previous model had validated the model

using values between 0.01–0.10, but further investigation was limited due to computational limitations. We

address those limitations in this investigation.

In the second stage (Experiment 2), we dynamically modulate all values of SocialSatisfactionRate of

between 0.05–1.0 by internal values of oxytocin using the Direct and Inverse modulation functions described

in Section 4.2.
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Each experimental condition was run for 20 simulation runs. Unlike the previous study which had a

maximum run-time of 25,000 time steps, each simulation in this investigation was run for 30,000 time steps.

This decision to increase simulation run time was due to both an increase in computational resource, as well

as to further validate whether the results from the Easy environments in Chapter 3 (where we observed agents

surviving 100% of the simulation run) was due to the simulation run time or the environmental conditions.

In total, the combination of different parameters across all experimental conditions resulted in a total of

7,200 experimental runs. This equated to approximately 122—125 hours of real time.

We reported results using the same viability indicators as Chapter 3: Life Length and Average Comfort

(Section 2.4.1). Unless specified, results were aggregated for all values of SocialSatisfactionRate in that condi-

tion. Statistical significance testing was performed using one-way ANOVA tests between groups. Statistical

significance was reported at a p = 0.05.

4.4 Results

We first report results of our control condition which used static values of SocialSatisfactionRate across all

values between 0.05 and 1 (Experiment 1) in 0.05 increments. In those conditions, oxytocin modulated the

salience of social cues, but had no effect on the SocialSatisfactionRate. Our results from this experiment

found little change between the values of SocialSatisfactionRate, and, unless specified, results are reported

as aggregated for all SocialSatisfactionRate values. We then report report results for experiments where

oxytocin modulates both social salience and SocialSatisfactionRate (Experiment 2)

4.4.1 Experiment 1: Static Rate of Physiological Satisfaction

Easy Environment

In terms of Life Length, all agents in the Easy environment survived for the entirety of the simulation length

(100% survival rate) regardless of oxytocin’s effects on social salience (Table 4.3). This was in line with the

results observed in those same environment from Chapter 3.

Mean Comfort levels of the group were similar between each of the SocialSalienceDirection and Social-

SatisfactionRate conditions. In control conditions (E0), Comfort levels remained consistent at 0.93 across

all SocialSatisfactionRate values, 0.94 for Increased Social Salience groups, and 0.92 for Decreased Social

Salience groups. Differences were non-significant between groups. (Appendix D).

Despite an increased simulation run time, all agents in these Easy environments experienced both a long
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Experimental

Condition

World

Condition

SocialSalience

Direction
Life Length

vs.

0

vs.

+/-
Comfort

vs.

0

vs.

+/-

E0 Easy None 100% n/a NS 0.93 n/a NS

E+ Easy Increase 100% NS NS 0.94 NS NS

E- Easy Decrease 100% NS NS 0.92 NS NS

C0 Challenging None 68% n/a NS 0.71 n/a NS

C+ Challenging Increase 68% NS * 0.72 NS *

C- Challenging Decrease 67% NS * 0.70 NS *

S0 Super Challenging None 43% n/a * 0.66 n/a *

S+ Super Challenging Increase 43% NS * 0.67 NS *

S- Super Challenging Decrease 40% * * 0.64 * *

Table 4.2 Experiment 1 results for Life Length and Comfort levels, aggregated across all simulation
runs, SocialSatisfactionRate values and agents. “vs. 0” indicates statistical result compared to the
control group of each world condition. “vs. +/−” indicates statistical result compared to the
opposing SocialSalienceDirection group. Statistical results are denoted with a * for p < 0.05, **
for p < 0.01 and NS for no statistical significance. “n/a” indicates that a statistical test was not
performed.

and comfortable life across all simulation runs, regardless of oxytocin’s effect on social salience or the value

of SocialSatisfactionRate. Trends across each of the SocialSatisfactionRate values can be seen in Appendix

D.

Challenging Environment

As in Chapter 3, we saw a slightly decreased Life Length (68% vs. 100%, p < 0.01) and Average Comfort

(0.71 vs. 0.93, p < 0.01) in the control conditions in the Challenging world (C0) when compared to the Easy

environments (E0). Groups where oxytocin increased social salience (C+) saw no changes in Life Length

and non-significant improvements in mean Comfort (0.72 vs. 0.71, p < 0.01) when compared to the control

group (C0). For the C− groups, differences for both Life Length (67%) and Comfort (0.70) were both

non-significant vs. control.

Focusing on groups where SocialSatisfactionRate was less than 0.20 (Appendix D), we found some

statistically-significant differences between C+ and C0 groups in terms of Life Length (70% vs. 66%, p

< 0.01) and Mean Comfort (0.69 vs. 0.67, p < 0.01). For C− groups, we saw reduced viability compared to

control, in terms of both Life Length (57% vs. 66%, p < 0.01) and a non-significant change in mean Comfort

(0.65 vs. 0.67, p = 0.09).
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In sum, we found little differences between the SocialSalienceDirection conditions for values of SocialSat-

isfactionRate beyond 0.20, but saw some statistically-significant differences for lower values.

Super Challenging Environment

As with our previous investigation, we saw significantly reduced performance in terms of both Life Length

and Comfort levels in the Super Challenging environments when compared to both the Easy (p < 0.01 across

all metrics) and Challenging (p < 0.01 across all metrics) world conditions.

For the S+ groups, aggregating across all SocialSatisfactionRate values, Life Length performance re-

mained unchanged vs. control (S0: 43%, S+: 43%, p = 0.80), and there were non-significant differences

in Comfort levels (S0: 0.66, S+: 0.67, p = 0.41). In terms of S− groups, we saw a statistically-significant

(p < 0.01) reduction in both Life Length (40%) and Comfort (0.64) compared to control. Results were

statistically-significant differences compared to both control and the S+ groups (Table 4.2).

Looking specifically at groups where SocialSatisfactionRate was below 0.20 (Appendix D), results from

the S0 and S+ groups remained similar, though we saw reduced performance in terms of Life Length in the

S− groups, ranging from 28%–37%. This reduced performance was statistically-significant vs. the S0 and

S+ groups.

4.4.2 Experiment 2: Modulating Physiological Satisfaction Rates Through Oxy-

tocin

Easy Environments

When oxytocin Directly modulated SocialSatisfactionRate in Easy world conditions, agents survived for

100% of all simulation runs. Average Comfort levels remained at 0.94 for E0/D and E+/D conditions, with

similar values observed in the E−/D condition (0.80 to 0.92, Appendix D). We find no statistically-significant

differences between the Average Comfort levels in all of these conditions (p = 0.81).

In conditions where oxytocin inversely modulated SocialSatisfactionRate, we saw 100% Life Length for

all agents.

Average Comfort levels were similar between the E+/I (0.79) and E−/I (0.80) groups. We did not observe

a statistically significant difference between these two groups (p = 0.27). However, both groups outperformed

the Average Comfort of the control group (E0/I: 0.64, p < 0.01). In these conditions, the modulation of

SocialSatisfactionRate showed improvements to Average Comfort, regardless of the direction of modulation.
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Experimental

Condition
Environment

Social Salience

Direction

SocialSatisfactionRate Modulation

Direction
Life Length Average Comfort

E0/D Easy None Direct 100% 0.94

E+/D Easy Increase Direct 100% 0.94

E−/D Easy Decrease Direct 100% 0.92

E0/I Easy None Inverse 100% 0.64

E+/I Easy Increase Inverse 100% 0.79

E−/I Easy Decrease Inverse 100% 0.80

C0/D Challenging None Direct 70% 0.71

C+/D Challenging Increase Direct 70% 0.72

C−/D Challenging Decrease Direct 63% 0.68

C0/I Challenging None Inverse 70% 0.71

C+/I Challenging Increase Inverse 57% 0.63

C−/I Challenging Decrease Inverse 58% 0.62

S0/D Super Challenging None Direct 42% 0.67

S+/D Super Challenging Increase Direct 43% 0.67

S-/D Super Challenging Decrease Direct 39% 0.63

S0/I Super Challenging None Inverse 22% 0.47

S+/I Super Challenging Increase Inverse 34% 0.60

S-/I Super Challenging Decrease Inverse 34% 0.59

Table 4.3 Results of Life Length and Average Comfort across all environments in Experiment 2.
Values are aggregated across all experimental runs. Experimental conditions are named using the
environmental condition (E = Easy, C = Challenging, S = Super Challenging), the modulation
effect of oxytocin on social cues (0 = None, + = Increase, − = Decrease) and modulation effect of
oxytocin on the SocialSatisfactionRate (D = Direct, I = Inverse). Green results highlight improved
performance vs . control, red results highlight decreased performance vs. control. These results
are discussed further in this section.

Challenging Environments

In the Challenging environments, when oxytocin directly modulated the SocialSatisfactionRate value, we

observed similar performances of Life Length between the control group (C0/D; 70%) and groups where

oxytocin increased social salience (C+/D, 70%). We observed a statistically-significant decrease in Life

Length in the Decreased Social Salience group compared to control (C−/D, 64%, p < 0.01).

Average Comfort levels were similar between the control group (0.71) and groups of increased social

salience (0.72), with a statistically-significant weaker performance in the Decreased Social Salience groups

(0.68).

However, when oxytocin inversely modulated the SocialSatisfactionRate values, both the Increased and

Decreased Social Salience groups were outperformed by the control group. Life Length for the control group
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was 70%; a statistically-significant (p < 0.01) difference compared to the groups of Increased social salience

(57%) and Decreased social salience (56%).

Average Comfort was also similar between the latter two groups (C+/I: 0.63, C−/I: 0.62), which were

statistically-significant differences compared to the control group (C0/I: 0.71).

In sum, we found no viability improvements for either of oxytocin’s effects compared to control, with

some decreases in performance observed when oxytocin decreased social salience (C−/D, C−/I) or inversely

modulated SocialSatisfactionRate (C+/I) (Table 4.3).

Super Challenging Environments

In the Super Challenging environments where oxytocin directly modulated SocialSatisfactionRate, mean Life

Length of agents was lowest in Decreased Social Salience groups (S/D, 39%) when compared to both the

control group (S0/D, 43%, p < 0.01), and the Increased Social Salience group (S+/D, 42%, p < 0.01). Average

Comfort was similar for both the S0/D (0.66) and the S+/D (0.67) groups, with a statistically-significant

reduction in performance in the S-/D group (0.62) compared to both groups (p < 0.01).

We saw viability benefits when oxytocin inversely modulated SocialSatisfactionRate and decreased social

salience (S-/I), both in terms of Life Length (34%) and Average Comfort (0.60) when compared to the control

condition (S0/I).

Unlike previous conditions, performance increases were also observed in the Decreased Social Salience

groups. We observed an average Life Length of 34% and Average Comfort level of 0.59. There was also

no statistical significant difference between the performance of the S+/I and S-/I groups, and both groups

outperformed the control conditions similarly across both viability metrics.

In summary, in these conditions, inverse modulation of the SocialSatisfactionRate resulted in improve-

ments in group viability. Unlike previous results and those from the Challenging world conditions, decreasing

social salience also improved group viability in one instance (S−/I).

4.5 Discussion

By accounting for a second effect of oxytocin—the modulation of internal signals of performing social

behaviours—we saw comparable viability effects for when oxytocin both increased and decreased the atten-

tion given to social cues. This is contrast to the findings from Chapter 3, which saw significant advantages

to viability when oxytocin increased social salience, and disadvantages when it decreased social salience.
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We found that the effect of performance on these two modulatory effects were dependent upon the

environmental challenge related to food availability (in particular, Challenging or Super Challenging worlds),

and the direction in which the internal satisfaction signal was modulated (Direct or Inverse). However, we

found that setting the internal satisfaction signal at higher values resulted in negligible differences between

experiment groups, and so we take this finding into future investigations.

Taken together, these findings suggest that there is no one-size-fits-all approach to oxytocin and that

the strictly-prosocial mechanisms previously observed may not always be appropriate for survival when

additional context is considered. This is in line with the “interactionist” hypothesis, which suggests that the

mechanisms of oxytocin are not fixed, but dynamic and dependant upon a wide array of contextual factors.

In terms of our model of social adaptation, we found how in conditions where oxytocin inversely modulated

internal social satisfaction signals, infrequent social contact allowed agents to “free up” attentional resource

for survival-critical behaviours, which contributed to viability performance in these conditions. As with the

findings from Chapter 3, we consider that this was due to oxytocin serving as a type of “social memory”

related to the frequency and recency of social interaction.

We also highlight that the physiological adaptation of the internal physiological signal (SocialSatisfac-

tionRate) through social interactions also adapted the satisfaction of the second physiological variable in our

model (Energy). This adaptation of a second physiological variable is a mechanism akin to social allostatic

principles. We discuss some of these findings further below.

4.5.1 Physiological and Behavioural Adaptation via Infrequent Social Contact

Adaptation of the “Intensity” of Social Interaction

In conditions where oxytocin inversely modulated the SocialSatisfactionRate, we saw comparative perfor-

mance between both the increased and decreased social salience groups, contrasting the findings from Chapter

3 which saw significant differences between the two groups. In these groups (C−/I and S−/I), internal oxy-

tocin levels—released after (tactile) social interaction—played an adaptive role for agents, who could remain

motivated to satisfy their survival-related Energy variable, and maximise their physiological satisfaction

when they found an opportunity to Groom.

Figure 4.3 illustrates the temporal distribution of behaviours for one agent, across two simulation runs in

the C+/I and C−/I groups, respectively. In conditions where oxytocin increased social salience and inversely

modulated SocialSalienceRate (C+/I), agents performed Grooming frequently. This kept oxytocin at high

levels, resulting in agents continually being “distracted” by the presence of other agents (as oxytocin increases
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Figure 4.3 An example of the temporal distribution of behaviours of one agent when oxytocin
inversely modulates SocialSatisfactionRate, between conditions where oxytocin increases (top) and
decreases (bottom) attention to social cues. Top: When oxytocin increases social salience (+
groups), agents Groom more frequently, despite it not being a survival-critical behaviour. Bottom:
When oxytocin decreases social salience (- groups), Grooming is more infrequent, but satisfies
internal needs at a higher rate (Figure 4.4), allowing agents to Eat more frequently.

salience to social cues, Equation 4.2). As a result of these elevated oxytocin levels, the frequent Grooming

resulted in smaller SocialSatisfactionRates (Equation 4.2) and therefore smaller physiological improvements

(Figure 4.5, left).

In the C−/I groups, agents performed Grooming less frequently (Figure 4.3, bottom), but were able

to maximise the satisfaction of the internal SocialNeed variable (Equation 4.2). This increased internal

satisfaction then “frees up” the attention of agents, permitting them to spend longer periods of time looking

for survival-related food resources (Figure 4.4, right).

Figure 4.4 shows an example of the evolution of these internal variables for one agent in a simulation run

in the C−/I groups. When agents did not Groom for extended periods of time, oxytocin levels decreased,

increasing the intensity of the SocialSatisfactionRate (Figure 4.4, A). When Grooming is performed (Figure

4.4, B), the internal SocialNeed is then satisfied by a larger value (Figure 4.4, C). The differences in the

Grooming frequency and resultant physiological effects between these two conditions can be seen as “little-
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Figure 4.4 Top: An example of the evolution of internal variables over time in conditions where
oxytocin decreases social salience and inversely modulates the SocialSatisfactionRate (C-/D). A:
When the social behaviour Groom hasn’t been performed for some time, internal levels of oxytocin
decreases to reduced values. B: This lower oxytocin value inversely modulates the internal Social-
SatisfactionRate value to a larger value. C: When Groom is performed, SocialNeed is satisfied by
this higher SocialSatisfactionRate value. Bottom: A diagram of how the points described above
are calculated in the agent model.

but-often” in conditions where oxytocin increases social salience, and “rare-but-intense” in conditions where

oxytocin decreases social salience (and inversely modulates internal satisfaction signals).

Adaptation of the Satisfaction of Survival-Related Physiological Variable

The dynamic adaptation of the SocialSatisfactionRate also has a secondary effect, indirectly adapted the

survival-critical Energy variable by creating a higher “upper bound” for Energy satisfaction (Figure 4.5,

right). This allowed agents to correct their Energy to higher values, promoting their long-term viability,

particularly in challenging environments. We note that this is a type of adaptation through social allostasis,

and that the dynamic, internal satisfaction of social behaviours directly affected and adapted the survival-
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A

B

Oxytocin Effects:
SocialSalienceDirection: Increase

SocialSatisfactionRate: Inverse

Oxytocin Effects:
SocialSalienceDirection: Decrease

SocialSatisfactionRate: Inverse

Small rates of satisfaction results in 
constant motivation switching.

Higher rates of satisfaction results in 
attention being “freed up” to find food.

Figure 4.5 A comparison of the evolution in internal variables of one agent between conditions
where oxytocin inversely modulated SocialSatisfactionRate, and Increased (left) and Decreased
(right) SocialSalienceDirection. Red lines indicate an agent’s internal Energy variable, and a blue
line indicates an agent’s SocialNeed variable. Left: Increasing Social Salience through oxytocin
mechanisms results in frequent Grooming behaviours which satisfies SocialNeed by smaller values.
The maximum value that Energy (red line) can be satisfied to is limited by the value of SocialNeed
(dashed circles, red lines). Right: When social salience is decreased by oxytocin mechanisms,
infrequent Grooming results in higher SocialNeed satisfaction, and therefore increases the value
that Energy can be satisfied to via Eating.

related behaviour (Eat) as we describe below.

Frequent social (tactile) contact, along with agents being “distracted” by other agents due to oxytocin’s

effects on increasing social salience, caused agents to eat smaller amounts and resulted in a lower overall

satisfaction of the Energy variable (Figure 4.5, left). As agents satisfy their Energy incrementally at each

time step that they Eat, Energy was only satisfied to a value slightly above that of SocialNeed (Figure 4.4,

left). At that point, the homeostatically-controlled agent model would determine a more urgent motivation

(Groom) and agents would move from resources in search of other agents to satisfy their more urgent Lonely

motivation. Conversely, when oxytocin decreased social salience, the infrequent contact resulted in higher

rates of SocialNeed satisfaction, and therefore created a higher bound for Energy to be satisfied to (Figure

4.5, right).

Though counter-intuitive, in these conditions (where oxytocin increased attention given to social cues,
55



Chapter 4 4.5 Discussion

and inversely modulated the SocialSatisfactionRate), frequent socio-positive interactions may have poten-

tially limited the viability of agents, by reducing the upper limit that Energy could be satisfied to. In

environmentally-challenging conditions, where food resources may be harder to find, this lack of adapting

the internal satisfaction signal resulted in agents not appropriately maximising their Energy need when the

opportunity arises, which may have caused a significant survival risk. These behaviours may have played a

role in the reduced viability of some groups (i.e. C+/I), or contributed to the comparative performance of

groups with contrasting effects (i.e. C+/I and C−/I) in this investigation.

In sum, agents adapted to their infrequent social contact, through a type of “social memory” associated

with social contact recency: the less social contact an agent has, the less oxytocin is present and the more

the agent maximises its opportunity to satisfy its SocialNeed when the opportunity arises. Oxytocin is

then released in the system, meaning that any further social contact in the short-term results in a smaller

satisfaction of their internal SocialNeed (seen in Figure 4.3 at approximately Time Step = 1400). At the

same time, this maximises the rate at which the survival-critical Energy can be satisfied.

The comparative performance suggests that, when additional adaptive mechanisms of oxytocin are con-

sidered (in this case, its effects on internal satisfaction signals) oxytocin’s effects on social salience should

be more dynamic or context-dependent to maximise viability in these environments. This result may also

provide further support to the interactionist perspective of oxytocin’s effects on promoting social interaction

and wellbeing in a social environment.

For our model, we posit that longer-term viability may be achieved through oxytocin contextual effects

on social salience. For instance, oxytocin’s effects on attention to social cues may depend upon current

internal states—to decrease social salience when other needs are more urgent—or the perceived relationship

with (or identity of) other individuals.

4.5.2 Oxytocin Levels can Serve as “Social Memory”

Like the observations from our previous chapter, we again highlight that the oxytocin mechanisms in our

model provides a contextual, low-level representation of the social environment and a representation of

“social memory” with respect to recency of social interaction. High levels of oxytocin corresponds to recent

performance of a prosocial behaviour, which may be representative of social support in the environment.

This is further emphasised by its effects on the error-correction rate of its SocialNeed (Figure 4.4), where

levels of oxytocin determined the intensity of internal signals, and has implications on a model of social

adaptation. For instance, if social support is deemed to be high (e.g. through high levels of oxytocin over
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time), then social “vigilance” may be (temporarily) reduced in the priority of other needs. This mechanism

was seen to emerge in our current model in some conditions (Figure 4.5), and contributed to viability

performance through physiological and behavioural adaptation in those conditions.

Again, considering the low computational cost of such a “memory” effect and its potential for a mechanism

of context-relevant adaptation of social behaviour, we propose that these mechanisms propose advantages in

the development of a socially-adaptive model, and we take these findings into account for future investiga-

tions.

4.6 Summary

Building upon our limited findings from the previous chapter, this chapter continued the investigation into the

contrasting hypotheses of oxytocin’s effects on social salience, by accounting for the hormone’s hypothesised

role on affecting internal signals of satisfaction associated with tactile social interaction, which we frame in

the context of “affective touch”.

We investigated two contrasting effects related to oxytocin’s modulation of this internal physiological

signal—by directly and inversely modulating the intensity of this signal in our agent model, and retained

oxytocin’s effects on social salience from Chapter 3. We assessed the effects of these combined mechanisms

on group viability, and supplemented these results with qualitative observations.

Contrary to the findings from the previous chapter, the results here suggested that oxytocin’s prosocial

effects on social salience does not always result in improved viability. Rather, depending upon the degree of

the environmental challenge, our results found that agent performance was improved by different modulatory

effects of oxytocin when its effects on internal signals were accounted for. In some conditions, viability was

improved in absence of (one of) oxytocin’s modulatory effects, suggesting that there may be situations in

which oxytocin’s effects can be “switched off” to maximise viability. Therefore, to maximise viability, the

hormonal mechanisms that we had accounted for (the effects on social salience and internal signals) should

be context-dependent. This view is also shared by the interactionist perspective of oxytocin’s effects [145].

Based on our observations, we propose that these contextual effects of oxytocin may be impacted by

the social environment. Prior relationships or familiarity with others (including affective or attachment

bonds), the quality of those relationships, and the challenges associated with the social environment (such

as hierarchy, social stability, or threats of predators), are examples of social contexts where oxytocin’s effects

are flexible and, at times, appear to be paradoxical [167]–[169].

We have identified that such a social context does not exist in our current experimental design. We
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address this limitation in the next chapter, by further investigating the context-dependent effects of oxytocin

when additional social context—that of social hierarchy and the presence of bond partners—is taken into

consideration.
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Chapter Five

Contextualising the Effects of Oxytocin:

Affective Bond Partner Preference in a

Rank-Based Society

5.1 Introduction

Figure 5.1 A high-level view of the effects investigated in this chapter. OT = Oxytocin. In this
investigation, we remove oxytocin’s effects on internal signals that we had investigated in Chapter
4. Hormonal effects on internal signals are reintroduced in Chapter 6. A more granular view of
the model can be seen in Figure 5.2
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In (Chapter 4), we found how accounting for a second potential effect of oxytocin—its role on modulating

internal signals of social behaviours—as well as its effects on affecting the attention to social cues, resulted

in more context-dependent effects on group viability. This was contrary to the investigation in Chapter 3

which found clear support for the “prosocial” approach towards oxytocin’s mechanisms. We suggested that to

further understand the potential adaptive role of oxytocin on social behaviours and overall wellbeing, these

contexts must be investigated further. Our results also supported the interactionist approach of oxytocin

mechanisms, which states that its effects on social behaviour are not universal, but dependent upon several

environmental and social contexts.

In this chapter, we consider that oxytocin’s effects on the attention given to social cues are not universal

as we had considered in Chapter 3 and 4, but that its effects on social attention (and value) are associated

with the identity of other individuals in the environment. Specifically, we focus on the hypothesis that,

when presented with several potential interaction partners, oxytocin promotes preferential attention—and

valence—towards familiar or affective bond partners in a social environment, and that this in turn underpins

the formation of social relationships which promotes (survival-related) behavioural adaptation.

To address the lack of social context in previous investigations, we investigate this hypothesised effect in

a small, rank-based society using several combinations of social bond partners related to different dominance

ranks. We test how the wellbeing and social interactions of a small group of agents is affected by oxytocin’s

hypothesised effects on preferential value of bond partners. To minimise further experimental complexity,

we perform these experiments in a single, physically-challenging, world condition.

Our results find that the oxytocin’s effects on promoting bond partner preference for prosocial interactions

provided a significant advantage to the wellbeing of individuals with bonds—and, in some cases, for the wider

society—compared to strictly rank-based interactions. We find that the “trade-off” between rank-based and

affect-based social interactions played a role in promoting the wellbeing of bonded individuals, resulting in

some biologically-plausible social interactions. Our observations found behaviours akin to allo-parental and

altruistic behaviours, which promoted survival of subordinate individuals, but also the emergence of distrust

or social amnesia between bond partners in some cases.

We highlight two key additions to the model in this chapter. The first, the Dyadic Strength Index is a

flexible measure of affective bond strength between individuals that addresses limitations of previously-used

measures of dyadic relationships in artificial agents. The second, the Social Assessment Component, accounts

for the perceived identity of interaction partners prior to behaviour execution, by accounting for social rank

and bond partner presence. We propose this as a computational abstraction of “trade-off” seen in some
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biological species.

5.1.1 Social Hierarchy, Dominance Rank Advantages and Social Relationships

Social hierarchies and dominance rank are natural by-products of life in a society. Dominance rank in these

societies is oftentimes associated with the most fitness benefits [170]: including priority access to resources

(i.e. food) as well as greater or easier access to grooming partners, resulting in overall health and longevity

of life [108], [171], [172]. For most (competitive) social species, obtaining and maintaining a higher social

status is an important, survival-related type of adaptation.

However, throughout the evolution of all social species, adaptation and survival has also been based

on the ability to form and maintain meaningful relationships with others [13]—to cooperate and find food,

protect each other from predators and compete with other groups for resources. Much like dominance rank,

the formation and maintenance of affective social bonds for social individuals plays an important role for

survival in several species [18]–[20].

For individuals living in a rank-based society, the ability to control behaviours based on perception of

relative rank, along with the presence of close social bonds, appears to be a crucial aspect of survival in a

group setting [31], [170]. A social behaviour (such as grooming) can be costly in terms of both time and

energy, taking away from other survival-critical behaviours (such as locating food). Therefore, selecting a

social partner with whom to perform social behaviours is rarely random, but an active selection process that

may provide future potential benefits [173].

Oxytocin is considered to play a significant role in bond formation and maintenance of socially-affective

bonds, from mother-infant bonds [174] to dyadic bonds of unrelated individuals [175]. As [176] mentions,

oxytocin levels may be seen as a “biomarker for the valence and strength of the relationship between inter-

action partners”, which has been suggested to have a positive-feedback loop on partner selection and the

maintenance of affective relationships.

This feedback loop, possibly via its effects on the reward system [177] or the formation of social memory

[178], is hypothesised to facilitate additional partner selection in the future and therefore release further

oxytocin. As [174] mentions, this affective feedback loop is potentially a key mechanism that underpins the

formation of (affective) social bonds.

This effect of oxytocin on partner preference can be considered as one of the contexts where oxytocin’s

effects on social attention and value are not universal. As a process that drives both physiological [179]

and behavioural [180] adaptation, the formation, maintenance and selection of such affect-based social bond
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partners for social interactions plays a fundamental role in the adaptive process of social allostasis [14].

5.1.2 Aims & Hypothesis

We continue our investigation into the context-dependent effects of oxytocin on the processing of social cues.

We aim to investigate one of oxytocin’s hypothesised contextual effects on social cues—that it specifically

promotes the valence of, and preference towards, affective bond partners for social interaction—and study

the effects of this mechanism on both individual and group wellbeing, and social interactions

Accounting for this mechanism in our agent model, we undertake this investigation in a rank-based society

of agents, using several social bond combinations related to hierarchical rank, in a physically-challenging

environment of limited food availability.

We hypothesise that oxytocin-mediated preference towards affective bond partners for social interactions

will significantly benefit the viability of socially-bonded individuals.

We use this investigation to further understand whether oxytocin’s contextual effects on social cues

can provide viability advantages in a socially-challenging environment. Our results may help us further

understand some of the potential mechanisms that can underpin affect-based social relationships, and can

facilitate our development of an adaptive agent model.

5.2 Extensions to the Agent Model

To investigate the contextual effects of oxytocin, we higlight several changes and extensions to our agent

model and modelling approach. We discuss and justify them here.

Firstly, we do not account for its modulatory effects on internal signals in this investigation, as we had

investigated in Chapter 4. Secondly, we readdress the fixed rates of oxytocin secretion after behaviour execu-

tion, aligning to more contextual, biologically-inspired rates of secretion—inspired by chimpanzee societies—

which we discuss in Section 5.2.1.

Extending on the homogeneous society of agents in Chapters 3 and 4, we endow each of the six agents

with a different dominance rank (Subsection 5.2.4). We then introduce the notion of a “social bond”: an

abstraction of a mutually, socio-positive relationship between two dyads. To model this, we formulate a

real-time measure of bond strength called the Dyadic Strength Index. We discuss this further in Subsection

5.2.2.

Finally, we model oxytocin’s contextual effects on modulating the “valence” of bond partners through

the Social Assessment Component (SAC, Subsection 5.2.5). The SAC accounts for the perceived identity of
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social stimuli—by accounting for difference in dominance rank and the presence and strength of an affective

social bond, which is modulated by oxytocin levels. These extensions can be seen in Figure 5.2, with a

detailed view of the Social Assessment Component seen in Figure 5.3.

Figure 5.2 Illustration of the agent model used in this investigation (right) compared to the
previous chapter (left). Extensions to the previous model are denoted in red. Oxytocin’s effects
on SocialSatisfactionRate are removed in this investigation. The current model introduces con-
textualisation of behaviour execution through the Social Assessment Component (Section 5.2.5).
Oxytocin modulates partner bond preference prior to behaviour execution. Dashed line indicates
modulation of values. Dotted lines to OT indicate context-dependent effects (details in Table 5.1).
A more detailed view of the Social Assessment Component can be seen in Figure 5.3.

5.2.1 Chimpanzee-Inspired Hormonal Mechanisms

As we aimed to investigate oxytocin’s effects in a biologically-inspired social context, we address our approach

to the modelling of the hormonal mechanisms. Mechanisms in previous chapters were inspired by oxytocin

effects found in species such as rats [123], sheep [124] and voles [128]. While this modelling approach was

appropriate for those investigations, it limited our findings as the social behaviours and organisations of

these species are not complex enough in their range of social behaviours to investigate oxytocin’s diverse

effects [106].
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Here, we focus on non-human primate societies—in particular, chimpanzee societies—which we considered

to be a suitable animal model to inspire our modelling approach. This rationale lies in their physiological

similarities to humans, their diverse types of social organisation, the degree of physical and social challenges,

and their flexible approach towards social interactions [112]. As [73] states, non-human primates (and

their societies) provide good study objects given their their relative simplicity compared to humans, but a

complexity that makes their societies interesting. Primate societies have also been used to inspire previous

social simulation models [72]–[75] and so we find these models to be suitable models to abstract hormonal

mechanisms from.

Here, we list some recent specific observations from chimpanzee societies that guided changes to our agent

model. Further discussion of these specific studies can be found in Appendix E.

Firstly, that oxytocin levels are seen to increase after grooming between bond partners than with non-

bond partners [109]. Secondly, that food sharing (independent of bond partner status) is seen to increase

oxytocin levels in sharers [31]. Thirdly, that chimpanzees show flexibility in partner selection for grooming

[142] and food sharing [180] based on perceived rank and researcher-defined bond “strength”. These authors

and others [109], [174] suggested that oxytocin systems may underpin the reinforcement of such socially-

affective decision-making.

Combined, these studies suggest that for species that live in such complex societies, the release of oxytocin,

as well as flexibility in social decision-making, is dependent upon several factors. We use these studies as

inspiration for the changes to the agent model in this chapter.

Although a wider review of chimpanzee studies is beyond the scope of this dissertation, we remain aware

of the fact that there are a significant amount of studies related to chimpanzee (and primates in general)

societies and behaviours which may propose different mechanisms. We are inspired by these particular

studies due to the similarities of social and environmental contexts of those investigations [109], [142], [180]

and our own investigation. For a full review on studies regarding oxytocin and chimpanzee behaviour, see

[176].

5.2.2 Modelling Affective Bond Strength with the Dyadic Strength Index

To model an affective bond between agents, we have developed a measure to model the strength of affective

social bonds between agents, which we call the Dyadic Strength Index (DSI). The DSI is a real-time measure

of social bond strength between dyads, updated as a function of intra-dyadic social interactions as well as the

lack of interactions over time. In this way, the DSI is able to capture short-term dynamics of social bonds.
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Our approach is motivated by recent work performed by Kulik [181] who proposed a dynamic measure

of bond strength using a measure called the Dynamic Dyadic Sociality Index (DDSI) for primate societies,

which was initially proposed to address limitations of social bond measures (such as the Composite Sociality

Index (CSI) [182]) or proxy measures such as the types, frequency, duration and identity of social partners

[183] used in ethology.

Though our model is motivated by biological societies, we found these measures of social relationships

to be unsuitable and that they presented two key limitations which we aimed to address. Firstly, that these

measures do not consider the temporal changes in dyadic relationship quality resulting from short-term

interactions (or lack of interactions). Secondly, that the magnitude of effect that social interactions can have

on bond strength is not a constant static value, but that it should be a contextual effect.

Despite Kulik’s attempt to address some limitations from earlier measures [182], [183], the DDSI still

fails to address the limitations regarding the contextual effect of social interactions on social bond strength.

One advantage for using artificial societies over biological systems is the ability to capture real-time data

points non-intrusively. Observational periods do not need to be arbitrarily predetermined and dyadic bond

strength can, and should, be captured and calculated in real-time. In this way, researchers can precisely

measure—and model—all temporal changes in social relationships to more accurately relate emergence of

behaviours with (short-term) changes in relationship quality.

Measures of social bond strength in artificial societies are limited. Recent work [184], [185] proposed

measures of social relationships, but does not currently account for temporal changes in social bond strength

after a social interaction has taken place. In terms of capturing temporal dynamics, measures of dyadic

interactions in societies have been proposed by accounting for rank differences [72], [75], [77], and via through

modifications of the Elo ranking method [186], [187]. However, these rule-based approaches towards dyadic

interactions are limited to dominance-based interactions and do not currently consider affective relationships

between individuals.

We build on this work to address these limitations and propose that the DSI can be used as a model and

measure for future models for affect-based social relationships and interactions. The DSI between agents A

and B works as follows:

Firstly each affective bond between agents A and B is initialised at time t = 0 with an initial value (2):

DSI0 = 2 (5.1)

At each time step t, in an absence of social behaviours, the DSI experiences a small loss rate (DSIλ).
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This loss can be either a static value or an exponential decay rate. In our case, we use the latter (0.9997):

DSIt = DSIt−1 ×DSIλ

DSIt = DSIt−1 × 0.9997

(5.3)

The DSI can be strengthened or weakened through any number of socio-positive or socio-negative be-

haviours in different ways, Our current approach uses two behaviours (Eating and Grooming). Each be-

haviour is assigned an associated weighting factor (W ). The weighting for each behaviour can either be

a predetermined value (as is the approach taken by [181]), or a dynamic value based on factors such as

frequency, the subjective “cost” of performing a behaviour, or the direction of an interaction (i.e., whether a

higher or lower-ranked individual performed the behaviour).

As initially proposed by [181], this value is multiplied by a scaling value called (maxgain), which sets the

default “magnitude” associated with each social behaviour. Therefore, the contribution of each behaviour i

is calculated using:

DSIgain = maxgain − (maxgain ×DSIt ×Wi) (5.4)

In our approach, we capitalise on the capabilities of our embodied agent model. Each of the two be-

haviours (Groom and Eat) from the Action-Selection Architecture returns an intensity value associated with

it (calculated using Equation 2.4a). We use this value to weight the contribution towards changes in bond

strength. In other words, the strengthening (or loss) of bonds is directly associated with the intensity of the

behaviour being performed at any given time. In addition, the gain in bond strength is inversely associated

with the current bond strength: the weaker the bond, the larger the potential gain:

DSIgain = maxgain − (maxgain ×DSIt × αbi) (5.5)

DSIt+1 = DSIt + DSIgain (5.6)

where bi is the intensity of the winning behaviour b and α is a value to regulate bi. In this way, the same

behaviour can have different effects on dyadic bond strength at different points in time, rather than a static

value for each interaction. This addresses a limitation of both the CSI [188] and the DDSI [181] by modelling

bond strength changes in real-time and as a function of interactions, rather than a subjectively-weighted

(albeit expertly-weighted) and retrospective approach. In later chapters (Chapters 7 to 9), we add a further

dynamic element to bond strength changes, by also accounting for hormonal effects of dyadic interactions.
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Unlike the multi-dimensional approach to social relationships suggested by [183], we do not consider the

directionality of the interaction or take into account hierarchical rank within the calculation of our bond

strength measure. Instead, we consider these features separately, in the second extension discussed in this

chapter (called the Social Assessment Component). In this way, we aim to keep this modelling of affective

bond strength flexible enough to be adapted in future work or alternative embodied social decision-making

models.

Finally, in our investigation, this DSI value is not only a measure of bond strength during the investiga-

tion, but is also used as part of the agent’s decision-making process when calculating the relative “value” of

an (affective) social partner. We discuss this further in Section 5.2.5.

5.2.3 Social Dominance Rank

In our previous investigations (Chapters 3 to 4), all agents were homogeneous, representing a “flat” social

hierarchy. Here, we introduce the notion of social dominance rank: an approach also taken by [72], [75], [77].

Taking inspiration from social hierarchies in the real-world, higher dominance rank grants an agent easier

access to food resources and are also more desirable to be selected by other agents as a grooming target.

An individual’s dominance rank in the society is represented as a value between 1 and 6. This rank

can then be detected by other agents during the execution of their two behaviours. This is discussed in

Subsection 5.2.5.

5.2.4 Affective Social Bonds

We consider an affective social bond between two individuals to represent a pre-existing stable, mutually-

positive relationship between the two agents. In our model, this social bond is represented using a boolean

flag to denote the presence of a bond between two agents (1 if a bond exists, else 0), and the strength of this

bond is measured using the Dyadic Strength Index (DSI) (Subsection 5.2.2) between 0 and 2.

5.2.5 The Social Assessment Component

The Social Assessment Component (SAC) is an extension to the Action-Selection Architecture (Figure 5.2)

that accounts for the perceived identity of other agents prior to (social) behaviour execution, by accounting

for the difference in dominance rank, and the presence—and strength—of an affective bond between agents.

In this way, social behaviour execution is contextual, based on the perceived affective relationship with

another agent.
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Figure 5.3 Detailed view of the Social Assessment Component used in our model, developed as
an abstraction of the “trade-off” between rank and affective bond partners [31]. For each perceived
agent (i), the Social Assessment Component calculates the rank difference between the current
agent (A) and (i) (rank-diffAi), the presence of an affective bond between the agents (bondAi)
and the strength of this affective bond (DSIAi). Oxytocin (OT) is used to modulate the valence of
affective bond strength. The resulting value is the AgentVal used to determine behaviour execution.
This calculation can be seen in Figure 5.7.

In previous iterations of our model, agents driven to execute one of their two behaviours (Eat or Groom)

would move to a salient resource (any Food or Agent in its vision) and perform the winning behaviour. As

all agents were homogeneous, they made no distinction as to which agent they would select for Grooming.

Additionally, the behaviour of passive “food sharing” (i.e. multiple agents eating at a food resource) was not

addressed. It was possible for multiple agents to consume the same resource at the same time.

As we moved towards a more biologically-plausible modelling of social structures and contextual hor-

monal release, we considered that biological social agents do not execute prosocial behaviours with random

individuals, but that the choice in interaction partner is an active selection process dependent upon several

social contexts [31], [170], [189], [190]. Here, we use the SAC as an abstraction of the hypothesised “trade-off”

between rank and affect-based interactions suggested by [31], [170]. Other rule-based approaches have also

used rank difference and affective relationships for social behaviour selection in artificial societies [75], [77].

We suggest that the SAC proposes a more dynamic modelling of this potential mechanism: modelling the

relationship between rank and social bonds as a “trade-off”, rather than a rule-based approach.

The SAC is used to determine two aspects of behaviour execution:

• (a) whether to approach (and share), or avoid an occupied food resource (when the winning behaviour

is Eat)
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• (b) which potential partner to select for grooming (when the winning behaviour is Groom).

The SAC takes into account the relative dominance rank and the presence and strength of any bond

(DSI) with each agent it perceives. The SAC then modulates the valence of an affective bond by the level

of oxytocin within an agent’s physiology. Specifically:

AgentV al = rank-diffAi + (bondAi × (DSIAi ×OTA)) (5.7)

Where bondAi is a boolean flag denoting the presence of a social bond between agents A and i (1 when

a bond exists, else 0). DSIAi is a value denoting the strength of the social bond between these agents and

takes a value between 0 and 2.

rank-diffAi describes the normalised difference in rank between agents A and i respectively. Agents are

assigned a rank (1–6), which is normalised between 0–1 in 0.25 increments (0, 0.25, 0.5, 0.75, 1), with 0

being the lowest-ranked agent and 1 being the highest. Agents can observe the rank of other agents in its

vision. Using these normalised values, rank-diffAi is calculated using:

rank-diffAi = rankA − ranki (5.8)

A negative value indicates that the perceived agent is higher-ranked, and a positive value indicates that

the perceived agent is lower-ranked. As no agents hold the same rank in our model, rank-diff can never equal

0. rank-diff takes the range -1 to 1. In absence of any social bond, AgentVal was determined by the rank

difference between agents A and i.

Oxytocin is used to promote the valence of social bonds, by modulating the strength (DSI) of a bond

between two agents. This is an abstraction of its effects on promoting partner preference [109], [128], [129],

[176]. A higher level of oxytocin therefore promotes partner preference and can potentially offset difference

in rank (Equation 5.7). As we look to magnify the effects of the SAC mechanisms in this investigation, the

upper bound of oxytocin was increased from 1 to 2.

In sum, agents do not simply execute their winning behaviour of Eat or Groom, but account for the

presence and quality of affective relationships through the SAC. We discuss how the SAC is used during each

of these behaviours below. An illustration of this behaviour selection is seen in Figure 5.4.

SAC 1: Food Approach or Food Avoidance

Agents looking to eat at a food resource take into account any other agents that may be at the food resource

(which we define as the “food owner”), and determines whether agents will Approach that food resource, or
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Figure 5.4 Illustration of the different behaviour selection as a result of the AgentVal calculation.
AgentVal returns a value of between -1 and 4. Yellow behaviours indicates behaviours when the
winning behaviour is to Eat (Equation 5.9). Groom is performed on the agent that returns the
largest AgentVal (Equation 5.10).

Avoid it by turning around.

In this investigation, food owners maintain a passive approach towards other agents approaching that

same food resource. Using the AgentVal calculation above (Equation 5.7), agents will approach and eat at a

food resource if AgentVal is positive (or 0, which indicates that a food resource is not occupied). A negative

AgentVal value—a result of the absence of a bond and the presence of a higher-ranked agent—results in

agents avoiding that occupied resource. Specifically:

ApproachFood =


Approach if AgentVal ≥ 0

else Avoid
(5.9)

In the absence of a social bond between them, a lower-ranked agent cannot approach and access a food

resource occupied by a higher-ranked agent (AgentVal will always be negative). In addition, the highest-

ranked agent at a food resource becomes the “food owner”, regardless of whether or not they were the first

to that food resource.

SAC 2: Grooming Target Selection

When presented with a number of agents, the SAC selects which other agent to execute the Groom behaviour

with by accounting for both rank, bond partner status and oxytocin levels (Equation 5.7, the AgentVal).

The agent returning the highest AgentVal is selected as the Grooming target:
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Behaviour Bonded? OT Effect DSI Effect Stimulus

Eat - - - Food

Eat Bond +0.5 α = 0.5 Food

Eat Non-Bond - - Food

Groom Bond +0.2 α = 0.5 Agent

Groom Non-Bond - - Agent

Table 5.1 The different context-dependent rates of change for oxytocin (OT) and bond strength
(DSI). Oxytocin is only released during interactions with bond partners at different rates for each
behaviour. The weighting α in the DSI column is the weighted value used within the DSI calculation
discussed in Section 5.2.2. Justification of the different α values are discussed in Subsection 5.2.1.

GroomT = max[AgentV ali] (5.10)

where GroomT is the target agent selected to perform Groom with. In absence of any social bonds, the

highest-ranking agent is selected as the target by default (Figure 5.4).

5.2.6 The Role and Release of Oxytocin Mechanisms

In this investigation, oxytocin modulates the valence of bond partners within the Social Assessment Com-

ponent (Figure 5.3), moving from the uniform modulation of all social cues in previous chapters. Oxytocin

can be in the range 0 to 2, and experiences a decay rate of −0.005 at each time step. It is released within an

agent’s physiology during the execution of each of the prosocial behaviours—food “sharing” with any other

agent, and grooming with a bond partner—at independent rates (Table 5.1). The dotted lines on Figure 5.2

(right) also indicate these contextual effects.

As discussed in Subsection 5.2.1, these contextual secretion rates and modulatory effects on partner

preference are grounded in biological literature [31], [142], [180], [191] in order to develop a more biologically-

plausible model.

5.3 Experimental Set Up

We conducted our experiments using a society of six agents, each with a different social rank, across five

different conditions related to the combination of socially-bonded individuals. In each condition, three

agents were socially bonded (referred to as the Bonded group) (Section 5.2), and three remained without
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Figure 5.5 Illustration of the four different bonded conditions investigated in this experiment.
Agents are ordered by rank: A1 is the highest-ranked agent; A6 is the lowest-ranked agent. Lines
indicate the three agents that form a group in each condition (called the “bonded” agents), with
the other three “unbonded”.

social bonds (referred to as the Unbonded groups). Our control condition was set up with all six agents

without social bonds. Although intuitively-selected, we took inspiration from biological societies to select

combinations of affective bonds where we would expect to see significant differences. Figure 5.5 shows the

different agent combinations (denoted by their rank number A1-A6).

We conducted our experiments using a single world condition consisting of two food resources, which we

consider to be a physically-challenging environment (Figure 5.6).

Thirty simulation runs were performed for each of the five bond combination conditions for 20,000 time

steps each. This resulted in 150 simulation runs, which equated to approximately 10 hours of experimental

runs in real-time. Data was captured at each time step for each agent and aggregated across for all simulation

runs.

We report results across all simulation runs using our three viability indicators (Life Length, Average

Comfort, Physiological Wellbeing). Results are reported at both the individual and group (Bonded vs. Un-

bonded) level. Each social interaction, along with the actor and recipient of each interaction, was recorded.

We used this data to calculate the frequency and direction of social behaviours between agents. We comple-

mented all of this quantitative data with personal observations of the artificial society.

Statistical significance tests were performed on the three viability indicators. Between-group statistical

testing was conducted using one-way ANOVA, with significance declared at p = 0.05.
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Figure 5.6 Screenshot of the world condition used in this investigation. Bond Condition A shown
(A1-A2-A3). Agents are doughnut-type shapes. Food resources are represented by yellow spheres.
Agent size denotes rank: the larger an agent, the higher their rank. Dashed line between agents
indicates a bond between them. For visualisation purposes, this line becomes more translucent as
the bond strength decreases.

5.4 Results

5.4.1 Viability Indicators

Figure 5.7 shows the aggregated Life Length for bonded and unbonded agents. Figure 5.8 shows the results

of the viability indicators for each individual agent. All results are averaged across all simulation runs.

Across all conditions, Life Length of Bonded agents matched or outperformed Control (Bond Condition

A: +16%, p = 0.04; Bond Condition B: +11%, p = 0.03; Bond Condition C: +9%, p = 0.13; Bond Condition

D: −1%, p = 0.71). We also note some detrimental impact to Life Length of Unbonded agents (Bond

Combination A: -7%, p = 0.02; Bond Combination B: -6%, p = 0.04) compared to control.

In the Control condition, we see the two highest-ranked agents (A1 and A2) experience the highest rates of

Life Length (A1: 55%; A2: 54%), Average Comfort (0.72 and 0.63 respectively) and Physiological Wellbeing

(0.80 and 0.79 respectively) of all agents. Despite being the third-most dominant agent, A3 experienced poor

viability (Life Length: 39%, Average Comfort : 0.54, Physiological Wellbeing: 0.65). For all other agents,

viability performance was strongly correlated with social rank (r = 0.742).

In Bond Condition A (A1-A2-A3 bonded), Life Length of the Bonded group improved by 16% compared

to when they were not bonded in Control. All agents in the bond saw improved Life Length (A1: +7%,

A2: +4%, A3: +36%). There was a 36% difference in survival between Bonded and Unbonded groups (p <
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Figure 5.7 Mean Life Length of bonded and unbonded agents compared to control for each of the
different bond combinations. Control results is the mean Life Length of the bonded agents when
they were unbonded in the control group. Error bars indicate standard error of the mean. Life
Length for individual agents can be seen in Figure 5.8.

0.01) in this condition. We note further improvements in both Average Comfort and Physiological Wellbeing,

particularly for the lowest-ranking agent in this bond (A3: Average Comfort : +16%, Physiological Wellbeing :

+18%).

In Bond Condition B, we note a +19% increase in Life Length for A6 (the least dominant agent) when

bonded with the two highest-ranked agents. A1 (+8%) and A2 (+9%) also reported increases in Life

Length in this condition. Despite being unbonded, we also see an increase in A3’s life length (+20%) in this

condition. Though Average Comfort and Physiological Wellbeing slightly improved for dominant individuals,

the subordinate A6 experienced significant viability benefits in these conditions (Average Comfort : +38%,

Physiological Wellbeing : +43%) compared to its performance in Control (Figure 5.8, Condition B). In

summary, affective bonds provided significant benefits for all agents and, in particular, the lowest-ranking

agent; outperforming higher-ranking agents.

Bond Condition C saw overall group survival improve by 9% vs. Control. The least dominant agent,

A6, saw an 18% reduction in Life Length vs. the Control condition, whilst improvements were seen for

the lowest-ranking bonded agent (A5: +12%). We consider A6’s reduced Life Length to be a result of the

increased cooperation between the closely-ranked agents (A3-A4-A5). Both Average Comfort (0.67) and

Physiological Wellbeing (0.82) significantly improved for the Bonded group compared to control, with similar

viability to higher-ranked agents (Average Comfort : 0.67, Physiological Wellbeing : 0.79).

In Bond Condition D (A4-A5-A6), aggregated bonded agent life was slightly lower than their non-bonded

performance in Control: a result of a decreased Life Length of A4 (-4%) and A5 (-6%). The lowest-ranking
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Figure 5.8 Results of the viability indicators (Life Length, Average Comfort, Physiological Well-
being) for each agent in the experiment, broken down by Bond Condition, reported as the mean
value across all experiments. Green results indicates agents who were bonded in that condition,
grey indicates agents who were unbonded.

A6 nevertheless reported an increased Life Length (+8%) when bonded with higher-ranking agents. Despite

the reduced Life Length, the Bonded group saw improved Average Comfort levels (0.66) and significantly

improved Physiological Wellbeing (0.84) when compared to Control. Overall, viability benefits were still

reported for the Bonded group on two of three measures.

5.4.2 Grooming Distribution

Table 5.2 shows the distribution of Grooming performed by each agent (the “groomer”), and the recipient of

Grooming as a percentage of all grooming performed by each groomer.

Regardless of bond condition, the majority of grooming behaviours was directed towards the highest-

ranked agents (A1 and A2) regardless of whether agents were bonded with them. Conversely, despite

initiating Grooming with other individuals in the society, the lowest-ranking A6 was never the recipient of

Grooming from non-bonded individuals. Instead, it was only the recipient of Grooming by other agents with

whom it had a bond with (Bond Conditions B and D respectively).
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recipient

BOND CONDITION A BOND CONDITION B

A1 A2 A3 A4 A5 A6 A1 A2 A3 A4 A5 A6

A1 - 60% 13% 20% 7% 0% A1 - 45% 8% 4% 2% 41%

A2 65% - 19% 10% 6% 0% A2 60% - 9% 7% 3% 21%

A3 37% 54% - 5% 5% 0% A3 48% 23% - 19% 10% 0%

A4 74% 13% 8% - 5% 0% A4 71% 13% 9% - 7% 0%

A5 82% 12% 0% 6% - 0% A5 79% 15% 0% 6% - 0%

g

r

o

o

m

e

r A6 61% 13% 13% 8% 5% - A6 68% 14% 8% 3% 6% -

BOND CONDITION C BOND CONDITION D

A1 A2 A3 A4 A5 A6 A1 A2 A3 A4 A5 A6

A1 - 68% 13% 9% 10% 0% A1 - 78% 9% 9% 4% 0%

A2 66% - 21% 7% 7% 0% A2 80% - 12% 5% 4% 0%

A3 39% 17% - 24% 20% 0% A3 60% 14% - 14% 12% 0%

A4 58% 16% 16% - 10% 0% A4 54% 5% 5% - 28% 8%

A5 47% 12% 25% 16% - 0% A5 64% 10% 0% 9% - 17%

A6 62% 19% 10% 6% 2% - A6 46% 7% 9% 22% 16% -

Table 5.2 Results of the amount of grooming performed by each agent (rows) on the other five
agents (columns) as a percentage of the total grooming performed by the groomer. As an agent
cannot perform Groom on itself, those corresponding cells are indicated with "−". Grey cells
indicate agents who were bonded in each of the four bonded conditions.

In cases where agents were bonded, the distribution of Grooming behaviours shifted from being directed

towards higher-ranked agents, towards affective bond partners. For instance, in Bond Condition B, Agent

A3 performed 29% of its total Grooming lower-ranked agents (A4 and A5), and this increased to 44% when

bonded with them in Bond Condition C. Similarly, A1 and A2 performed 41% and 21% of their overall

Grooming interactions with the lowest-ranking agent (A6) when bonded with it, but zero social interactions

otherwise.

Overall, we observe that, in line with expectations, Grooming was directed towards higher-ranking indi-

viduals, and that this distribution is offset when agents share an affective social bond. Accounting for the

viability improvements for bonded agents, we suggest that increased Grooming between bond partners may

have played a role in the viability of agents who shared a social bond.
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5.5 Discussion

Overall, our results found support for the hypothesis that oxytocin’s effects on specifically increasing bond

partner preference for social interaction provides survival-related advantages in a small, rank-based society

in physically-challenging conditions. Specifically in our agent model, we found viability of bonded agent

groups to match or outperform non-bonded conditions, and that lower-ranked agents saw greater viability

improvements through these social bonds.

We note one surprising result: that the third most-dominant agent in the group had the lowest rate of

survival in control conditions, with all lower-ranked agents consistently outliving it. Watching experimental

runs, we suggest that this was driven through an element of “competition” for resources between higher-

ranking agents. We discuss this further below.

We also observed that, despite their relatively high ranks, the two most dominant individuals (A1 and

A2) reported survival-related benefits in conditions where they shared an affective social bond. In terms

of our model, this suggests that a positive affective relationship between socially-dominant individuals can

provide further survival-related advantages in some environments.

As a result of these two observations, we hypothesised that dominant individuals, through their behaviours

or affective relationships, may play a significant role in affecting the wider social dynamics and wellbeing of

other individuals in a small society.

Watching the simulation runs, we observed behaviours related to altruistic and allo-parental behaviours

between bonded individuals. In certain conditions, higher-ranked agents overlooked grooming with similarly-

ranked agents to select a bonded (yet much lower-ranked) partner. We also observed how these altruistic

tendencies do not always appear to be a viable approach when rank differences are much smaller among

the least-dominant individuals, suggesting that such an approach towards lower-ranked bond partners is not

always the most beneficial approach towards survival-related adaptation.

Finally, we observed some behaviours related to social amnesia—or “distrust” towards bond partners—

from low-ranking individuals. Specifically, if an affective social relationship was not strengthened and main-

tained in the early phases of their life, the subsequent value associated with partners was affected in later

stages.
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5.5.1 Social Bonds Resulted in Increased Viability—Even for Dominant Indi-

viduals

In three of the four bonded conditions, we found how agent viability was improved on both an individual

and group level for socially-bonded groups. This was also seen in conditions where the two most dominant

agents (A1 and A2) were bonded with each other (Bond Conditions A and B): an unexpected result as

dominant individuals do not experience the same benefits of social bonds as lower-ranked individuals. In

Bond Condition C and D, we also saw viability benefits for Unbonded groups, suggesting some survival-

related advantages for the wider social group in some conditions.

This observation led us to hypothesise that, in a small society as that used in our model, wider group

viability and social dynamics may be impacted by the interactions and behaviours of smaller social groups—

such as those sharing social bonds. We consider whether a tolerant approach between the two most dominant

individuals in a society is actually more beneficial to their other bonded partners, and even (some members

of) the wider society. For instance, the findings from Bond Condition B (when A1-A2-A6 were bonded) saw

how a lack of competition (Subsection 5.5.2) between A1 and A2 significantly improved A3’s viability (Figure

5.8), despite the latter agent not sharing a social bond with another. Conversely, the Control condition, when

its higher-ranking agents were not bonded, saw A3 experience its poorest viability performance of all agents.

In this regard, a socio-positive relationship, akin to “tolerance”, between dominant individuals may have

trickle-down effects on the rest of their society. These wider effects of interactions between dominants may

play a role in shaping wider-group dynamics, and may underpin the diverse social structures that emerge

from the same social species (as seen in [117]). We retain this avenue of investigation for future work.

5.5.2 In Competitive Scenario, Dominance Rank is Not Indicative of Survival

As a result of higher-ranked agents having easier access to environmental resources, we had expected viability

of agents to be correlated with their dominance rank in the Control conditions. However, we found how A3—

the third highest-ranked agent—experienced the poorest viability in these conditions, with lower-ranking

agents consistently outlived it. Watching the simulation runs, we suggest that this may be due a combination

of several smaller interactions.

As the world environment contained only two resources, they would sometimes be occupied by the

most dominant agents (A1 and A2) leaving A3 wandering between resources until one could be accessed.

Furthermore, as agents are attracted to the highest-ranked available agents for Grooming, A3 would follow

A1 or A2 in order to Groom. A1 or A2 would find food resources, which A3 would be unable to approach
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Figure 5.9 An example highlighting how conditions with affective bond partners affected the
behaviours (and survival) of unbonded agents (in this case, A3). In Scenario 1 (left), the higher-
ranking A1 (green disc) is eating at the food resource (orange sphere). As A3 (green disc) is unable
to approach the food, it avoids the resource (Equation 5.9) and looks for another food resource
to consume. In Scenario 2 (right), A1 is eating at a food resource (situated in the top left of the
world), and a bonded A2 is able to approach it. This frees up the other food resource (bottom
right) for A3 to approach and consume.

(due to the difference in rank) and would be forced to avoid it (Figure 5.9, Scenario 1).

As A3 dies, the social environment becomes less competitve for lower-ranked agents, increasing their

likelihood to find and access food. This is further emphasised in results from Bond Condition C (A1-A2-A6

bonded), where A1 and A2 would share food resources, allowing A3 to eat at the other available food resource

(Figure 5.9, Scenario 2).

The competitive scenario that emerges between the two dominant individuals when they are not bonded

resulted in an additional social complexity for some agents (A3). Given the limited number of experimental

runs, it is not clear as to why other lower-ranking individuals were not affected by these dynamics. Never-

theless these results may suggest that survival-related benefits associated with a higher rank are not always

guaranteed, and emphasise how the dynamics between other agents can impact the behaviours and viability

of the wider social group.

5.5.3 Dominant Agents Exhibit a “Parent-Child” Dynamic with Least-Dominant

Individual

The highest-ranked agents, A1 and A2, would only groom with the lowest-ranked agent (A6) when bonded

with it (Table 5.2), despite A6 providing no survival-related benefit for those agents. In some observations,

it was noted that a dominant agent would overlook the opportunity to Groom with other similarly-ranked
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Figure 5.10 Screenshots of the “allo-parental” behaviour between the highest-ranking (A1) and
lowest-ranked (A6) agents in our model. Dashed line between agents denotes the existence of an
affective bond between them. A: Agent A1 is looking to Groom, and perceives both A3 and A6
in its vision. B: A1 selects A6 to Groom with, despite the presence of the higher-ranking A3. C:
A1 performs Groom with A6, which releases oxytocin and strengthens their affective bond (Table
5.1). This then benefits the longer-term viability of agent A6 (Figure 5.8).

agents (Figure 5.10, A) in favour of its bonded, lower-ranked bond partner (Figure 5.10, B and C).

In terms of fitness benefits, such a decision appears to be counter-intuitive. A social bond with a

subordinate agent appears to provide no benefit for the dominant agent—except for the potential maintenance

of the bond itself—but provides benefits for the subordinate since the affective social bond is strengthened

as a result. As bond strength is increased (and oxytocin is released), the lower-ranked agent improves its

likelihood of finding and accessing food resources occupied by higher-ranked bond partners. The food sharing

then further strengthens bond and facilitates oxytocin release.

This created a positive feedback mechanism of affective bond strength and prosocial behaviours—underpinned

by oxytocin—and facilitated by the behaviours of the higher-ranked agents. Specifically, that a decision to

Groom with a subordinate bond partner, which provides no benefit to dominant agents, facilitated greater

viability of the lower-ranked agent in challenging conditions. We likened this to an altruistic, parental dy-

namic between these bonded agents. We also note that this type of bond also improved the viability of the

higher-ranked agents (Figure 5.8), although the reasons for this are currently unclear.

5.5.4 Socio-Positive Behaviours Not Always the Optimal Decision

When the three lowest-ranked agents were bonded (Bond Condition D) the least dominant agent (A6) still

showed viability benefits to being bonded with higher-ranked agents, albeit their (A4 and A5) relative rank

compared to the other agents in the environment. However, A6’s improved Life Length performance was
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Figure 5.11 Screenshots of the “social amnesia” displayed by subordinate agents when affective
bond strength is low. Agents are represented as doughnut-type shapes. A dashed line between
agents indicates the existence of an affective bond. Left: Despite the fact that a bond exists
between A5 and A6, internal oxytocin levels for A6 and the bond strength (DSI) between A5 and
A6 is weak. Center: A6 is looking to Groom with another agent, and as a result of lower oxytocin
levels, ignores its bond partner A5 in favour of A1. Right: A6 continues to follow A1, creating
further distance between bond partners and reducing the opportunity for future Grooming. Colours
of agents represent motivational states. Red = Hungry, Green = Lonely.

at the expense of A4 and A5’s Life Length. Unlike Bond Condition B, when the dominant agents were

bonded with the subordinate A6, the survival-related costs associated with “food sharing” and affective bond

maintenance for lower-ranking agents is significantly higher.

Since these agents do not have the same access to food resources in our model—where higher-ranked

agents have priority access—favouring a lower-ranked individual (who also has poor access to food resources)

was a costly decision with little-to-no survival-related benefit (Table 5.8).

This suggests that this selfless behaviour (i.e. passive food sharing with lower-ranked individuals) may

not be the optimal approach for lower-ranking individuals, particularly when the social and physical world

poses a sufficient challenge. The socio-positive (or socio-mutual) behaviours exhibited was detrimental to

their survival. Instead, it may be the case that more defensive, socio-negative behaviours—even towards

affective bond partners—may be appropriate to ensure viability in challenging conditions. Understanding

these dynamics further may facilitate understanding into the contextual differences in behavioural strategies

between bond partners, and may play a role in the formation, maintanence, and loss of social relationships.

We highlight this as an area for potential further work using our model.
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5.5.5 Distrust and Social Amnesia: Subordinate Agents May Need Earlier So-

cial Reinforcement

In some simulation runs where the most subordinate agent (A6) did not Groom with bond partners during the

early stages, we observed behaviours akin to distrust or “social amnesia” of bonded agents. If grooming did

not occur in the earlier phases—perhaps due to a lack of proximity between agents—oxytocin levels and bond

strength (DSI) would fall to lower values. As a result, the valence of bond partners would be significantly

reduced: with partner selection favouring higher-ranked, non-bonded agents, despite the presence of an

affective bond partner (Figure 5.11).

In absence of early bonding to reinforce affective bond quality, these bonds appear to be “forgotten” by

the subordinate agent. As a result, the survival-related benefits associated with social bonds is inhibited,

with reduced food access, resulting in reduced viability for those agents. This mirrors the effects discussed

in Subsection 5.5.3 .

This is in line with suggestions by [192] that oxytocin in mammals may potentially promote the affective

processing of social stimuli in the early phases of social interaction. If such affective processing does not

occur (as a result of lower levels of oxytocin, for instance), then higher levels of oxytocin in later phases

may not be sufficient to introduce the affective quality in a social relationship. As a result, as we find in

our model, the processing of social cues in later phases (of life) is hindered when such individuals do not

experience social reinforcement in early phases.

Such flexible decision-making may highlight the importance of maintaining a strong bond with lower-

ranked individuals, particularly if more dominant individuals are present in the environment. In these

conditions, when bonds are not reinforced for subordinate agents, they may attempt to form new relationships

with more dominant members of society. Though the current model did not include the formation of new

bonds, implementing such a mechanism in future work may provide insight into the emergence of different

social structures.

5.6 Summary

In this chapter, we tested one hypothesised effect of oxytocin’s context-dependent role on the processing of

social cues—-that it specifically promotes bond partner preference—and investigated its role on the viability

and social interactions in a small society of agents. We tested these effects in a small, rank-based society

using a number of pre-determined affective bond combinations in a physically-challenging environment.
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We developed a new quantitative model of affective bond strength between dyads, called the Dyadic

Strength Index (DSI). We also introduced an additional component to the model, called the Social Assessment

Component which accounts for the perceived identity of others—through both social rank and affective

relationship with others—in order to contextualise the execution of a social behaviour.

Our results found that oxytocin-mediated preference for affective bond partner interaction resulted in

survival-related benefits for individuals with (and in some cases, without) affective bond partners. We also

found that viability was not determined simply by a dominance rank or the presence of affective social

relationships. Rather, the wider social context—in particular, the interactions of and between dominant

individuals—may play a role in the emergent social dynamics and viability of the wider group.

Our observations raised two hypotheses for further investigation. Firstly, that wider social dynamics,

structure and viability may be influenced by the interactions of dominant individuals or smaller groups

within the society. Secondly, that socio-positive, or socio-mutual, interactions were not always the optimal

strategy to determine viability and that, in some cases, a defensive or socio-negative approach may be

necessary.

The complex dynamics and interactions resulting from a social hierarchy—such as that used in our

model—can constitute a source of stress for some individuals. Due to the different ways in which social

individuals experience and cope with stress (and as we have seen in this chapter), behaviours may not be

universally neutral or positive. Negative interactions, such as aggression towards others, may be a possibility.

These small-scale interactions—particularly from influential members of a social group—may also play a role

in shaping social structure, and affect the survival and wellbeing of individuals in that society. For individuals

in that society, the presence of, and interactions with, social bond partners, has been suggested to represent a

source of comfort and safety in a stressful social and physical environments. This “safety cushion” associated

with affective bond partners is a phenomenon known as “social buffering”, which describes how social support

can provide an adaptive response to the potentially-deleterious effects of stress—and even future responses

to stressful situations—in several ways. In turn, this adaptive response may provide advantages to an

individual’s health and longevity over its lifetime.

In the following chapters, we begin our investigation into the role of social support on the regulation of

“stress”. This regulation of the stress response through the social environment is a key concept that underpins

social allostasis principles, and we investigate how this hypothesised stress-regulation of social support affects

the long-term wellbeing of the social group.
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Chapter Six

Investigating the Effects of Social Stress

and Individual “Personality” Traits on

Social Dynamics

6.1 Introduction

Figure 6.1 A high-level view of the effects investigated in this chapter. This investigation intro-
duces a stress hormone of cortisol (CT) and a personality trait related to stress tolerance. We
temporarily remove the effects of oxytocin from the model. These effects are reintroduced in
Chapter 7. A more granular view of this model can be seen in Figure 6.2.
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In Chapters 3 to 5, we investigated several hypotheses related to oyxtocin’s effects on the attention and

processing to social cues, in order to understand some potential hormonal mechanisms that may underpin

social interactions and social relationships to promote long-term viability.

Despite early findings (Chapter 3) showing adaptive potential for the “prosocial” approach of oxytocin

mechanisms—that oxytocin promotes prosocial behaviours by promoting attention given to social cues—

subsequent chapters (Chapters 4 and 5) found that, with respect to viability, oxytocin’s effects on social

cues should vary across different contexts. This was further emphasised as we accounted for social context

into our investigations in Chapter 5 through social hierarchy and affective bonds, investigating oxytocin’s

proposed effects on affective bond partner preference. Our findings from that chapter showed how, in a small

social hierarchy, oxytocin-mediated bond partner preference for social interactions provides a mechanism of

behavioural adaptation in a challenging environmental condition, promoting the viability of individuals with

affective social bonds.

One significant limitation of those findings is that the investigation only considered the prosocial interac-

tions associated with a social structure. For individuals in a society, a rank-based social structure presents an

additional challenge that must be adapted, to in order to ensure survival for individuals in the society. Social

bond partners can provide opportunity for prosocial interaction, who may also play a role in ameliorating

the stress associated with difficult situations (called the “social buffering” hypothesis, which we investigate

in the next chapter). In absence of these social bond partners, dominance societies can be a source of

socio-negative interactions and stress, which may threaten the long-term survival for certain individuals in

a society. It is not axiomatic to suggest that stress responses are experienced more in subordinates than

dominant individuals. Whether higher-ranked or lower-ranked individuals in a (strictly rank-based) society

experience the most stress is highly dependent on several factors, one of which is individual “personality”

differences. One type of personality difference is an individual’s tolerances to stress levels, which has been

found to be associated with an individual’s social rank.

However, whether an individual’s responses to stress is a function of their social rank, and the social

structure, or vice versa, is still clear. Nevertheless, these differences in personality may then determine how

individuals respond to and cope with stress, and therefore affect their (pro and anti-)social interactions. In

turn, these interactions may then play a role in determining the wider group dynamics and social structure.

Taking our observations from the previous chapter, we account for both the “stress” and socio-negative

behaviours associated with living in a rank-based social structure, and investigate the role of different tol-

erances to stress (an abstraction of a “personality” trait) on the social interactions, group dynamics, and
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overall wellbeing of our small society.

Using our findings from Chapter 5 along with observations from ethology, we hypothesised that these

different tolerances to stress will have a significant effect on the social interactions and dynamics in a small

society. Specifically, that social dynamics will be determined by the behaviours and social interactions of

dominant individuals on the rest of society. Furthermore, we hypothesised that, as a result of these social

dynamics, overall group wellbeing would be affected by these different stress tolerances.

We test these hypotheses in a small, rank-based society using several different conditions of individual

stress tolerance—both related and unrelated to dominance rank—across several environmental conditions

related to different degrees of food availability. We extend on our previous model by including a “stress

system”—an abstraction of several physiological and behavioural effects of cortisol—as well as an associated

“tolerance” of this hormone in each of the six agents.

Our results find support for the hypothesis that these rank-related tolerances to stress play a role in

determining social dynamics. Contrary to our expectations, we find that in some conditions, social dynamics

were driven by the interactions of subordinate individuals, and not dominant individuals as we had expected.

In addition, we report survival-related benefits to the group when accounting for the effects of a “stress

system”. However, we found no support for our hypothesis that different tolerances to stress will affect

overall group wellbeing.

6.1.1 Social Dominance Rank and Stress

Social hierarchies and dominance rank are natural by-products of life in a society, but come with costs as

well as advantages. Dominance rank in these societies is oftentimes (but not always [193]) associated with

the most survival-related benefits. Taking a Darwinian perspective, a higher dominance rank in a society is

associated with increased resource access (i.e. food) as well as greater or easier access to grooming partners,

resulting in overall health and longevity [108], [171], [172].

As a result of these fitness-related benefits, it was thought that subordinates always experience the largest

amount of “stress” (using elevated cortisol levels as one measure), since they would be subject to the largest

amount of physical and psychological stressors [117], [194]. However, this relationship between subordinance

and elevated stress levels is not always obvious. Correlations between dominance rank and cortisol levels

have been found to be affected by social structure. For instance, cortisol levels have been found to be higher

in subordinates in stable societies (where rank is inherited or not challenged), but higher in dominants in

unstable societies (where rank is challenged or must be maintainted) [117]. Even in stable societies, it has
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been suggested [195] that lower cortisol levels are not direct markers of social dominance, but markers of

individuals with the necessary personality traits to take advantage of the social environment.

In addition, gender [30], environmental and social challenges, [108], [117], [196], [197], the presence of

close-kin or social coping mechanisms [108], [115], [117], and individual personality differences [116] all play

a role in determining how individuals cope with, and adapt to, “stress”.

With this in mind, one aspect of individual differences may be the physiological and behavioural responses

to stressful physical and social environments [116]. This individual stress response has been seen associated

with individual dominance rank [198], and can be seen as a “personality trait” [195], [199] that may play a role

in individual stress coping mechanisms (such as displacement via aggression). These individual responses

may then play a role in determining the wider social dynamics and structure.

In summary, there is no definitive relationship between dominance rank and levels of stress across species.

Whether it is dominance rank that determines an individual’s response to stress (and/or relative cortisol

levels) or vice-versa is still unclear. What is clear are the individual differences related to rank [115], [195]

and the variety of social dynamics for different populations of the same species [117]. In turn, these different

personality types may play an important role in shaping overall social structure, which may explain some of

the variance seen in real-world societies [108], [117].

6.1.2 Aims & Hypothesis

In this chapter, we aim investigate how one rank-related “personality” trait—an individual’s stress tolerance—

can affect the social dynamics (defined as the frequency and direction of socio-positive and socio-negative

behaviours) and viability-related performance of individuals in a rank-based society.

In order to conduct this investigation, we include a stress-related hormone (cortisol) with several phys-

iological and behavioural effects. We tested these effects using six different conditions of an individual’s

tolerance to stress, which we considered to be a loose abstraction of an individual’s personality, across four

different environmental conditions related to food availability.

Based on our findings from our previous chapter along with some observations in biology, we hypothesised

that social dynamics and group viability will be significantly affected by rank-related stress tolerances.

Furthermore, we hypothesise that these social dynamics will largely be determined by the interactions of

dominant individuals in the society, via a “trickle-down” effect of stress and social behaviours. Specifically,

aggressive dominant agent(s) will result in an aggressive society, and non-aggressive dominant agent(s) will

result in a non-aggressive society.
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6.2 Extensions to the Agent Model
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Figure 6.2 Illustration of the agent model used in this investigation (right) compared to the
previous chapter (left). Extensions to the previous model are denoted in red. Oxytocin’s effects are
not included in the current model. A hormone of cortisol (CT) is introduced in this model, released
as a function of physiological and environmental stressors (Equation 7.2). CT modulates the
intensity of performing tactile behaviours (TactileSensation, Equation 6.7) and speed of movement
(Equation 6.4). Stress Response Threshold is a value to determine how much CT agents can
tolerate before they become stressed (Section 6.4). Tactile behaviour is performed through either
Groom or Aggression, depending upon the stressed state. Dashed line indicates the modulation
of values. Tactile behaviours (Groom and Aggression) also have effects on the recipient agent, as
seen in Figure 6.3.

Figure 6.3 shows the agent model used in this investigation. We highlight a number of changes from the

previous model.

Firstly, we introduce hormonal mechanisms related to cortisol, which adapts agent behaviour in several

ways. We discuss this further in Subsection 6.2.1.

Secondly, we introduce a socio-negative behaviour of Aggression to the agent model which, along with

Groom from previous iterations, constitutes a sub-behaviour of Touch (previously Groom, which was strictly

socio-positive.)

Finally, we endow each agent with an internal threshold value, called the StressResponseThreshold (Sub-
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Figure 6.3 The effects of the two different tactile behaviours on the cortisol levels of recipient
agents. Grooming reduces cortisol in the recipient agent, while Aggression increases cortisol. The
rate at which cortisol is increased or decreased is a function of the intensity of the interaction, as
seen in Equation 6.7.

section 6.2.2). This value describes how much cortisol an agent can withstand in its physiology before it

undergoes a state of “stress”. This stressed state then determines the type of social behaviour (socio-positive

or socio-negative) being performed. We use this threshold as one feature of an individual’s “personality”, i.e.

the tolerance to stress. This may also be considered an abstraction of an “activation level” of the sympathetic

nervous system [200], [201]. We describe each of these changes in more detail below.

To focus our investigation on the effects of these mechanisms, we have removed the effects of oxytocin

and social bonds used in previous chapters (Chapters 3 to 5) from this current investigation.

6.2.1 The Role and Release of Cortisol

We introduce a stress-related hormone of cortisol to the agent model. As we discussed in Section 1.2,

the biological hormone of cortisol is a steroid hormone seen to be released in (anticipation of) stressful

or challenging situations. Prolonged elevation of cortisol has maladaptive consequences [136], but is an

important hormone of physiological and behavioural adaptation [29], [133]–[135]. In our model, cortisol is

included as a hormone with these adaptive and stress-related effects.

Motivated by biological literature where cortisol is associated with a lack of (perceived) control [17], [108],

[117], the cortisol release (CTReleaseRate) in an agent’s physiology is related to their perceived control of

their physiological (internal) and physical/social (external) environments. In other words, the less control

an agent perceives that it has, the larger the rate of cortisol release.
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Specifically in our model, this rate is calculated by two components:

• An agent’s perceived “physiological” control, calculated using the mean error of its internal variables

(i.e. “What is the intensity of my internal deficits?”)

• An agent’s perceived “environmental” control, defined by the sum of available resources (food or other

agents, i.e. “What resources can I currently access to satisfy these deficits?”)

.

More specifically, for each agent A:

CTReleaseRateA = (

∑
i∈(P )

di

κ
−

∑
i∈(S)

Ŝi

2
)× c (6.1)

where
∑
di is the physiological stressor, calculated by the sum of errors of both physiological variables

(P ) Energy and SocialNeed,
∑
Ŝi is the sum of perceived “available” resources (S), κ is the sum of the upper

limits of both internal variables, and c is a fixed constant to regulate the value of CTReleaseRate.

“Perceived” availability of resources is defined as resources (Food or Agents) that an agent perceives

it can access with no challenge. It is calculated using the Social Assessment Component (as discussed in

Section 5.2.5, and Equation 5.7). As agents have no social bonds in this investigation, the value of AgentVal

from Social Assessment Component is equivalent to the difference in rank between agents.

For food resources, if AgentVal of an agent at the food resource is negative (if AgentVal < 0), that food

resource cannot be accessed (as this equates to a higher-ranking agent at the resource). If a food resource

is unoccupied or a lower-ranked agent is perceived to be at that resource (if AgentVal > 0) then that food

resource is seen as available.

The perceived availability of another agent as a grooming option is calculated using the inverse of the

AgentVal value. The larger the rankdiff between agent AP and a potential grooming partner AR, the larger

the cortisol release in agent AP . In this way, seeing higher-ranking agents will increase the CTReleaseRate,

but seeing subordinates reduces it. Therefore:

∑
di = denergy + dsocialNeed (6.2a)∑

Ŝi = Ŝagents + Ŝfood (6.2b)

where Ŝagents = Cagents × (1−AgentVal), and
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Ŝfood =


Cfood if AgentV al ≤ 0

else 0
(6.3)

In addition to this release rate, cortisol levels can also be decreased by performing social behaviours

(Grooming and Aggression) on other agents, and further increased by receiving Aggression (discussed in

detail below).

Cortisol then adapts two aspects of agent behaviour. The first, an abstraction of cortisol’s effects related

to increased movement and energy metabolism [117], is that cortisol modulates the speed at which an agent

moves through the environment. This also increases the energetic cost associated with movement. The

second effect of cortisol is that it increases the intensity with which tactile behaviours are performed. This

intensity has different physiological effects on both the actor and recipient of a particular social interaction.

First Effect of Cortisol: Adapting Movement Speed & Energetic Cost

Cortisol adapts the speed at which an agent moves through the environment—an abstraction of biological

cortisol effects related to energy metabolism and increased movement [117]. The more cortisol present within

an agent’s physiology, the faster it moves. Moving at a faster rate uses up more energy. Therefore, the rate

at which Energy depletes becomes a function of the speed of which it moves at (Equation 6.6):

speedt = speed0 × (1 + (CT × c)) (6.4)

Where speed0 = 0.5 (the default speed at the start of the experiment), t is the current time step, and c is

a constant value used to regulate the value of speed. The rate of energy depletion, called the EnergeticCost,

is then increased as a function of the speed of the agent.

EnergeticCostt = EnergyLossRate× (2× speedt) (6.5)

At the current time step t, the value of the internal variable Energy is updated by this updated Energet-

icCost.

Energyt = Energyt−1 − EnergeticCost (6.6)

where EnergyLossRate is 0.003, the default rate of energy loss.
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Second Effect of Cortisol: Adaptating the Intensity of Social Behaviours

Similar to the modulatory effects of OT in Chapter 4, cortisol adapts the intensity of the tactile behaviours

(Groom and Aggression), affecting the physiology of both agents involved in tactile contact as follows:

TactileIntensity = btouch × CT × c (6.7)

where btouch is the intensity of the winning behaviour Touch, and c is a constant use to regulate the

TactileIntensity value. This TactileIntensity value is then used to correct the SocialNeed after either of the

tactile behaviours (Groom or Aggression) have been performed:

SocialNeedt = SocialNeedt−1 + (TactileIntensity× c) (6.8)

The Groom and Aggression behaviours have opposing effects on the cortisol levels of the recipient agent

(AR). When Groom is performed by agent AP , cortisol of the recipient agent is reduced at a rate propor-

tional to the TactileIntensity received. However, when an agent receives Aggression, its cortisol is increased

proportionally to TactileIntensity, while cortisol of the performing agent AP is reduced. Specifically:

CTAP
= CTAP

− TactileIntensityAP
(6.9)

CTAR
=


CT − (TactileIntensityAP

× c) if Groom

CT + (TactileIntensityAP
× c) if Aggression

(6.10)

where AR is the recipient agent and c is a constant value used to regulate values.

Taking inspiration from real-world dynamics, this TactileIntensity results in recipient agents being

“pushed” a short distance relative to the intensity of the tactile behaviour. Specifically, for Aggression, large

TactileIntensity values has the potential to significantly displace recipients of the socio-negative behaviour.

6.2.2 Stress Tolerance & Behaviour Adaptation

In our model, the StressResponseThreshold (θstress) represents a type of “personality trait” in an agent loosely

associated with their tolerance to stress. Specifically, this value, which can be between 0–1, determines the

amount of cortisol an agent can “withstand” in its system before it undergoes a state of “stress” (an abstraction

of the sympathetic nervous system activation [200], [201]). When cortisol exceeds this value, an agent is

deemed to be “stressed”, else it is not stressed.
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Figure 6.4 Diagram showing how approach/avoid behaviours and Groom/Aggression behaviours
are adapted when agents are stressed (Equation 6.11). Green bars indicate behaviours when agents
are not stressed, and red behaviours indicate the behaviours when agents are stressed. The Social
Assessment Component returns the value of AgentVal (Equation 5.7). As no affective bonds are
present in this investigation, AgentVal is equivalent to the normalised difference in agent rank.

stressed-state =


not-stressed if CT < θstress

stressed if CT ≥ θstress
(6.11)

This stressed state adapts agent behaviour in numerous ways. Firstly, it adapts the type of tactile

behaviour (Touch) that an agent looks to perform (Groom or Aggression) in order to satisfy its SocialNeed :

Touch =


Groom if not-stressed

Aggression if stressed

Secondly, when Aggression is not possible (due to subordinance), the angle at which a subordinate turns

from a dominant is modulated by the level of cortisol. In other words, when cortisol levels are high and

subordinate agents are stressed, these agents turn away and avoid interactions with dominants. We can

consider this an abstraction of the fight-or-flight response [21]:
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World Condition
Food Availability

Description

Number of

Food Resources

Total Nutritional

Availability

A Very Poor One 4

B Poor Two 8

C Good Three 12

D Abundant Four 16

Table 6.1 Table describing the food availability in each of the world conditions. Each food resource
has an initial nutritional value of 4 units. Screenshots of each of these conditions can be seen in
Figure 6.5.

6 avoid =


90× CT if not-stressed

90× (1.5× CT ) if stressed

When cortisol levels are below the threshold value θstress, the behaviour Touch is performed through a

Groom behaviour. When an agent’s cortisol value exceeds θstress, and agents are stressed, tactile behaviours

are performed as Aggression towards subordinate agents (i.e. when AgentVal > 0) or, where perceived agents

a higher-ranked (AgentVal < 0), agents will Avoid dominants at an angle modulated by their cortisol levels.

This behaviour selection can be seen in Figure 6.4.

6.3 Experimental Set Up

Experiments were conducted using the same simulated platform used in previous chapters and the same

society of six agents. In line with the setup of the rank-based society in Chapter 5, each agent held a

different dominance rank, implemented as a value between 1 (highest) to 6 (lowest).

We tested six different conditions related to agents’ StressResponseThreshold value: one Control condition

with no StressResponseThreshold, three conditions where all agents had the same StressResponseThresh-

old value (called Low, Neutral, and High), and two conditions where agents had different StressRespon-

seThresholds: both directly Low→High condition and inversely High→Low condition correlated with agent

rank. These different StressResponseThresholds loosely relate to individual “personality” differences, where a

higher-tolerance loosely corresponds to a less-anxious, more relaxed agent, and a lower-tolerance corresponds

to a more anxious agent. The specific values for each of these conditions can be found in 6.2.

We conducted our experiments across a total of four different environmental conditions. Each of these

world conditions contained a different amount of food resources and related to varying challenges of the
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Figure 6.5 The four different world conditions used in this investigation of varying food avail-
ability. Food resources are represented as yellow discs. Agents are represented as doughnut-type
shapes. Further description can be found in Table 6.1.

Agent(Rank)

Stress Threshold Condition A1 A2 A3 A4 A5 A6

Control -

Low (L) 0.2

Neutral (N) 0.5

High (H) 0.7

Low→High (LH) 0.2 0.3 0.4 0.5 0.6 0.7

High→Low (HL) 0.7 0.6 0.5 0.4 0.3 0.2

Table 6.2 Table showing the different StressResponseThreshold conditions, along with the θstress
values of each agent per condition as described in Section 6.2.2. When an agent’s cortisol exceeds
this value, they become stressed and adapt their behaviours in a number of ways (see Figure 6.4).

physical environment (Very Poor, Poor, Good, and Abundant). Fig 6.5 shows screenshots of these four

world conditions, and these conditions are further described in Table 6.1.
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We measured our results using the three viability indicators (Life Length, Average Comfort, Physiological

Wellbeing, Section 2.4.1). We also reported a number of behaviour-based metrics. RateOfAggression de-

scribes how “aggressive” an individual or society is by calculating the total number of Aggression behaviours

performed as a percentage of the total social behaviours (Grooming and Aggression) by that individual agent

or group:

RateOfAggression =

∑
Aggression

Groom + Aggression
(6.12)

To further understand the relative stress of the society and taking inspiration from approaches in real-

world societies [117], we also calculated the cortisol of each agent An as a percentage of the cortisol level of

the most dominant agent A1:

relativeCTAn
=
µ(CTAn

)

µ(CTA1
)
− 1 (6.13)

where µ(CTAn
) is the mean CT level of agent n, and µ(CTA1

) is the mean Cortisol level of the dominant

agent A1.

To correct for different life lengths of agents, we report encounters of Aggression on Aggression/1000

time steps, which we call the AggressionFrequency :

AggressionFrequencyAn
=

∑
Aggression

1000
(6.14)

Each simulation run was run for a total of 15,000 time steps, capturing data at each time step. The 4

world conditions and 6 StressResponseThreshold conditions resulted in 24 experimental combinations. Using

experience from prior investigations, each condition was ran for a total of 20 simulation runs each. This

results in 480 simulation runs and approximates to 70 hours of total simulation run time.

Results are aggregated across all simulation runs both at an individual and group level. We use Pearson’s

Correlation Coefficient to describe correlations between experimental variables. For between-group compar-

isons, we use one-way analysis of variance. Statistical significance is reported at p ≤ 0.05 and denoted with

an ∗. Where appropriate, we also report significance at the 0.01 level, denoting it with ∗∗. We also supple-

ment quantitative data with observations of the simulation runs in real-time and discuss our observations

where appropriate.
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Figure 6.6 Mean Life Length, aggregated by group. Columns indicate StressResponseThreshold
condition. C: Control group (no cortisol mechanisms). L: Low. N: Neutral. H: High. LH:
Low→High. HL: High→Low. Error bars indicate standard error of the mean (SEM). Mean Life
Lengths (alongside SEM) for each condition: A = 29% (± 3% ), B = 41% (± 6%), C = 49%
(±4%), D = 51% (±4%)

6.4 Results

6.4.1 Viability Indicator Results

Accounting for cortisol mechanisms within the agent’s physiology resulted in increased Life Length of the

overall group when compared to Control (Figure 6.6), regardless of world or StressResponseThreshold condi-

tions. We saw improved Life Length of the overall group with increases in food resources (World Conditions

A-D, r = 0.83), but found no correlation between mean group Life Length and the different StressRespon-

seThreshold conditions (r = 0.17).

We observed little differences in the Average Comfort levels of the society at a group level (Figure 6.7,

x-axis). We find no statistical difference between Average Comfort levels in groups with and without cortisol

mechanisms (r = 0.052). At a group level, Average Comfort levels were not affected by the StressRespon-

seThreshold or world conditions related to food availability.

At an individual agent level, we find a statistically-significant correlation between an agent’s rank and

Average Comfort levels (Figure 6.8, bottom row), r = 0.70, p < 0.01) across all conditions, including the

control group. Therefore, Average Comfort levels were determined by an agent’s rank, but not by the

different StressToleranceThreshold or world conditions.

Compared to control, agents showed small improvements in their Physiological Wellbeing when endowed

with cortisol mechanisms at a group level (Fig. 6.7, y-axis). At an aggregated group level, we note little

differences between the average Physiological Wellbeing and StressResponseThreshold values in each world

condition. At an individual level across all conditions, we find a statistically-significant correlation between

individual rank and an agent’s PhysiologicalWellbeing (r = 0.79, p < 0.01): the higher their rank, the higher

their overall PhysiologicalWellbeing. This is true in both Control and non-control conditions.
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Figure 6.7 Mean Comfort and Physiological Wellbeing values for the overall group, aggregated
by World Condition (colour) and Stress Response Threshold condition (shape). Note that axis
values have been adjusted for visualisation purposes.

In summary, when cortisol mechanisms are present, we see improvements to viability at both a group

and individual level on two of three measures—LifeLength and PhysiologicalWellbeing—when compared to

control. Differences to these metrics were not correlated with different StressResponseThreshold conditions.

Though we see no difference for group level AverageComfort between groups, we note correlations between

rank and AverageComfort (Figure 6.8), across all world conditions.

6.4.2 Stress (Cortisol) Levels

We note an inverse correlation between increased food resources (World Conditions A-D) and mean group

cortisol (CT) levels (Fig 6.9, left). We note a moderately-strong correlation between these two variables (Ta-

ble G.1), observed across all StressResponseThreshold conditions. We therefore find an association between

food availability and decreased stress (CT) levels for the group.

Focusing on conditions where agents had different StressResponseThresholds (Low→High and High→Low),

we observed negligible changes in mean CT levels for the group (Fig 6.9, right), highlighted by poor results

from the statistical analysis (Table G.1, bottom). Therefore, we find that the tolerance of the stress hormone

(StressResponseThreshold) did not affect the mean levels of cortisol.

Due to the “control” associated with higher social rank, we expected higher-ranked agents (A1 and A2) to
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Figure 6.8 Mean Physiological Wellbeing levels (top) and mean Average Comfort levels for each
agent (A1 to A6) across all world conditions (A, B, C and D), sorted by agent rank. r-values
denote correlation between agent rank and the corresponding metric. p-value denotes results of
significance testing. Line colours denote the StressResponseThreshold condition. C = Control. L
= Low. N = Neutral. H = High. LH = Low→High. HL = High→Low.

report the lowest levels of cortisol (Equation 7.2). We find support for this across all StressResponseThresh-

olds conditions, with an inverse trend observed between an agent’s rank and their mean CT levels (Table

6.3). This trend becomes more statistically significant as food availability increases (from world conditions

A to D, Table F.1).

Despite improved world conditions, mean CT levels remained elevated for subordinate individuals (A5

and A6), across all of the different StressResponseThreshold conditions (Table 6.3). We noted a large variance

of mean CT levels for dominant agents (A1: ±0.29, A2: ±0.21) between world conditions, but a smaller

variance for the subordinates (A5: ±0.13 and A6: ±0.10). Taking the view that CT levels can be seen as

a function of perceived control, the smaller variance for subordinates may indicate that their perception of

control in the environment was not improved despite the increased food availability.

Mirroring the approach used by [117], we also calculated the relative cortisol levels (RelativeCT ) of

individuals as a percentage of A1’s mean cortisol levels (Figure 6.10). We observed that relative cortisol

levels remain fairly similar between StressResponseThreshold conditions, with increased variance as food

resources increased (World Conditions A to D).

These results showed that rank-related differences in cortisol levels were magnified as food availability

increased, but not as a result of increasing stress tolerance (from Low, Neutral, High). These differences are

also seen in conditions when agents have different StressResponseThresholds (Low→High and High→Low,
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Figure 6.9 Mean cortisol levels of each group. Left: Cortisol levels across world conditions,
broken down by StressResponseThreshold (SRT) conditions. Middle and Right: Cortisol levels
across different StressResponseThreshold conditions, broken down by world conditions. Statistical
significance results can be seen in Table G.1. L = Low; N = Neutral; H = High; LH = Low →
High; HL = High→ Low.

Figure 6.10, bottom).

In other words, a reduced physical stressor (increased food resources) resulted in larger variances in stress

(cortisol) levels between agents in each condition. However, this variance was not affected by the different

StressResponseThreshold conditions.

6.4.3 Social Interactions

Table 6.4 shows the RateOfAggression%—the “aggressiveness” of a society within each condition—at an

aggregated group level, and the AggressionFrequency of each agent, across all simulation runs.

Results find that as food availability is increased, mean RateOfAggression of the overall society decreases,

with a strong, statistically-significant correlation between these (r = 0.881, aggregated across Low, Neutral,

High StressResponseThreshold conditions). We also note an inverse correlation between an increased toler-

ance to stress (StressResponseThreshold) and the RateOfAggression of the society for all agents (r = -0.956).

This is despite similar CT levels (Table 6.3), Therefore, as group tolerance to stress increases (from Low,

Neutral, and High conditions), aggression rates decrease at a group level.
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World Condition Stress Response Threshold A1 A2 A3 A4 A5 A6

A

Low 0.47 0.52 0.51 0.64 0.60 0.66

Neutral 0.49 0.53 0.58 0.53 0.57 0.63

High 0.52 0.50 0.54 0.55 0.59 0.59

Low→High 0.56 0.52 0.51 0.60 0.58 0.62

High→Low 0.51 0.47 0.54 0.55 0.58 0.62

B

Low 0.46 0.51 0.54 0.61 0.66 0.66

Neutral 0.47 0.54 0.57 0.61 0.64 0.66

High 0.46 0.49 0.52 0.47 0.65 0.64

Low→High 0.51 0.48 0.48 0.55 0.65 0.66

High→Low 0.47 0.49 0.49 0.57 0.60 0.65

C

Low 0.38 0.44 0.54 0.56 0.62 0.65

Neutral 0.37 0.45 0.48 0.55 0.59 0.62

High 0.40 0.49 0.55 0.56 0.57 0.64

Low→High 0.41 0.50 0.52 0.52 0.65 0.63

High→Low 0.42 0.44 0.51 0.59 0.64 0.66

D

Low 0.27 0.37 0.50 0.55 0.62 0.69

Neutral 0.30 0.40 0.42 0.50 0.54 0.62

High 0.28 0.33 0.45 0.46 0.58 0.61

Low→High 0.28 0.34 0.37 0.48 0.56 0.63

High→Low 0.31 0.37 0.43 0.48 0.57 0.65

Table 6.3 Mean cortisol values (between 0 and 1) for each agent across all conditions, aggregated
across all simulation runs.

With regards to AggressionFrequency, as food availability increases, AggressionFrequency of the most

dominant agent A1 decreases (World Condition A: 8.4–25.7; D: 5.3–14.6). At the same time, Aggression-

Frequency increases for the middle-ranked agents such as A3 (World Condition A: 6.5–13.1; D: 9.4–18.9)

and A4 (A: 7.0–15.1; D: 8.7–16.7). We suggest that the reduction of Aggression performed by the dominant

agents A1 and A2 across world conditions is a result of their reduction in overall cortisol levels (Table 6.3),

which contributed to the reduced RateOfAggression of these societies.

Focusing on the two conditions where agents have different StressToleranceThresholds—(Low→High and

High→Low)—we saw no significant difference between RateOfAggression at an aggregated group level. How-

ever, we see differences in the agents accounting for the aggressive encounters in these two conditions.

In three of the four world conditions (A, B and C), we see a reduced AggressionFrequency from A1
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World

Condition
StressThreshold RateOfAggression% A1 ∆ A2 ∆ A3 ∆ A4 ∆ A5 ∆ A6 ∆

A

Low 30.3% 25.7 - 18.7 - 13.1 - 15.1 - 12.2 - 0.0 -

Neutral 20.1% 12.7 -13 10.0 -8.6 10.0 -3.0 8.1 -7.0 5.2 -7.0 0.0 0

High 15.9% 8.4 -4.3 6.8 -3.2 6.5 -3.5 7.0 -1.1 7.1 1.9 0.0 0

B

Low 31.5% 25.9 - 18.8 - 18.9 - 16.9 - 9.9 - 0.0 -

Neutral 22% 14.9 -11 12.4 -6.3 10.0 -8.9 12.2 -4.7 7.1 -2.8 0.0 0

High 16% 9.2 -5.7 8.8 -3.6 8.3 -1.7 8.9 -3.3 7.6 0.5 0.0 0

C

Low 28.5% 21.2 - 26.1 - 24.6 - 22.5 - 7.1 - 0.0 -

Neutral 16.8% 12.5 -8.7 12.8 -13.3 10.4 -14.2 10.4 -12.1 6.9 -0.2 0.0 0

High 14.2% 7.6 -4.9 8.8 -4.0 10.9 0.5 8.8 -1.6 5.2 -1.7 0.0 0

D

Low 23.0% 14.6 - 17.9 - 18.9 - 16.7 - 10.0 - 0.0 -

Neutral 11.2% 7.8 -6.8 8.0 -9.9 7.8 -11.1 9.6 -7.1 4.8 -5.2 0.0 0

High 9.4% 5.3 -2.5 5.9 -2.1 9.4 1.5 8.7 -0.9 5.8 1.0 0.0 0

Table 6.4 RateOfAggression% of overall society in each condition and Aggression Per 1000 Time
Steps performed by each agent. The ∆ value indicates the difference in Aggression Per 1000 time
steps from the condition preceding it in the table. Green values indicate reduced AggressionFre-
quency vs. preceding StressThreshold condition, red values indicate increased AggressionFrequency
vs. preceding condition.

World

Condition
StressThreshold RateOfAggression% A1 ∆ A2 ∆ A3 ∆ A4 ∆ A5 ∆ A6 ∆

A
Low→High 19.9% 11.6 - 7.9 - 7.3 - 12.8 - 6.9 - 0.0 -

High→Low 20.8% 9.8 -1.8 8.9 1.1 11.8 4.6 10.0 -2.8 8.6 1.7 0.0 0

B
Low→High 19.3% 9.7 - 9.3 - 11.7 - 10.4 - 8.8 - 0.0 -

High→Low 18.1% 8.2 -1.5 12.0 2.7 10.1 -1.5 16.2 5.8 8.1 -0.7 0.0 0

C
Low→High 17.4% 8.4 - 13.3 - 13.5 - 13.0 - 9.8 - 0.0 -

High→Low 18.1% 7.6 -0.8 10.4 -2.8 13.2 -8.6 16.9 3.9 11.1 1.3 0.0 0

D
Low→High 9.4% 4.5 6.8 - 6.3 - 10.7 - 6.4 - 0.0 -

High→Low 11.8% 5.4 0.9 7.8 0.9 11.0 4.7 10.4 -0.2 8.6 2.2 0.0 0

Table 6.5 Aggression % of society within each condition and Aggression Per 1000 Time Steps
performed by each agent for the two non-uniform StressResponseThreshold conditions. The ∆
value indicates the difference in Aggression Per 1000 time steps from the condition preceding it in
the table. Results in bold are visualised in the network graph (Fig. 6.11).
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Figure 6.10 Relative differences in cortisol levels of Agents A2 to A6 (x-axis), as a percentage of
the cortisol levels of A1 (not shown) in each condition. Relative cortisol levels are broken down
for each StressResponseThreshold condition across all world conditions (line color).

(-1.8, -1.5 and -0.8 respectively). (Table 6.4). A reduction in aggression from A1 is offset by an increase

in aggression from other agents (World Condition A: A3 (+4.6), A5 (+1.7); B: A2 (+2.7), A4 (+5.8), C:

A4 (+3.9), A5, (+1.3), D: A3 (+4.7), A5 (+2.2)), resulting in societies reporting similar RatesOfAggression.

Differences between aggression encounters in these two conditions are seen in visualised in the network graph

in Figure 6.11.

In summary, the aggression of dominant agents (A1 and A2) contributes to the overall “aggressiveness”

of societies when all agents have the same tolerance to stress (Low, Neutral, High, but not in conditions

where StressResponseThreshold is determined by rank (Low→High, or High→Low). In these conditions,

though societies show similar levels of aggregated group RateOfAggression, granular analysis highlights how

the agents responsible for performing the aggression is different between conditions. These mixed findings
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Figure 6.11 Distribution of aggression in the Low → High (Left) and High → Low (Right)
StressResponseThreshold conditions, as a percentage of all aggression performed per condition.
Thicker lines indicate higher percentage of aggression from dominant to subordinate agent. Notable
increases and decreases of aggression frequencies compared to the Low → High condition are shown
by red and blue lines (right), respectively (Table 6.4.)

show contextual support for our hypothesis that the interactions from dominant individuals determine social

dynamics.

6.5 Discussion

Overall, our results showed contextual support for our hypothesis that rank-related responses to stress play a

role in determining social dynamics and interactions. However, contrary to our hypothesis, we highlight that

these dynamics are not simply dictated by dominant individuals. Instead, the individual stress tolerances

throughout the entire society played a role in having an effect “up the hierarchical chain”. We discuss some

of our observations below.

We found no support for our hypothesis that group viability would be affected by individual, rank-

related stress tolerances. Across all conditions, we found similar mean viability performance, regardless of

the StressResponseThreshold condition.

Nevertheless, we found that both individual and group viability was improved across all conditions when

cortisol was present in an individual’s physiology, compared to control conditions when it was not. Including
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these hormonal mechanisms in our agent model improved viability on two of three measures (Life Length

and Physiological Wellbeing), with no detrimental effect on Average Comfort. Therefore, although cortisol

was added to this model as a stress-related hormone, its effects on physiological (in terms of its “metabolic”

effects on movement and Energy usage) and behavioural adaptation (in terms of aggressive, socio-negative

interactions) resulted in some viability benefits for our agents. Though we did not hypothesise this effect,

this supports our suggestion from Chapter 5 where we considered how socio-negative interactions may be

a viability-relevant behavioural adaptation). We consider the benefits of such mechanisms in the future

development of our socially-adaptive model.

One important consideration of our results is that the Social Assessment Component, which determined

whether agents would perform socio-positive or socio-negative interactions with others, used absolute values

to determine which behaviours would be performed. Using a more probabilistic or stochastic approach to

these behaviour rules (such as those used in similar work [72]) may have resulted in a different distribution

of the types of interactions between agents. For instance, our results found how the “aggressiveness” of

dominant agents contributed to the overall “aggressiveness” of the society in some conditions (i.e. when all

agents had the same StressResponseThreshold value). We hypothesise that a stochastic rule in the Social

Assessment Component would reduce the frequency of aggressive interactions from the dominant agents in

these conditions, which would then further reduce aggressive interactions in the rest of the society. We

reserve this line of research for future investigation.

Across the three uniform conditions related to stress tolerances (Low, Neutral, High), we found that

both RateOfAggression and AggressionFrequency decreased across all world conditions as tolerance to stress

increased for all individuals. This is despite the fact that mean cortisol levels remained similar throughout

each of these conditions. These findings provide some support for the hypothesis that stress levels themselves

may not be enough to determine social dynamics. Rather, social dynamics are determined by how tolerant

different individuals in the society are to their own stress levels, and the availability of appropriate coping

mechanisms.

In addition, cortisol for subordinate agents did not change across world conditions, despite easier physical

conditions. We hypothesise that this was due to a lack of appropriate stress coping outlets for these agents,

i.e. dominant agents could perform Aggression to reduce cortisol levels, but these outlets were not available

for subordinates. This suggests that a less-challenging physical environment may not explicitely reduce stress

for all individuals in a society the same way and that additional stress coping mechanisms may be required

for some individuals to experience the same benefits.
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Focusing specifically on the results from the the two conditions of non-uniform StressResponseThresh-

olds, Low→High and High→Low, we found that, despite similar Aggression rates of the society, the agents

responsible for performing this aggression varied between these two groups. When higher-ranking agents

had higher tolerances to stress (in the High→Low condition), the majority of Aggression was performed by

lower-ranking agents.

Similarly, higher-ranked individuals appeared to benefit from improved world conditions more than subor-

dinate agents, resulting in significantly less Aggression from higher-ranking agents. Though we hypothesised

that reduced Aggression from dominants would result in reduced aggression for the overall society, we found

that this was not the case and, in some conditions, lower-ranking agents with lower tolerances to stress

continued to perform large amounts of aggression towards other agents.

We also observe strong inverse correlations between an agent’s rank and overall cortisol levels, which

become more significant as environmental conditions improved. In our model, improved world conditions

facilitated a reduction in stress for dominant agents, but not subordinates. This reduction in stress reduced

their overall aggression and therefore overall aggression rates of the society.

In terms of real-world societies, these different social dynamics based on different tolerances to stress and

physical world conditions may highlight some features which determine the dynamics of social species [117].

We discuss some of our findings along with qualitative observations below.

6.5.1 “Calmer” Dominants Results in Increased Aggression

To investigate our hypothesis that individual, rank-related responses to stress would affect social dynamics,

we focus on the two rank-related StressResponseThreshold conditions: Low→High and High→Low, where

stress tolerance was a direct and inverse function of rank, respectively (Table 6.2).

In these conditions, we found similar RatesOfAggression of both societies, regardless of environmental

conditions (Table 6.5). This is despite similar cortisol levels of agents (Table 6.3). Further analysis found

how the agents responsible for the aggression was different between conditions.

Despite fewer “available” social outlets for subordinate agents when compared to dominant agents (i.e.

A4 has two subordinate agents to which it can perform Aggression, while A1 has five), subordinate agents

still accounted for the highest RatesOfAggression. The limited number of agents for subordinates (e.g. A4)

to perform Aggression on resulted in more frequent aggression focused on specific individuals (Fig. 6.11,

Table 6.5).

Taking into account the similar cortisol levels between conditions (Fig. 6.10), and the shift in aggression
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further down the hierarchy, these results show some support for the hypothesis that it the individual toler-

ances to stress hormones (i.e. “personality types”), and not the level of stress hormone itself, that determines

the dynamics of a society [108].

However, we had hypothesised that these dynamics would be dictated by the interactions and stress

response of dominant individuals. These results indicate that this may not be the case. Instead subordinate

responses to stress played a significant part in determining how aggressive a society may be perceived.

Specifically, a “relaxed” society may only be so if all individuals in that society tolerate stress at a similarly-

high level (Table 6.4). Individual “personality” differences (i.e. if some individuals are more or less “anxious”

than others) may disrupt the balance of an otherwise-relaxed society.

Though we do not include changes in dominance rank in our model, this distribution and density of

aggressive encounters may have implications on the stability of a society (i.e. where increases in aggression

between agents may be seen as rank challenges). Extending this model to account for these changes may help

us further understand how individual differences can have a “bottom-up” effect on emergent social structure

and hierarchy. Nevertheless, given the biological grounding of our model, our results and model may be able

to guide ethologists into how and where rank challenges are likely occur in biological systems.

6.5.2 Increased Stress Results in Food Theft

One reason as to why the physically-challenging environments (World Conditions A & B) were made in-

creasingly difficult for subordinate agents through the emergence of food theft from dominants.

Previous chapters (Chapters 3, 4 and 5) used a simplistic model of “food sharing” where multiple agents

could eat at a food resource with no direct detriment to either party. In our observations, when cortisol

levels were low and agents were not stressed, food sharing was observed (Figure 6.12, top).

However, when cortisol levels of agents were elevated and dominant agents were stressed, the intensity of

the tactile interaction (Equation 6.2.2), resulted in dominant agents performing Aggression and “pushing”

subordinate agents away from the food resource that it was eating; stealing the food resource. As these

subordinates are then unable to approach the resource, they would need to spend additional time and

Energy locating another food resource.

For dominant individuals, this displacement of stress through aggression provided an advantageous effect

on viability—through the monopolisation of a food resource—with a deleterious effect on subordinates, who

suffered both an increase in cortisol, which also increased Energy depletion, and would have to spend time

attempting to locate another food resource. From the perspective of the dominant agent in this situation,
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Figure 6.12 Screenshots showing food sharing behaviours when dominants are not stressed (top),
and “theft” of food resources by dominants when they are stressed (bottom). Green agents
(doughnut-type shapes) are not stressed; red agents are stressed. Top: Agent A5 is eating at
the food resource (orange sphere), and a non-stressed A1 approaches to share the resource. Bot-
tom: Agent A6 is eating at the food resource (left), but as A1 is “stressed”, the intensity of the
Aggression pushes A5 away from the resource, where A1 then eats. A5 then needs to locate a new
resource.

such interactions are in line with our suggestion from Chapter 5 that socio-negative behaviours may be

required to facilitate viability in some situations.

This socio-negative behaviour resulted in a more stressful environment for subordinates, and highlighted

how how stress-related interactions from dominants could directly affect the survival of subordinates. To

investigate the precise impacts of these interactions, future work should consider analysing the specific

relationship between the amount of aggression received (including aggression received at food resources) and

its effect on viability.

6.5.3 Easier Environments Reduce Stress for Dominants, not Subordinates

We found that the correlation between dominance rank and cortisol levels strengthens as environmental

conditions provide more food resources Table 6.3. Conditions with poor food availability (A and B) may

reflect uncertain or unstable environmental conditions for our agents, where even the dominant individuals

do not possess large amounts of control. As a result of the lack of predictability of the environment, cortisol
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levels remain chronically elevated in all agents—even dominants—putting them in a state of stress. When all

individuals in the society have Low tolerances to stress, this stressed state creates higher rates of Aggression

towards other agents (Table 6.4).

We then expected cortisol levels for all agents to reduce as food availability increased, reducing the

stress associated with limited resource availability (Equation 7.2). Although mean cortisol levels were lower

for the overall group (Fig. 6.9), this reduction was driven by a reduction in stress of dominant agents.

Despite the “easier” physical conditions, cortisol levels remained elevated for subordinate individuals across

all conditions. We found that improved physical conditions were still not sufficient to reduce stress for agents

who did not have an adequate amount of social coping mechanisms in this rank-based society (where rank

plays an important role in resource acquisition).

To summarise, improved physical conditions appear to alleviate stress levels for the dominant individuals

(A1, A2), but not subordinates (A5, A6) who lacked the level of social “control” as the dominants. These

results support the suggestion by [115], [117], [194], who posit that psychological and social stress may play

a greater role in determining stress levels than the physical conditions, especially for subordinate individuals

who may require additional social support. We take these findings into account and highlight them for

further investigation.

6.5.4 Bottom-Up Stress Contagion: Stressed Subordinates Cause Stressed Dom-

inants

Despite our hypothesis that group stress levels and dynamics would be determined by the behaviours and

interactions of dominant agents (A1 and A2) on the rest of society, we found that in some conditions—when

food availability was poor and stress tolerance was Low—it was subordinate agents, not the dominants, that

played a significant role in the emergent social dynamics.

In most experimental runs, cortisol levels of lower-ranked agents would often become elevated before that

of dominants (Appendix A). Since elevated levels of cortisol increased movement speed (Equation 6.4), and

stressed subordinate agents avoid dominants (Figure 6.4), it then became challenging for dominant agents

to Groom subordinates in order to satisfy their SocialNeed, as the latter would continue to Avoid dominants

while they remain stressed (Figure 6.13, B).

This resulted in dominants “chasing”—and failing to catch—subordinate agents moving at faster speeds

(Figure 6.13, C). An inability to satisfy their SocialNeed resulted in increased stress levels of these dominant

agents, causing them to also become stressed (Figure 6.13, D). As a result, dominant agents then perform
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Figure 6.13 Screenshots showing how stressed subordinate agents caused dominants to become
stressed. Green agents (doughnut-like shapes) are not stressed. Red agents are stressed. A: A1
(not stressed) begins to approach A6 (stressed) in order to Groom. B: The stressed A6 perceives
the dominant A1 and Avoids it as a result of its stressed state. C: As higher levels of cortisol
increase movement speed (Equation 6.4), A6 is able to move away from A1, resulting in larger
distance between the two. D: Shortly after, as A1 is unable to satisfy its internal SocialNeed, it
also becomes stressed.

Aggression on others to displace their stressed state (see Section 6.2.2). Therefore, in these conditions, the

behaviour of stressed subordinates resulted in stressed dominants.

When subordinates have higher tolerances to stress than dominants (the Low→High conditions), they

would be less likely to undergo a state of stress, resulting in less avoidance of dominants and therefore

less “chasing”. As a result, we saw lower AggressionFrequency from dominants (A1: World Condition D,

StressResponseThreshold = Low : 14.6; World Condition D, StressResponseThreshold = Low→High: 4.5 ),

despite dominant agents having the same tolerance to stress in both of these conditions.

This was contrary to our hypothesis. Rather than a stressed, dominant individual dictating the social dy-

namics via a “trickle–down” effect of stress and aggression, in these conditions, it was “stressed” subordinates

that affected the subsquent social dynamics.

Though this was contrary to our hypothesised direction of effect, these findings further support the

hypothesis that individual differences to stress affect social dynamics [108], and that—in a small society of

agents such as the one investigated here—even the lowest-ranking agents can play a role in shaping overall
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group dynamics.

In terms of our investigation, we highlight the emergence of affective contagion resulting from the interac-

tions of one individual within the society. Such observations may also highlight the importance of accounting

for and analysing the independent behaviours of all agents in a society.

6.6 Summary

In this chapter, we investigated how different tolerances to stress—including rank-related tolerances to

stress—would affect the social interactions, group dynamics and overall wellbeing of a small rank-based

society. We considered this stress tolerance to be a type of “personality” trait. Using our observations

from Chapter 5, we hypothesised that social dynamics and group viability would be determined by the

stress tolerance and interactions of dominant individuals in a society. Specifically, we had predicted that an

“aggressive” dominant individual would cause an “aggressive” society via a “trickle-down” effect of stress and

aggression.

To investigate our hypotheses, we introduced a stress-related hormone, cortisol, to our agent model—

released as a function of physical and “psychological” stress—which played an adaptive role on physiology

and behaviour. We endowed each individual with one “personality trait” associated with their tolerance to

this stress hormone: where individuals would become “stressed” if cortisol exceeded this value.

We tested our hypothesis using our society of six agents, each with a different dominance rank, associ-

ated with increased access to resources. We tested six different conditions of stress tolerance—three where

all individuals had the same tolerance to stress, and two where this tolerance was both directly and in-

versely associated with rank—across four different world conditions related to food availability of decreasing

challenge.

Our results found how these strictly rank-based social dynamics and interactions were affected by both

environmental challenges, and these individual “personality” differences related to how stress tolerance. We

found support for the hypothesis that tolerances to stress, and not stress levels themselves, plays a role in

determining social dynamics. However, we found no support for our hypothesis that different rank-related

tolerances to stress would affect group viability.

We found survival-related benefits for individuals endowed with a stress hormone (cortisol) released as

a function of physiological, environmental, and social stress, but which provides several adaptive effects on

behaviour and physiology. As cortisol is one key hormone that underpins adaptation through social allostasis

[29], we consider retaining these effects for future development of our agent model.
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Despite easier physical conditions reducing stress (cortisol) levels for dominant individuals, we found how

these effects were not experienced by subordinates, who instead reported elevated cortisol levels across all

conditions. We suggested that one reason for this may be due to the lack of social coping mechanisms or

appropriate outlets to reduce stress. Social coping mechanisms (such as opportunities to perform aggression,

the presence of close-kin or bond partners) plays a significant role in ameliorating an individual’s stress

response [108], [117]. Currently, our model only accounts for the stress-inducing effect of other individuals

in the society, with stress-reducing social coping mechanisms only available to dominant individuals (via

aggression).

In addition to providing direct outlets for socio-positive interactions (such as grooming), the presence

of social support has also been hypothesised to provide additional, stress-reducing effects for supported

individuals through the mediation of the stress response in several ways. This has been coined the “social

buffering” hypothesis of social support, and has been suggested to play a significant role in facilitating the

healthier, longer lives associated with living in a society. In addition, these stress-reducing “buffering” effects

of social support appear to be facilitated by oxytocin, though its precise effects are still not fully understood.

By reintroducing the oxytocin-mediated, affect-based social bonds from Chapter 5 in the remaining

chapters, we aim to investigate how some of the hypothesised, stress-reducing effects of social support can

affect the wellbeing and social interactions of individuals in this rank-based society. In doing so, we continue

to investigate such mechanisms, proposed by affect-based social relationships, in the development of our

social allostasis-inspired agent model.
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Chapter Seven

The Social Buffering Hypothesis and the

Stress-Reducing Effects of Social Support

7.1 Introduction

Figure 7.1 A high-level view of the effects investigated in this chapter. Red lines indicate ex-
tensions from the previous chapter. This investigation re-introduces oxytocin’s (OT) effects on
social partner preference (Chapter 5) which also has a stress-reducing effect. The rest of the model
remains the same as Chapter 6. A more granular view of this model can be seen in Figure 8.1.

In the previous chapter, we had investigated the social interactions and dynamics in a society of agents

when each individual had a different “personality” related to their tolerance to stress. We found that, for
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strictly-rank-based social interactions, social dynamics were affected by both the challenge of the environ-

ment, as well as the personality differences in the society. In these societies, we found how the stress levels of

subordinates was significantly higher when compared to dominant individuals, even in easier environmental

conditions.

We hypothesised that one reason for the increased stress was the difference in available social coping

outlets available to individuals of different social rank. In the real world, social interactions are rarely ever

based solely on rank. Instead, the formation and maintenance of close social support (such as bond partners)

plays a role in determining social interactions and plays one part in the adaptive process.

The stress, fear, and “nervousness” associated with challenging environmental and social conditions may

be offset through (the presence of) social support. The presence of social support, underpinned by oxytocin,

has been found to have an anxiolytic, “calming” effect on individuals by reducing, or even eliminating,

their stress response in both present and upcoming stressful situations. This phenomenon, known as “social

buffering”, plays a critical role in the longer-term wellbeing for social animals through adaptation to the

social environment, and is a key aspect of social allostasis.

In this chapter, we build upon the previous investigation where social interactions were strictly rank-

based. By introducing social bond partners, we investigate one of the stress-reducing effects of affect-based

social support on the interactions and wellbeing of the society across several dynamic, physical environ-

ments. We investigate several combinations of social bond partners, related to bond partner rank, and two

types of affective bonds with respect to bond strength (i.e. “fixed” and “variable”). “Fixed” bonds remain

persistently strong throughout the lifetime of the bonded partners, whereas “variable” bonds are susceptible

to deterioration when they are not renewed and can be strengthened or damaged as a function of social in-

teractions. Therefore, we investigate the stress-reducing effects of both the presence and quality of affective

bond partners.

Using the social buffering hypothesis along with our observations from Chapter 5 which saw viability ben-

efits from the presence of social support, we hypothesise that the presence of social bond partners will result

in viability-related benefits for socially-bonded individuals. We also hypothesise that these improvements in

viability will be facilitated by a reduction in stress and socio-negative interactions.

Our results find that some support for this hypothesis. Specifically, that the stress-reducing effects of

social support is dependent upon the wider social and environmental context, as well as the different type

of affective bonds between individuals. In some conditions, we find improvements in viability and reduced

stress for the wider social group, suggesting a wide-spreading, stress-reducing effect of social support in this
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small society.

7.1.1 Social Support and the “Social Buffering” Hypothesis

Positive social relationships play a significant role for the wellbeing of social creatures. For a variety of

species, individuals who maintain close social bonds are associated with longer, healthier lives [18]–[20]. One

way in which these relationships provide these beneficial effects is through a phenomenon known as “social

buffering” [179], [202]. The social buffering hypothesis posits that social support provides a physiological

and psychological “safety cushion” during stressful events for individuals with social support, reducing their

response to stress, and adapting their perception, behavioural or emotional responses to future stressful

situations.

Individuals with perceived social support have consistently been found to have reduced cortisol levels

and improved cardiovascular health, compared to individuals who are not socially supported [203]–[206].

Additionally, stress responses in future stressful, unknown situations have also been found to be reduced in

individuals who receive consistent social support [16], [207], potentially by perceiving the situation as less

stressful or less threatening [208].

These findings suggest an anxiolytic effect of social support, likely as a result of one—or several—of

oxytocin’s effects on physiological responses to stress-related hormones [209]–[211]. Beyond its physiological

effects, oxytocin and social support also provide additional outlets for stress-reducing behaviours, by granting

supported individuals opportunities to perform prosocial behaviours (such as friendly contact with a bond

partner), further releasing oxytocin and strengthening the relationship between them, and thereby providing

a feed-forward buffering effect on the stress response. Adapting to stressful situations in this way has survival-

related physiological benefits: chronically-elevated levels of cortisol results in a higher susceptibility to disease

and physiological dysregulation (Section 1.2). Therefore, the ability to reduce, and appropriately respond

to, stress, can mitigate its maladaptive consequences, and be seen as a fundamental type of adaptation that

facilitates longevity and wellbeing during, and in anticipation of, stressful or unknown situations.

7.1.2 Aims & Hypothesis

By accounting for one of the hypothesised effect of the “social buffering” hypothesis—that social support

reduces the stress (cortisol) response—we aim to investigate the role of the presence of different types of affect-

based social support on the wellbeing and social interactions of a rank-based society across environmentally-

challenging, dynamic conditions.
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Figure 7.2 A high-level view of one potential effect of social buffering on reducing social stress,
with an example of some causes of social stress from the social environment. While social stimuli
such as unknown strangers, non-bonded, and dominant individuals can increase stress (red lines),
the presence of a bond partner (blue line) can provide a stress-reducing effect. Our model does
not currently account for unfamiliar individuals in the social environment, but we include them in
this diagram as a potential stress-inducing presence. OT = Oxytocin, CT = Cortisol.

We test these effects across three different bond partner combinations related social rank, and two types

of affective bonds with respect to bond strength (fixed and variable). We conduct these experiments across

three different environmental conditions: one static, where food availability is consistent, and two dynamic

conditions, where food availability increases and decreases over time.

Building on our findings of previous chapters (Chapters 5 and 6) and the findings from the natural world,

we hypothesise that the presence of affect-based social bonds will provide survival-related benefits for indi-

viduals with these social bonds across these physically-challenging conditions. Furthermore, we hypothesise

that this improved survival will be facilitated by a reduction in stress and socio-negative interactions between

bonded partners.

We also aim to use this investigation to explore the effects of one type of adaptation through the social

environment, in order to further the development of our social allostasis-inspired adaptive model.
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Figure 7.3 Illustration of the Action-Selection Architecture model used in this investigation (right)
compared to the previous chapter (left). Extensions to the previous model are denoted in red.
Oxytocin’s (OT) effects on social partner preference from Chapter 5 are reintroduced in this model.
“Social buffering” effects are calculated using the presence and strength of bond partners via the
Social Assessment Component (Equation 7.5). OT is contextually-released through Groom.

7.2 Extensions to the Agent Model

7.2.1 Re-Introduction of OT and the Social Assessment Component

The model in this investigation reintroduces the Social Assessment Component (Figure 5.3) from Chapter

5, including the mechanisms of oxytocin (OT) and the Dyadic Strength Index (DSI) which describe the

strength of the affective relationship between a pair of agents. We note a minor change to the release rate

of oxytocin, though the effects of both OT and DSI mechanisms remain unchanged.

7.2.2 Oxytocin Release Rate

In previous investigations, oxytocin was released at a static value, depending upon the social behaviour being

performed. For consistency in the way that we modelled hormonal release, the rate of oxytocin release is

now a dynamic value, modulated by the intensity of the winning social behaviour Touch. This is in line with

the modelling of cortisol, and is calculated as follows:
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OTt = OTt−1 + (OTd × btouch) (7.1)

Where btouch is the intensity value of the winning behaviour. We validated this new calculation across

50 experimental runs across all world conditions from the previous chapter with no significant differences on

agent viability or mean oxytocin levels, and therefore retained this calculation for future investigations.

7.2.3 Stress Reduction via Affective Bonds

The stress-reducing effects of social support are calculated through the AgentVal calculation in the Social

Assessment Component. To recall, CT is released with the following function:

CTReleaseRateA = (

∑
i∈(P )

di

2
−

∑
i∈(S)

Ŝi

2
)× c (7.2)

This rate accounts for both the internal stress, associated with the sum of physiological deficits
∑
di:

∑
di = denergy + dsocialNeed (7.3)

and external stress
∑
Ŝi, associated with the lack of resource availability:

∑
Ŝi = Ŝagents + Ŝfood (7.4)

As OT and affective bond partner presence (and quality) are included in determining “available” social

resources when calculating CTReleaseRate, perceiving a bond partner reduces the stress response associated

with stressful environments, by either reducing the amount of cortisol, or slowing its release rate. This is

accounted for using the AgentVal (Equation 7.5:

AgentVal = rankdiff + (bondAB × (DSIAB ×OT )) (7.5)

Therefore, in Equation 7.4, Ŝagents = Cagents × (1−AgentVal) and

Ŝfood =


Cfood if AgentV al ≤ 0

else 0
(7.6)

In Chapter 6, the lack of social bonds resulted in AgentVal returning the normalised rank difference

between two agents (rankdiff). Accounting for social bonds in this model, AgentVal is calculated using these

additional parameters (OT and DSI ), which adapts the stress response accordingly.
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7.2.4 Fixed and Variable Bond Types

In our model, bond type is defined by the value of the bond strength (DSI; the Dyadic Strength Index )

between two bonded agents.

“Fixed” bonds denotes a bond that remains persistently strong, with the DSI remaining at its maximum

value of 2 throughout the simulation run.

“Variable” bonds denotes a bond with a changing DSI : experiencing a decay rate (µ = 0.9997) over time

in absence of social interaction, and subject to both strengthening and loss as a function of social interactions:

DSIAB =


DSI + (TactileIntensityA × c) if Groom

DSI − (TactileIntensityA × c) if Aggression
(7.7)

7.3 Experimental Set Up

Experimental conditions were defined by three different parameters: three experimental conditions related

to the presence (and type) of affective social bonds, four conditions related to the combination of socially-

bonded agents, and three different environmental conditions related to food resource availability. Table 7.1

shows these different experimental conditions, and Figure 7.4 illustrates the bond combinations and types

used.

We conducted three different experiments with respect to the presence and type of affective bond (Sub-

section 7.2.4). Experiment 1 served as our control group where all agents were unbonded. In Experiment

2, called the Fixed Bond condition, affective bond strength was fixed at its maximum value throughout the

experiment (DSI = 2). In Experiment 3, the Variable Bond condition, the affective bond strength (DSI) is

initialised at its maximum value of 2, but is subject to change as a function of social interaction, as well as

decay in absence of social interaction (Subsection 7.2.4).

In Experiments 2 and 3, we tested three different bond combinations of agents: a parent-offspring rela-

tionship (A1-A2-A6), close-kin middle-ranked (A3-A4-A5) bonded group, and close-kin lowest-ranked (A4-

A5-A6) bonded group. These bond combinations were biologically-inspired relationships, and taken from

our investigation in Chapter 5 and can be seen in Figure 7.4.

To introduce uncertainty into the environment, experiments were conducted in two dynamic world con-

ditions related to food availability, as well as one static environment to serve as our control condition. We

therefore move away from the static environments used in previous investigations.
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Experiment Bond Type Bond Combinations World Conditions

1 None - Static / Seasonal / Extreme

2 Fixed A / B / C Static / Seasonal / Extreme

3 Variable A / B / C Static / Seasonal / Extreme

Table 7.1 Table of experimental combinations in this chapter. Bond combinations can be seen
in Figure 7.4. World conditions can be seen in Figure 7.5. Experiment 1 has 3 total experimental
combinations, and Experiments 2 and 3 have 9 experimental combinations each.

Figure 7.4 Illustrations of the three different types of affective bonds used in each experiment.
Experiment 1 had agents with no bonds. Solid lines illustrates a fixed bond strength (DSI remains
a fixed value of 2). Dashed lines illustrate variable bond strength (DSI changes over time).

The Static environment contained four food resources throughout the experiment, retaining the same set

up as World Condition D as seen in Chapter 4 (four food resources).

In our first dynamic condition, called Seasonal, these four food resources steadily decreased and increased

across fixed time periods (every 1000 time steps), as the world condition incrementally cycles between periods

of very good (four) to very poor (one) food availability (Figure 7.5, orange arrows).

The second dynamic condition, called Extreme, food availability cycles between four food resources to a

single food resource every 1000 time steps (Figure 7.5, blue arrows). Table 7.2 shows the number of food

resources available in each cyclical change across all three environments.

The decision to model the dynamic world conditions in this way were inspired by the natural world. The

Seasonal condition, as the name implies, was inspired by the natural seasons as it moved cyclically from

world conditions of abundant food resources (for instance, Spring or Summer) to more extreme conditions
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Figure 7.5 Screenshots of different food availability in each of the world conditions. Static envi-
ronments remain fixed with four food resources (yellow discs, top left). The orange arrow denotes
changes in the Seasonal condition. The blue arrow denotes changes in the Extreme condition.
Details of each food phase can be seen in Table 7.2. Agents are rendered as doughnut-type shapes.
Colour indicates their “stressed” state (green = not stressed, red = stressed). A dashed line between
agents denotes an existing affective bond between them.

(Winter). The Extreme condition, on the other hand, was inspired by more dramatic changes (for example, as

a result of a storm). We also took inspiration from similar experiments [40] who also performed investigations

using similar dynamic conditions to assess the performance of their model.

In total, these combined parameters created 21 different experimental combinations: 3 in Experiment

1, 9 in Experiment 2, and 9 in Experiment 3 (Table 7.1). For each of these experimental conditions, we

performed 20 simulation runs for 15,000 time steps each. This equated to approximately 10 hours of run

time.

Results are broken down by the three bond type conditions (Experiment 1: No Bonds, Experiment

2: Fixed Bonds, Experiment 3, Variable Bonds). We measured results across the three viability-related

metrics: Life Length, Average Comfort, and Physiological Wellbeing (Section 2.4.1). We also reported results

on the distribution of social behaviours (Grooming and Aggression) throughout all simulation runs. We also

measured internal hormonal levels (oxytocin and cortisol) for each agent at each time step. We complemented

our quantitative results with personal observations of simulation runs.
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Time Step
Start 0 2001 3001 4001 5001 6001 7001 8001 9001 10001 11001 12001 13001 14001

End 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000

World Condition Phase 1A/1B 2 3 4 5 6 7 8 9 10 11 12 13 14

Static 4

Seasonal 4 3 2 1 2 3 4 3 2 1 2 3 4 3

Extreme 4 1 4 1 4 1 4 1 4 1 4 1 4 1

Table 7.2 Availability of food across different phases in each of the world conditions. This is
also illustrated in Figure 7.5. Food availability is colour-coded for visualisation purposes: green
indicates periods where maximum number of food resources (4) are available, and red indicates
periods where minimum number of food resources (1) are available. Though the simulation ran
for 14 phases, results are reported for phases where agents remained viable (1-12).

Statistical significance testing was performed between-groups using one-way ANOVA testing. We also

used Pearson’s Correlation Coefficient to report correlation strength between metrics where appropriate.

7.4 Results

7.4.1 Experiment 1 - No Bonds

Viability Indicators

In the control conditions (Experiment 1) when all agents were unbonded, viability performance of the overall

society was greatest in the Static environments (Life Length (LL): 33%, Physiological Wellbeing (PW): 0.75).

The results from the two dynamic world conditions were similar for both of these viability indicators (LL:

22%, PW: 0.49, 0.51 for Seasonal and Extreme conditions respectively). We observed no significant difference

in Average Comfort across all world conditions.

Across all world conditions, we observed a moderately-strong correlation between an agent’s rank and

their mean Life Length (Static: r = 0.57, Dynamic: r = 0.64, Extreme: r = 0.68). Similar correlations were

also observed for the individual agents’ Physiological Wellbeing (r = 0.56 , r = 0.60, r = 0.65).

In sum, across all world conditions where social bonds were not present, agent viability was strongly

correlated with their social rank.

Hormonal Trends

Table 7.3 shows the mean cortisol levels across all experimental conditions. In control conditions, we observed

that mean group cortisol levels increased with world challenges (Static: 0.42, Seasonal : 0.50, and Extreme:

0.53). On an individual agent level, there was a strong correlation between mean cortisol levels and individual
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No Bonds

(Experiment 1)

Fixed Bonds

(Experiment 2)

Variable Bonds

(Experiment 3)

World

Condition

Bond

Combination
A1 A2 A3 A4 A5 A6 A1 A2 A3 A4 A5 A6 A1 A2 A3 A4 A5 A6

Static 0.27 0.31 0.40 0.50 0.58 0.66 0.16 0.16 0.31 0.39 0.49 0.36 0.21 0.24 0.36 0.43 0.52 0.55

Seasonal A 0.49 0.53 0.61 0.60 0.65 0.74 0.27 0.29 0.45 0.5 0.61 0.57 0.42 0.43 0.48 0.53 0.56 0.48

Extreme 0.51 0.56 0.66 0.68 0.75 0.81 0.45 0.44 0.53 0.61 0.66 0.68 0.43 0.48 0.54 0.52 0.64 0.58

Static

B

0.27 0.31 0.40 0.50 0.58 0.66 0.29 0.3 0.22 0.24 0.25 0.54 0.19 0.22 0.29 0.34 0.44 0.6

Seasonal 0.49 0.53 0.61 0.60 0.65 0.74 0.46 0.45 0.48 0.47 0.53 0.56 0.44 0.46 0.48 0.49 0.5 0.55

Extreme 0.51 0.56 0.66 0.68 0.75 0.81 0.47 0.49 0.49 0.55 0.61 0.58 0.49 0.5 0.46 0.56 0.6 0.57

Static 0.27 0.31 0.40 0.50 0.58 0.66 0.26 0.26 0.35 0.25 0.27 0.35 0.26 0.28 0.36 0.38 0.47 0.49

Seasonal C 0.51 0.56 0.66 0.68 0.75 0.81 0.47 0.44 0.45 0.54 0.53 0.58 0.41 0.47 0.48 0.47 0.48 0.54

Extreme 0.51 0.56 0.66 0.68 0.75 0.81 0.42 0.47 0.54 0.58 0.63 0.66 0.48 0.49 0.53 0.55 0.61 0.62

Table 7.3 Table showing mean cortisol levels of each agent across all three experiments, broken
down by world condition (Static, Seasonal, Extreme) and Bond Combination (A, B, C). Values
highlighted in grey indicate agents who were bonded in that condition.

rank (r = 0.89).

As the world challenges increased from Static, Seasonal and Extreme, the relative cortisol levels between

the highest-ranking agent A1 and other agents decreased. Much like the findings from the investigation in

Chapter 5, we observed that cortisol levels for subordinates (A5 and A6) remained relatively high across all

experimental conditions.

7.4.2 Experiment 2 - Fixed Bonds

Viability Indicators

In this experiment, we introduced affective social bonds for three of our agents with fixed bond strength

(DSI = 2 ), with the remaining three agents unbonded. For each of the three bond combinations, we saw

increases in Life Length and Physiological Wellbeing, with non-significant changes to Average Comfort when

compared to the control group, across each of the three world conditions. Tables 7.4 and 7.5 show the results

of the viability indicators for the overall society as well as bonded and unbonded agents.

In Static world conditions, we observed Life Length increases between 59% and 72%, and a 27% increase in

Physiological Wellbeing of the overall society. For the three bonded agents within this condition, Life Length

performance increased by 58%–68% when compared to control, and Physiological Wellbeing increased between

27%–67%. For unbonded agents, we observed Life Length improvements of 40%–52%, and Physiological

Wellbeing improvements between 3%–29%. In sum, we observed viability benefits for both bonded and

unbonded agents in these conditions compared to control.
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Bond

Condition

World

Condition

Life

Length

(Society)

vs.

control

Life

Length

(Bonded)

vs.

control

Life

Length

(Unbonded)

vs.

control

A Static 53% +72% 55% +68% 50% +52%

B Static 49% +59% 51% +56% 46% +40%

C Static 50% +61% 52% +58% 47% +42%

A Seasonal 37% +82% 39% +81% 34% +58%

B Seasonal 34% +68% 36% +67% 31% +44%

C Seasonal 35% +69% 37% +69% 33% +52%

A Extreme 36% +79% 38% +77% 33% +54%

B Extreme 33% +64% 35% +63% 30% +40%

C Extreme 37% +80% 39% +78% 39% +80%

Table 7.4 Table showing Life Length results from Experiment 2 (with fixed bonds) for the soci-
ety overall, and broken down between bonded/unbonded agent groups. We highlight the largest
changes versus control in grey.

In the first dynamic Seasonal condition, we found statistically-significant increases in Life Length (+68%

to +82%, p < 0.01 for all conditions) and Physiological Wellbeing for the overall society when social bonds

existed, compared to the control condition, with improvements between 14%–31% (p < 0.01). This increased

performance was observed across all of the different bond combinations (Table 7.4).

For bonded agents, Life Length improvements were between 67%–81% compared to control, with un-

bonded agents benefitting from a mean Life Length increase of 51% vs. control. Physiological Wellbeing saw

similar improvements: bonded groups saw improvements between 23%–48% (p < 0.05 for all conditions),

with unbonded seeing a 5%–26% (p < 0.05) increase. Again, in these conditions, we note improvements to

both Life Length and Physiological Wellbeing for both bonded and unbonded agents compared to control

conditions.

In our second dynamic condition (Extreme), we again note increased performance for the entire society

(Table 7.4). For bonded agents, Life Length saw improvements between 63%–78% (p < 0.01) vs. control, with

unbonded benefitting with a 40%–80% (p < 0.01) increase. Physiological Wellbeing improvements ranged

from 41%–84% (p < 0.01), and unbonded agents saw improvements of 12%–17% (p < 0.01).

In sum, regardless of bond combination, overall group viability increased across all world conditions when

three of the agents were bonded through fixed bonds. In general, bonded agents outperformed unbonded
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Bond

Condition

World

Condition

Phys.

Wellbeing

(Society)

vs.

control

Phys. Wellbeing

(Bonded)

vs.

control

Phys. Wellbeing

(Unbonded)

vs.

control

A Static 0.96 +27% 0.97 +27% 0.95 +29%

B Static 0.95 +27% 0.96 +30% 0.94 +03%

C Static 0.96 +27% 0.96 +67% 0.95 +03%

A Seasonal 0.65 +31% 0.70 +36% 0.59 +26%

B Seasonal 0.56 +14% 0.58 +23% 0.54 +05%

C Seasonal 0.60 +22% 0.59 +48% 0.61 +05%

A Extreme 0.64 +28% 0.77 +41% 0.55 +12%

B Extreme 0.71 +38% 0.79 +63% 0.63 +17%

C Extreme 0.73 +42% 0.72 +84% 0.74 +16%

Table 7.5 Table showing Physiological Wellbeing results from Experiment 2 (with fixed bonds) for
the society overall, and broken down between bonded/unbonded agent groups. Largest differences
versus control are highlighted in grey.

agents in terms of both viability indicators.

Social Behaviours

Table 7.6 shows the total amount of intra-bond Grooming and Aggression in each of the world conditions. For

all bonded combinations, intra-bond Grooming increased as the relative world challenge increased. Agents

in Bond Condition A (A1-A2-A6) exhibited the highest amount of intra-bond Grooming (63%–83%), whilst

Bond Condition C (A4-A5-A6) exhibited the lowest amounts (17%–23%), suggesting the majority of Groom-

ing for this group was performed with agents outside of their social bond group.

Intra-bond Aggression was highest in the Seasonal world condition for all bond combinations: account

for 10% of aggression performed by agents in Bond Combination A, and 56% of all aggression performed by

bonded agents in Bond Combination B.

Looking at the temporal distribution of Aggression performed by bonded agents in these conditions

(Figure 7.6, top), we note that, despite increasingly difficult world conditions (in Seasonal and Extreme

worlds), the absolute count of intra-bond Aggression remained fairly consistent throughout the experiments.

We note that intra-bond Aggression increased for Bond Condition B in Phases 5 and 6 (with two and three

food resources available, respectively), accounting for 56% of total aggression performed by those bonded

agents.

125



Chapter 7 7.4 Results

Figure 7.6 Total amount of intra-bond Aggression (y-axis) (Aggression performed between the
three bonded agents) during each phase of food availability (x-axis), aggregated across all simula-
tion runs.

Hormonal Levels

Across all bond and world conditions, we saw a reduction in mean cortisol levels for bonded and, in some

conditions, unbonded agents (Table 7.3) vs. control.

In Static conditions, mean cortisol levels for bonded agents ranged between 0.28–0.37; 0.56–0.58 in

the Seasonal environment, and 0.62–0.65 in the Extreme environments. We saw reduced cortisol levels in

unbonded agents (Static: 0.36–0.42, Seasonal : 0.49–0.60, Extreme: 0.54–0.65). Therefore, the presence of

affective bonds of fixed strength for three agents reduced the overall stress experienced by all agents in the

society.

Subordinate agents experienced the greatest reduction in stress levels when bonded with other, higher-

ranked agents. Specifically, in Bond Condition A (A1-A2-A6 bonded), cortisol levels of A6 were reduced by

between 0.17–0.30 vs. control. Similar benefits were found for agents in other bond conditions (A5: -0.12 to

-0.23 in Bond Condition B (A3-A4-A5); A6: -0.14 to -0.31 in Bond Condition C (A4-A5-A6)).

Figure 7.7 (top) shows the distribution of mean cortisol levels for all bonded agents. In the Static world
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Bond

Condition

World

Condition

Intra-Bond

Grooming

%

Bonded

Grooming

#

Intra-Bond

Aggression

%

Bonded

Aggression

#

A Static 63% 1,686 0% 121

A Seasonal 73% 1,281 10% 125

A Extreme 83% 1,438 2% 141

B Static 42% 2,120 0% 80

B Seasonal 45% 1,580 56% 84

B Extreme 46% 1,072 8% 38

C Static 17% 2,341 0% 0

C Seasonal 24% 1,025 100% 5

C Extreme 23% 1,249 100% 9

Table 7.6 Table showing the total amount of Intra-Bond Grooming and Aggression across each of
the conditions in Experiment 2. Intra-Bond Grooming/Aggression values describes what percent-
age of total grooming/aggression by bonded agents was performed towards affective bond partners.
Notable high and low values are highlighted in grey.

condition, mean cortisol levels of bonded agents remained fairly consistent for all bond combinations, with

increases towards the final phases of experimental runs, likely due to limited food availability and death of

bond partners.

In the Seasonal environment, we note an earlier increases in mean cortisol levels, and that this increase

was related to the reduced food availability (Table 7.2). For Bond Condition A (A1-A2-A6, blue line),

mean cortisol levels remained significantly lower than Bond Condition B and C, peaking during the most

challenging world conditions (Phase 4, when only one food resource was available) and reducing again as

the world conditions become easier (Phases 5 to 9). However, for Bond Conditions B and C, despite mean

cortisol levels reducing as food conditions improve across phases (phases 5–7), they remain elevated for the

remainder of the experimental runs.

Contrary to the trends from the Seasonal environment and our own expectations, mean cortisol levels in

Extreme world conditions saw increases in periods of good food availability (Phase 3, 5, 7, 9), with reductions

during periods of bad food availability (Phases 4, 6, 8, 10). This trend is most notable in Bond Conditions

A and B. Bond Condition C also experienced similarly-high mean cortisol levels in the first period of bad

food availability (Phase 3) and these levels remained chronically-elevated throughout the experimental run.
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Figure 7.7 Mean cortisol (CT) levels for the three bonded agents across all world conditions. Top
= Experiment 2, with fixed bonds. Bottom = Experiment 3, with variable bonds.

In terms of oxytocin levels, in conditions where food was abundant (Static conditions), oxytocin levels

for bonded agents remained consistently high throughout the entire experimental run. Bonded agents in

Bond Condition A (A1-A2-A6) experienced mean oxytocin level of between 0.85–0.93, Bond Condition B

(A3-A4-A5) saw oxytocin levels between 0.82–0.93, and agents in Bond Condition C (A4-A5-A6) reported

mean oxytocin levels between 0.83–0.92.

In sum, we saw lower mean levels of cortisol for both bonded and unbonded agents in these conditions

when social support is present, compared to control. In the Seasonal conditions, cortisol levels loosely corre-

sponding to the relative environmental challenges. In Extreme environments, the inverse was reported, with

cortisol levels increasing during less-challenging periods. In this experiment, all bonded agents experienced

similarly-high oxytocin levels throughout the experiments.
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Bond

Condition

World

Condition

Bond

Type

Life

Length

(Society)

vs.

control

Life

Length

(Bonded)

vs.

control

Life

Length

(Unbonded)

vs.

control

A Static Variable 43% +43% 46% +42% 39% +21%

B Static Variable 35% +13% 37% +13% 31% +5%

C Static Variable 47% +51% 46% +40% 48% +46%

A Seasonal Variable 31% +50% 37% +40% 27% +2%

B Seasonal Variable 31% +50% 33% +25% 30% +14%

C Seasonal Variable 30% +48% 31% +17% 30% +14%

A Extreme Variable 37% +79% 40% +52% 32% +22%

B Extreme Variable 31% +54% 34% +29% 28% +5%

C Extreme Variable 31% +52% 30% +13% 32% +22%

Table 7.7 Table showing Life Length results from Experiment 3 (with variable bonds) for the
society overall and broken down between bonded/unbonded agent groups. Dark grey results high-
light conditions where performance for unbonded agents was comparable, or better, than bonded
agents.

7.4.3 Experiment 3 - Variable Bonds

Viability Indicators

In this experiment, the bond strength between individuals was initialised at its maximum value (2), experi-

encing a small decay rate at each time step, as well as being subjected to additional strengthening/weakening

through social behaviours.

Despite not resulting in the same improvements of viability seen in Experiment 2, we nevertheless note

increases in Life Length and smaller improvements in Physiological Wellbeing when compared to the control

groups for all three bond conditions.

In Static conditions, we find viability benefits for the overall society when compared to control (Table 7.7).

We observed Life Length improvements between 12%–51% compared to control. For all bonded conditions,

this was a significantly lower result when compared to those of the fixed bonds (Table 7.4). We also observed

small, yet statistically-significant increases in Physiological Wellbeing for the overall society (between 6%–

15% improvement), with a small increase in Average Comfort (0.56%–3% increase, non-significant). Unlike

conditions with fixed bonds, unbonded agents (LL: 48%) outlived bonded agents (46%) in Bond Condition

C, with a significant difference in Physiological Wellbeing (Bonded: 0.76, Unbonded: 0.97, p < 0.001).

In both dynamic environments, we saw significant increases in both Life Length and Physiological Well-

being for the overall society, with non-significant improvements in Average Comfort (Table 7.7). In the

129



Chapter 7 7.4 Results

Bond

Condition

World

Condition

Bond

Type

Physiological

Wellbeing

(Society)

vs.

control

Physiological

Wellbeing

(Bonded)

vs. control

Physiological

Wellbeing

(Unbonded)

vs.

control

A Static Variable 0.78 6% 0.82 8% 0.77 4%

B Static Variable 0.80 9% 0.86 16% 0.78 2%

C Static Variable 0.79 15% 0.76 33% 0.97 4%

A Seasonal Variable 0.78 6% 0.57 9% 0.48 2%

B Seasonal Variable 0.78 9% 0.54 15% 0.53 2%

C Seasonal Variable 0.78 14% 0.50 24% 0.62 6%

A Extreme Variable 0.76 6% 0.61 11% 0.49 0%

B Extreme Variable 0.76 14% 0.60 22% 0.59 8%

C Extreme Variable 0.76 21% 0.53 37% 0.71 12%

Table 7.8 Table showing Physiological Wellbeing results from Experiment 3 (with variable bonds)
for the society overall, and broken down between bonded/unbonded agent groups. Dark grey
results highlight conditions where performance for unbonded agents was comparable, or better,
than bonded agents.

Seasonal environment, Life Length improved by 50% in Bond Combinations A and B societies, and 48% in

Bond Combination C societies, vs. control (p < 0.01). Physiological Wellbeing improvements ranged from

5.9%–13.6% (p < 0.01) for all groups vs. control.

Larger improvements in Life Length were noted in the Extreme world conditions, with Life Length

improvements between 52% and 79% for the societies compared to control, and a 6.2% to 21% improvement

in Physiological Wellbeing. Despite improvements in bonded agent viability, we see a number of conditions

where unbonded agents showed greater viability in terms of Physiological Wellbeing (Seasonal and Extreme

conditions for Bond Condition C).

In sum, we observe viability benefits in terms of Life Length and Physiological Wellbeing across all world

and bond conditions, both for bonded and unbonded individuals. As with the results from Experiment 2,

we did not observe any statistical differences in Average Comfort, and have not included them as part of the

results.

Social Behaviours

Table 7.9 shows the distribution of intra-bond Grooming and Aggression interactions in experiments with

variable bonds. In Static environments, despite the fact that overall amount of Grooming interactions was

lower compared to Fixed Bond groups, the proportion of intra-bond Grooming was similar (Bond Condition

A: 64%, B: 37%, C: 15%).
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Bond

Condition

World

Condition

Intra-Bond

Grooming

%

Bonded

Grooming

#

Intra-Bond

Aggression

%

Bonded

Aggression

#

A Static 64% 1,750 21% 66

A Seasonal 60% 1,024 32% 91

A Extreme 60% 473 35% 88

B Static 37% 2,309 78% 120

B Seasonal 42% 978 91% 116

B Extreme 29% 730 78% 88

C Static 15% 1,982 100% 75

C Seasonal 17% 642 100% 83

C Extreme 22% 708 100% 83

Table 7.9 Table showing the total amount of Intra-bond Grooming and Aggression across each
of the conditions in Experiment 3. These values describe what percentage of total groom-
ing/aggression performed by bonded agents was performed on affective bond partners. Notable
differences to results of Experiment 2 (Table 7.6) are highlighted in grey.

However, we saw significant increases in intra-bond Aggression compared to Fixed bond groups. In Bond

Condition A, Aggression towards bond partners accounted for 21%–35% of Aggression performed by these

agents; 78%–92% for Bond Condition B, and 100% in Bond Condition C.

In contrast to the Fixed Bond groups, a significant amount of socio-negative behaviours performed by

bonded agents was on their own bond partners. Looking at the temporal distribution of aggression behaviours

(Figure 7.6, bottom), we identify significant increases in intra-bond Aggression across all world conditions,

and for Bond Conditions B and C in particular. In the Seasonal world condition, we see that intra-bond

Aggression for Bond Condition B increased in line with the environmental challenge (as food availability

decreased until Phase 4), and then decreased as the environmental challenges were eased (Phases 5 to 8).

In the Extreme world condition, and for Bond Condition B and C in particular, we note that Aggression

increases during periods of “good” food availability (Phase 3) and decreased during phases of bad food

availability.

Hormonal Trends

We found similar levels of cortisol for both bonded and Unbonded agents in most conditions when compared

to Fixed Bond groups (Table 7.3), with some notable differences.

In Static world conditions, bonded groups in Bond Conditions B and C reported increased mean cortisol
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levels when compared to unbonded agents (+0.09 and +0.19, respectively). Conversely, we observed lower

mean cortisol levels for bonded agents in Bond Condition A in both Seasonal and Extreme environments,

when compared to Fixed Bond groups (Figure 7.7, bottom). For Extreme world conditions, we saw earlier

increases in mean cortisol levels for Bond Conditions B and C, which remained elevated throughout the

experimental runs.

Despite similarities between cortisol levels, oxytocin levels for bonded agents were significantly lower

(50% and 59%, p < 0.001) compared to Fixed Bond groups (Experiment 2). For individual agents with fixed

bonds (Experiment 2), we found a moderate correlation between oxytocin levels and Life Length: (r = 0.51,

r = 0.70, r = 0.43, p < 0.001 for all tests). In Variable Bond groups (Experiment 3), we found stronger

correlations, with r-values of 0.55 (p = 0.032), 0.61 (p = 0.041), and 0.67 (p < 0.001) for Bond Conditions

A, B, and C respectively. This suggests a potential relationship between bond quality and oxytocin levels,

with a potential downstream effect on the reduction of cortisol and agent viability.

Overall, even though affective bond strength was of variable strength, we noted overall lower levels of

cortisol for bonded agents when compared to control groups. This effect was seen regardless of the type of

bond (Fixed or Variable), suggesting a stress-reducing effect when social support is available.

7.5 Discussion

Across both experiments with the presence of bond partners (Experiment 2 & 3), we observed significant

improvements to the viability of bonded and, in some cases, unbonded agents. We observed lower levels of

mean cortisol levels in conditions when agents had affective social bonds with others. In our model, we find

that one of the “buffering” effects of social support on mediating the stress response resulted in significant

advantages to agent viability. We propose that this type of behavioural and physiological adaptation, through

interactions with the social environment, constitutes a type of “social allostasis”.

Compared to conditions where no bonds are present, the results of both experiments showed viability

benefits on two of three measures (Life Length and Physiological Wellbeing) with no detrimental impact on

the third (Average Comfort). In line with what we have also observed in previous chapters (Chapters 5 and

6) we found viability benefits for unbonded agents as well as bonded agents in a number of conditions. This

suggests that affective relationships may have survival-related benefits for the wider society, and not just for

the agents with affective bonds, suggesting a “contagion” of viability facilitated by affective social bonds.

We highlight several key findings. Firstly, despite the fact that only three of the agents in this model

having social support available, their intra-bond behaviours and interactions still had benefits on the life

132



Chapter 7 7.5 Discussion

Figure 7.8 Screenshots of four different emergent social scenarios, which we discuss in detail in
this section. Green agents indicate agents who are not stressed, red agents indicates agents who
are stressed. Agents are facing in the direction of the black line. Scenario 1: Agent A6 is stressed,
and seeing a bond partner (A1) with a strong affective bond reduces cortisol levels and alleviates
A6’s stressed state. Scenario 2: When bonds are strong or fixed, A4 approaches its stressed bond
partner A3 to Groom, increasing A4’s oxytocin (OT) and reducing cortisol (CT), alleviating stress.
Scenario 3: A weakened affective bond between A1 and A6 results in A1 no longer providing the
“social buffering” effect, instead becoming a source of stress resulting in A6 avoiding it. Scenario
4: When affective bonds are weak, bond partners are targeted to perform Aggression on, further
reducing the bond strength (DSI) between them, and increasing stress levels (CT) on recipient.

quality and quantity of the wider society. Secondly, we identified behaviours related to the “tend-and-

befriend” [30] hypothesis in some conditions of Fixed Bond types, whereby individuals seek out positive

social contact during stressful conditions, rather than a fight-or-flight [21] approach. Thirdly, contrary to our

prediction that variable relationships may be strengthened during periods of food shortages, we found instead

that these bonds were often irreversibly damaged during challenging environmental conditions, as a function

of both social and environmental stressors. Furthermore, in some conditions, intra-bond Aggression increased

during periods of food abundance, not food scarcity. We also highlight how these affective relationships, if

not extremely strong, can be impacted by the wider social context.

Below, we discuss some of our observations in detail. We have also included screenshots of behaviours

that we have discussed in this section.
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7.5.1 “Social Buffering” Effect for Some Individuals Provides Wider Social Ben-

efits

From our results from Experiment 2 (Fixed Bonds) and in some conditions in Experiment 3 (Variable

Bonds), we saw significant viability benefits in terms of Life Length and Physiological Wellbeing for the three

unbonded agents as well as bonded agents who had social support available. These viability benefits were

seen across all world conditions.

We considered that these stress “buffering” effects of social support for some agents—via its effects on

mediating cortisol release and providing additional social outlets—may present society-wide survival-related

benefits. In addition to improved viability, overall cortisol levels were lower for societies in Experiment

2 (Fixed Bonds, Table 7.3). Reduced stress for some agents reduced the stress of unbonded individuals:

reducing their likelihood to perform Aggression behaviours on others, resulting in survival-related advantages

for all. This effect was seen both down (Bond Condition A) and up (Bond Condition C) the social hierarchy.

As with our findings from Chapter 6, this may highlight the contagious nature of affective states (stress)

in a small society: the calming effect provided by social support may therefore be felt by the wider society.

These emergent social dynamics may give insight into the nature of real-life social structures (including

humans).

For autonomous agents, these results suggest that it may not be the case that all agents require the same

types of adaptive mechanisms in order to experience adaptation-related benefits. Taking these results with

the results of previous chapters (Chapter 5 and 6), we hypothesise that (small) societies of socially-affective

agents can benefit from a type of proxy-adaptation when other individuals in their society are endowed with

mechanisms of adaptation. Such findings may have implications on future development of adaptive models.

7.5.2 “Tend-and-Befriend”, Not “Fight-or-Flight”, when Affective Bonds are

Fixed

In the experiment where affective bond strength remained fixed throughout an agent’s life (Experiment 2),

we noted that for all bond combinations, intra-bond Grooming increased with the world challenge, from

Static, Seasonal and Extreme worlds respectively (Table 7.6).

In the dynamic Seasonal and Extreme environments, rather than become stressed and perform Aggression

towards others during stressful situations, we saw that bonded agents would seek out positive social contact

with their own affective bonds: performing Grooming, releasing oxytocin and strengthening the bond between

them. Figure 7.8 (top right) shows screenshots of this behaviour, and Figure 7.9 illustrates the internal
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Figure 7.9 Illustration of two contrasting mechanisms resulting in the “tend-and-befriend” and
“fight-or-flight” behaviours observed in Experiment 3. Top: Hormonal mechanisms during the
“tend-and-befriend” behaviours (Figure 7.8, (2)). A: Oxytocin (OT) modulates preference toward
partners with strong bonds (Equation 5.7). B: These bond partners reduce the stress (CT) re-
sponse, reducing the likelihood of agents becoming stressed. C: Non-stressed agents and strong
bond partners results in Grooming being executed to satisfy SocialNeed. D/E: Grooming increases
OT in both actor and recipient agents, and also reduces CT in recipient. Bottom Hormonal mech-
anisms during the “fight-or-flight” behaviours (Figure 7.8, (4)).: A: Oxytocin modulates preference
towards bond partner (Equation 5.7). B: A weaker bond reduces in a reduced buffering of the
stress response, increasing the likelihood of agents becoming stressed. C: Stressed agents and
weaker bonds results in Aggression (or Avoid) towards bond partners. D: Aggression reduces
stress (CT) in actor agent. E: Aggression increases CT levels in recipient agent. F: Aggression
reduces bond strength between agents. Note how in the bottom illustration, further secretion of
OT does not occur.

mechanisms of these interactions.

This reinforcement of prosocial interaction between agents reduced the stress of both agents and con-

tributed to their survival in future, more challenging situations. We considered this an important behavioural

adaptation that facilitated their viability in difficult conditions.

Contrary to the “fight-or-flight” hypothesis of stressful situations [21]—which we had also observed in

the experimental condition with variable bonds—we suggest that this type of coping behaviour during
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stressful situations may have similarities with the “tend-and-befriend” model [30]. This hypothesis proposes

that, rather than the classic fight/flight response where individuals use socio-negative behaviours as coping

strategies, social individuals—including humans—actively seek positive affiliative contact during times of

stress. Furthermore, this coping strategy, underpinned by oxytocin, is an essential survival-related adaptation

of behaviour that has been considered a maternal or biologically female-oriented response during stressful

conditions.

This increase in intra-bond Grooming rates was significantly higher in Bond Condition A compared to

the other bond conditions. As a reminder, we tested this bond combination as an abstraction of a parent-

offspring relationship. Considering oxytocin’s implications on maternal and tending behaviours [212], [213]

and that the “tend-and-befriend” model has been proposed as a behavioural adaptation typically found in

females (with fight-or-flight being a more male-oriented response [30]), our results may give insight into

some of the potential gender-related differences of oxytocin’s effects on behavioural adaptation in stressful

situations in natural societies. However, further work is required to assess this further and we consider this

as an area for future investigation.

In contrast, we had seen the fight-or-flight response in conditions with Variable Bonds (Figure 7.8,

bottom right). This response, which we also saw was associated with lower oxytocin levels and increased

cortisol levels 6.3, resulted in bonded agents performing higher rates of intra-bond Aggression in physically-

challenging conditions.

Taking both observations and quantitative results, we consider the importance of strong bonds—such as

those typically seen in parent-offspring relationships—and its implications on the different coping behaviours

used during stressful situations. These considerations have also been raised by [179], who highlight the

importance of bond stability as well as the degree of affiliation on the efficacy of social buffering effects.

7.5.3 Bond Reconciliation is Hindered in Challenging Environments

Given the social buffering hypothesis, we had predicted that bond partners who had strong affective rela-

tionships prior to periods of physical challenges would tolerate the physically-challenging conditions with a

reduced stress response—as lower cortisol levels would allow these agents to stay “calmer” during stressful

situations—and then seek out social support again during periods of good food availability.

While we found support for this hypothesis when bond strength remained fixed (Experiment 2), this was

not the case if bonds were weakened or if oxytocin levels were lower for bonded individuals (Experiment 3).

In these situations, the stress presented by challenging environmental conditions detrimentally affected the
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Figure 7.10 Illustration of how external social and physical contexts affect bond strength between
bond partners. Receiving Aggression from higher-ranked individuals or being in a challenging world
condition with limited food availability raises cortisol levels in agent A. A weaker social bond (as is
sometimes the case in the Variable Bonds group) along with elevated CT levels results in Aggression
towards bonded agents (B). Performing Aggression on bond partners reduces CT levels in agent A,
increases CT levels in bonded agent B, and also “damages” bond strength between bond partners
A and B. Increased CT levels and weakened bonds results in future behaviours skewing towards
socio-negative interactions.

quality of social bonds to varying degrees–affective relationships were not strong enough to provide an ap-

propriate stress-reducing effect. As a result, intra-bond aggression increased (Table 7.9) which reduced bond

quality. The ongoing challenges from the Seasonal and Extreme environment then hindered the opportunity

for any Grooming between bond partners; eventually resulting in a loss of social support. These mechanisms

are further illustrated in Figure 7.10.

We found that, despite social bond partners offering some “buffering” effect if bonds were extremely

strong (Experiment 2); weaker, unstable bonds were susceptible to being lost beyond reconciliation due to

significantly challenging conditions. Again, this highlights how there may not be a universal effect of social

buffering, but that such effects may be impacted by both environmental and affective contexts.

7.5.4 Variable Affective Relationships can be Broken by “Outsiders”

We observed that the quality of variable affective relationships was affected, not only by the interactions

between the bonded agents, but the interaction on these bonds from other individuals in the society. Par-

ticularly if an affective bond was already “weak” (DSI ≤ 1), it had the potential to be irreversibly damaged

by outside social influences.

When unbonded, higher-ranked individuals (such as A2 or A3) would become stressed in physically-
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challenging conditions, Aggression was directed towards lower-ranking agents (i.e., A4): increasing the stress

level of the latter. For these lower-ranked agents, if their current bonds were not strong enough, they would

often become aggressive towards their own (lower-ranking) bond partners. Figure 7.10 shows how these

mechanisms emerge in both agents.

Rather than “tend-and-befriend” behaviour that we described earlier (see also: Figure 7.8, top right),

these individuals would instead perform Aggression towards their own bond partners (Figure 7.8, bottom

right), reducing their affective bond strength. This loss of affective relationship quality, then, had an impact

on the availability of future coping mechanisms and bond partner viability.

In these situations, when bonds were weak or if agents were experiencing higher levels of stress, socio-

negative behaviours from higher-ranked members of society had a “trickle-down” effect on their interactions

with bond partners. This loss of affective relationship results in bond partners withdrawing from interactions

in the future (Figure 7.8, bottom left), and highlights how an affective bond partner can go from being a

source of social support to one of social stress. This behaviour highlights the importance of the wider social

context on the quality and maintenance of affective relationships. While affective relationships may reduce

stress in some conditions, their stress-reducing efficacy may be challenged by significant environmental and

social difficulties. However, this observation may also be a result of the small number of agents in the society

(6), or the limited number of agents bonded together (3 in each condition). Future work should consider

larger societies or different group sizes of bonded agents to further understand whether this effect emerges

in those conditions. For example, increasing the number of bonded agents (from 3 to 4, for instance) in this

same society of six agents would both increase the potential availability of social support and reduce social

stress for bonded agents, and we speculate that this would result in lower rates of intra-bond Aggression

between bonded agents.

7.5.5 Aggression Rates Increase During Periods of Food Abundance

In the Extreme world conditions, and in particular for Bond Conditions B and C, we observed an increase

in aggression rates when food availability was “good” (Phase 3, 5, 7, 9, etc).

Despite our prediction that grooming would increase during periods of reduced environmental stress, we

instead saw that the magnitude of changes associated with the Extreme world condition did not allow the

agents to adapt to the constantly-changing conditions fast enough. As a result, the sudden shortage of food

would increase group stress, which then carried over into the next “season” of food abundance, increasing

Aggression during these periods—including intra-bond Aggression.
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This is not seen in conditions where the physical environment changes more gradually (Seasonal). In

those conditions, we see Aggression increase and decrease roughly in line with the food availability.

In terms of the stress-reducing effects associated with social support in our model, we conclude that these

effects were not one-size-fits-all, but rather dependent on the magnitude of environmental changes and the

quality of affective bonds.

We propose that this may be a limitation of the effects investigated in the current model, and that such

behaviours may be offset in real-life individuals who benefit from the more anticipatory, stress tolerance-

related benefits of social support [16], [207], [208].

Conversely, this observation may shed light on emergent social dynamics when individuals do not, or

cannot, experience the complete (physiological) benefits of stress-reduction. By lacking the ability to adapt

and respond appropriately to future stressful situations, we consider that societies may quickly become

dysfunctional, increasing their socio-negative behaviours during periods of stress, where it would be more

beneficial for them to cooperate. We suggest that our future work should investigate the specific temporal

dynamics between food availability, rates of aggression and resultant viability to understand this further.

7.6 Summary

Building on the strictly-rank-based social interactions from Chapter 6, we have investigated the role of “social

buffering”—which proposes that social support mediates the stress response—and studied how different

types of affect-based social bonds affect social interactions and wellbeing of individuals with social support.

Building on findings from biology and our previous observations from Chapter 5, we had hypothesised that

the presence of oxytocin-mediated social bond partners would benefit the viability of bonded agents—and

particularly the viability of subordinate agents with affective bonds—across a variety of different physical

conditions, through a reduction in overall stress and socio-negative interactions.

To investigate our hypothesis, we accounted for one hypothesised “buffering” effect of social support—that

it mediates stress hormone release—and included this abstracted effect in our agent model.

We performed our investigation using our society of six agents across three different bond combinations,

related to an individual’s social rank, and two different types of bonds (“fixed” and “variable”) related to

the strength of the affective relationship between individuals. “Fixed” bonds remained consistently strong

throughout the entirety of an individuals’ life, whereas “variable” bonds were subject to strengthening and loss

over time. We studied these bonds across three different environmental conditions, including two dynamic

environments in order to introduce environmental uncertainty to our investigations.
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Overall, we found support for the hypothesis that the stress-reducing effects of social support facilitates

wellbeing during stressful situations through physiological and behavioural adaptation. Furthermore, we

had also seen how the viability of non-bonded agents improved when other agents in the society had social

support available to them. These findings may have implications on the development of future socially-

adaptive agent models. Specifically, it may be that not all social agents in a society need to be endowed

with the same (level of) adaptive mechanisms in order to benefit from their adaptive process. For physical

agents in particular, this may have some considerable benefits in terms of time and resource (hardware)

requirements.

Our findings suggest that, for real-world societies, the efficacy of social support on stress-reduction may

not be universal, but that the effects may depend upon the relative environmental and social challenges

as well as the quality of affective relationships. We found that “variable bonds” were susceptible to being

damaged beyond reconciliation if the environmental challenge was significant enough and relationships were

not strong. We also observed how these variable bonds may also be affected by external social influences.

For stronger relationships, we found how behaviours related to the “tend-and-befriend” approach pro-

moted wellbeing during stressful situations over the more traditional fight-or-flight response, and found how

these behaviours were also related to oxytocin levels. We suggest that this may be indicative of differences

in stress coping behaviours between different biological sexes in the real world. We highlight that our model,

with its abstractions of oxytocin grounded in biological literature, may be used as a tool to investigate this

in more detail.

Contrary to our prediction that socio-negative behaviours would be reduced during periods of good food

availability, we noted that this was not the case when the environment drastically changed. The emergence

of increased aggression during relatively safe environments made it significantly more challenging to respond

to future stressful situations. From a survival perspective, this appears to be counter-productive. However,

we note that we have only observed one aspect of social buffering in this chapter. Only considering this

aspect may limit the potential for adaptation when the environment undergoes such an extreme change.

Mediating cortisol release is one way in which social support has been suggested to regulate an individual’s

stress response. As [16], [207], [208] have stated, social support also plays an important role in the perception

and response to future stressful situations. For individuals with such support, perceiving future stressful

situations as less threatening, minimising the fear-based response, and being able (or willing) to tolerate

more stress when social support is available plays a significant role in their ability to adapt to change and

maintain long-term survival.
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This adaptation of stress resilience—potentially driven by oxytocin’s effects on the stress response

system—also has implications on stress-related coping mechanisms [214], [215], which may influence overall

social dynamics.

In the next chapter, we continue our investigation into the stress-reducing effects of social support and

focus our attentions to this second stress-reducing effect of social buffering. Specifically, we focus on the role

of oxytocin-mediated, affect-based relationships on the adaptation of an individual’s stress tolerance, and

investigate its effects on group wellbeing and social interactions.
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Chapter Eight

Investigating the Adaptive Effects of

Social Support and Oxytocin on Stress

Tolerance

8.1 Introduction

Figure 8.1 A high-level view of the effects investigated in this chapter. Red lines indicate ex-
tensions from the previous chapter. In this investigation, oxytocin is used to provide a buffer to
individual stress tolerances (considered a “personality trait”). The rest of the model remains the
same as Chapter 7. A more granular view of this model can be seen in Figure 9.3.
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In Chapter 7, we investigated the role of one of the hypothesised effects of the “social buffering” hypothesis—

that social support mediates the release of stress hormones—for individuals with social support—on the sur-

vival and social interactions of a small society of social agents. Investigating this effect using different types

of affective bonds, we found that the presence of social support resulted in a reduction of overall stress levels

and therefore provided advantages to the survival and wellbeing for bonded and, often, unbonded agents.

However, we saw that for some bond types, challenging environmental conditions posed significant detri-

ments to the efficacy of social support, as well as the overall strength of the affective bond. We hypothesised

that this was due to our model only accounting for one hypothesised effect of stress-reduction through social

support. As we saw in Chapter 3—which contradicted some earlier findings (Chapter 2)—accounting for

additional hypothesised effects in our model may be an important aspect of our investigation, in order to

understand and contextualise some of the diverse observations of these mechanisms in biological societies.

In addition to attenuating the release of cortisol, social support’s hypothesised role on stress reduction

is also hypothesised to occur via an adaptive effect on stress tolerance. This adaptive regulation of stress

tolerance (or stress resilience) has been found to be mediated through oxytocin mechanisms, which is secreted

as a function of social interaction. More directly, oxytocin has been considered to regulate the activation of

the stress response of the autonomic nervous system, which drives a number of physiological and behavioural

responses.

While the presence of social support has been found to ameliorate the release of stress hormones during

stressful or challenging (physical and social) situations, oxytocin may play an additional complementary role

on modulating the internal tolerance of this stress system—which can also be considered a type of affective

adaptation of the stress response.

However, the precise relationship between social support, the oxytocinergic system, and the internal stress

tolerance (“resilience”) of an individual is still unclear. Other systems, such as the reward-based and opioid

systems, have also been considered to play a role in oxytocin’s effects on stress-buffering and affect-based

social interactions. While these precise, intermediary mechanisms are still unknown, we hypothesise that

oxytocin’s direct effects on the regulation of the internal “stress tolerance” system can provide stress-reducing

effects, which can also promote the wellbeing of individuals with affect-based social support.

In this chapter, we account for this hypothesised effect of oxytocin-mediated social support on the regula-

tion of the stress response. We investigate how adaptation of an internal stress tolerance through oxytocin—

released as a function of social interaction—affects the overall social interactions and group viability of

agents in a small society. We also test whether also accounting for this second effect of social support on
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stress-reduction is more beneficial to the long-term viability of these social agents, compared to the single

stress-reducing effect we had accounted for in Chapter 7.

Our results found that accounting for this additional effect of social support resulted in significant survival-

related benefits, compared to when only one effect was considered in Chapter 7. These survival-related

benefits were seen for individuals both with and, in some conditions, without affective social bonds, mirroring

our previous findings. We also found reduced rates of socio-negative behaviours in our societies compared

to conditions where this adaptation was not present, and considered the implications of stress regulation on

affect-based behavioural contagion.

In addition, we find that social support provided an anticipatory, adaptive regulation of the stress re-

sponse, through a combination of hormonal and behavioural responses, which we propose played a key role

in the long-term survival of individuals. This positive feedback loop of stress-reduction and behavioural

adaptation suggested that there may be numerous effects of social support on long-term stress reduction,

which may then have consequences on long-term physiological health for social individuals.

In terms of the development of our social allostasis-inspired model of adaptation, we find that accounting

for two stress-reducing effects proposes significant benefits to the viability of our agent model, and we will

retain these affect-based mechanisms in future iterations.

8.1.1 Social Support, Oxytocin, and Adaptation of Stress Tolerance

As investigated in Chapter 7, social support can provide stress-reducing effects during stressful events by

providing immediate outlets for prosocial interaction [179] and by reducing the perceived threat of a stressful

situation [208] resulting in reduced levels of stress (cortisol) for socially-supported individuals.

In addition to these effects during stressful conditions, it has also been hypothesised that social support

can provide an adaptive “buffering” of the stress system (the autonomic nervous system) [208], [216]–[219]:

responsible for (often involuntary) physical, physiological and behavioural responses to stress (such as fight-

or-flight responses occurring through activation of the sympathetic nervous system [21]).

Adaptation of this internal stress system has been found to occur through the presence of social support

[204], [219], as well as after both receiving and giving social support [220], [221], and has been found even

when social support is not immediately available [16], [206]. This adaptation is potentially linked to stress

“resilience” [222], which may play a role in adapting individual coping strategies during stressful situations.

Furthermore, regular interactions with social partners may provide individuals with a “sense of pre-

dictability” and control of their social environment [223], including predicted or expected support [224].
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This perception of control may help regulate their stress response during future stressful events [16], [207],

even in absence of immediate social support, through adaptation of stress tolerance [219].

In sum, social support has been seen to provide an internal “buffer”—either psychological, physiological, or

both—on stress tolerance (which can be viewed in the context of a “personality trait”, investigated in Chapter

5): reducing activity of the sympathetic nervous system, which may play a role on adapting stress-related

coping strategies [225] and physiological health [203], [204], [206].

Underpinning this effect is oxytocin, which has been found to play a role in this attenuation of the stress

response by suppressing the activity of the sympathetic nervous system [226]. It also been seen to play a

role in the modification of stress-related behaviours as well as coping mechanisms [214], [215], and mediate

the effects associated with separation distress [227].

Taken together, oxytocin’s anxiolytic effects, released as a function of social support, appear to play a

key role in the adaptation of stress tolerance.

Though there appears to be a well-established relationship between oxytocin, social support, and long-

term health and wellbeing, the underlying causal mechanisms still remain unclear. Oxytocin systems pro-

moting partner preference have also been to interact with the reward and opioid systems [228], as well as

reinforcement learning of social interactions [229].

Whether oxytocin has a direct physiological effect on the regulation of the stress system [209], [210], [218]

and health, whether these effects are strictly-psychological [222], or whether these stress-reducing effects are

a consequence of its promotion of social interactions has been difficult to distinguish in biological systems.

More likely, the stress-reducing effects of oxytocin-mediated social support may be multi-faceted: by both

suppressing stress system activation, and facilitating a positive feedback loop that promotes stress-reducing

prosociality [191], [230].

In terms of a model of adaptation through social allostasis [14], this anticipatory adaptation of the stress

response may play a significant role in determining how individuals adapt their physiological and behavioural

responses to stressful events, and underpin the long-term wellbeing of these social individuals. We take a

high-level approach in our model, and include an abstraction of oxytocin’s hypothesised effects on regulating

the autonomic nervous system, by adapting the individual tolerances to stress through oxytocin mechanisms

in our model.
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8.1.2 Aims & Hypotheses

Continuing the investigation into the “social buffering” hypothesis, we aim to investigate how the adaptation

of the stress response via oxytocin—released through social interactions with bond partners—affects the

viability and social interactions of a small society of agents, across environmentally-challenging, dynamic

conditions.

We test these effects across three different bond partner combinations related to social rank. The strength

of these bonds are dynamic and subject to change through social interactions (i.e. the “Variable Bond” type

from Chapter 7). To test the adaptive effects of these stress-regulating mechanisms, we conducted our

experiments across three different physical environments: one static and two dynamic, with respect to food

availability.

We hypothesise that the adaptation of an individual’s stress tolerance through oxytocin mechanisms

mediated by social support will provide viability-related performance benefits to individuals with affect-

based social support. We predict that this will be driven through a reduction of socio-negative interactions

compared to conditions where this stress-reducing adaptation is not accounted for.

Based on our findings from Chapters 6 and 7, we further hypothesise that this improved viability per-

formance of socially-bonded agents will provide a wider effect on group viability, resulting in improved

performance for agents without affect-based social support.

In terms of developing our model of social allostasis, we also aimed to investigate whether accounting for

two of the stress-reducing effects of social support provides advantages to our model performance, compared

to conditions when a single effect was included in Chapter 7.

8.2 Extension to the Agent Model

To investigate the effects of social support on the adaptation of stress tolerance discussed in Section 8.1.1,

we make one addition to our agent model from previous investigations. Here, internal levels of oxytocin,

secreted as a function of social interaction with bond partners, is used to modulate and adapt the default

tolerance to stress (the StressThreshold value), which we consider an abstraction of the autonomic nervous

system and a “personality trait”. The term “tolerance” describes the level of cortisol required for an agent to

become “stressed”. We retain all previous effects of the model used in Chapter 7 (Figure 8.1).
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Chapter 8 Model (Current)
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Figure 8.2 Illustration of the Action-Selection Architecture model used in this investigation.
Extensions to the previous model are denoted in red. In this model, oxytocin (OT) adapts the
Stress Threshold value of agents with affective bonds (Section 8.2.1), which is initialised at a default
value (0.5) for all agents. This is an abstraction of the stress-regulating effects of social support
discussed in Section 8.1.1).

8.2.1 Adaptation of Stress Tolerance via Oxytocin

In this model, an agent’s StressThreshold value is adapted through its internal oxytocin levels. To reiterate,

this StressThreshold value is an abstraction of “sympathetic nervous system”-type activation [231] and a

“personality trait” that determines how much of the stress hormone (cortisol) an agent can withstand before

it undergoes a “stressed” state.

We had investigated several different values of this StressThreshold : using both uniform and rank-

related values (Chapter 6), with a uniform “neutral” value of 0.5 used in Chapter 7. In those investigations,

StressThreshold values were fixed throughout all experiments.

In the present model, oxytocin—released as a function of positive social support and interaction—

dynamically adapts this StressThreshold value over time. We consider this an abstraction of oxytocin’s

effect on the internal stress response system discussed in Section 8.1.1.
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Figure 8.3 Illustration of how oxytocin adapts the internal tolerances to stress—the StressThresh-
old—of each agent. This stress tolerance (Stressθ) determines how much cortisol (yellow bar) an
agent can withstand before it becomes stressed (red zone). Left: Our previous model, where the
stress tolerance (Stressθ0) was a fixed value (in this example, 0.5). Right: The adaptation of
the Stress Threshold through oxytocin investigated in this chapter. The default Stress Threshold
value (Stressθ0) is modulated by oxytocin levels, with a value of (Stressθt) at each given time step
(Equation 8.1). (Stressθt) can take the range 0.25–0.75.

Each agent was initialised with the same default StressThreshold value of 0.5. This was equivalent to the

“Neutral” Stress Threshold conditions we had investigated previously (Chapters 6 and the value used in 7).

For agents with an affective bond, this value is modulated by its level of oxytocin at any given time step:

Stressθt = Stressθ0 × (0.5 +OT ) (8.1)

Using this equation, Stressθt remains in the range 0.25 to 0.75, which is approximately equivalent to the

lower and upper range of Stress Thresholds we had investigated in Chapter 6 (the Low and High conditions,

respectively).

As with previous investigations, oxytocin was initialised for all bonded agents at its maximum value of

1. The StressThreshold for non-bonded agents remains fixed at the default value (0.5).
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Condition

Label

Bond

Type
Description

Effects of

Social Support

Chapter of

Investigation

C None All 6 agents unbonded. -
Chapter 7

(Experiment 1)

FB Fixed
3 agents bonded, 3 unbonded.

Affective bond strength remain fixed values (DSI=2).
Reduce CT Release

Chapter 7

(Experiment 2)

VB Variable
3 agents bonded, 3 unbonded.

Affective bond strength changes over time.
Reduce CT Release

Chapter 7

(Experiment 3)

VB+ Variable
3 agents bonded, 3 unbonded.

Affective bond strength changes over time.

Reduce CT Release

OT Adapts Stress Tolerance

Chapter 8

(Current)

Table 8.1 Table describing the different experimental groups discussed in our results. Experimen-
tal results from C, FB and VB groups are reused from Chapter 7. Results for the VB+ group are
presented through the experiment in this chapter. OT = Oxytocin. CT = Cortisol. “Reduce CT
Release” relates to the social buffering effects discussed in Section 7.2.3. “Adapt Stress Tolerance”
relates to the modulation of the StressThreshold presented in this chapter (Section 8.2.1).

8.3 Experimental Set Up

As a direct extension to the previous chapter (Chapter 7), an almost-identical same experimental set up was

retained for this investigation. Experiments are defined using two parameters: three conditions related to

affective bond partner combination, and three world conditions related to food availability.

All experiments in this investigation retain the “Variable Bond” type used in Chapter 7. As a reminder,

this bond type was initialised at its maximum value of 2, with bond strength (DSI) subject to change as a

function of pro, and anti-social interaction from other bond partners.

We tested three combinations of social bonds as investigated in Chapter 7: A1-A2-A6 (Bond Combination

A), A3-A4-A5 (Bond Combination B), A4-A5-A6 (Bond Combination C). These bond combinations can be

seen in Figure 8.4.

Experiments were conducted across the same three world conditions as used in Chapter 7: a static

world where food remains fixed in the environment (Static), and two dynamic environments where food

either steadily decreases and increases periodically (Seasonal), or changes more dramatically (Extreme).

Screenshots of these worlds can be seen in Figure 7.5, with a description of food availability in each world

phase in Table 7.2. This created a total of nine experimental conditions.

We compare the results from this experiment to those of Chapter 7. We focus particularly on comparisons

with the “Variable Bond” group from that investigation (Experiment 3 of Chapter 7) as the current model

builds directly upon that bond type. For simplicity of comparison, we abbreviate the current and previous
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Figure 8.4 Illustrations of the three different affective bond combinations used in this experiment.
These bonded agent combinations remain the same as those investigated in Chapter 7. Dashed
lines illustrate variable bond strength (DSI changes over time). Agent number denotes rank (higher
is better).

experimental conditions. Control conditions (with no affective bonds across the society, Experiment 1 in

Chapter 7) are referred to as “C”, results from the Fixed Bond condition (Experiment 2, Chapter 7) are

referred to with “FB”, and the Variable Bond results (Experiment 3, Chapter 7) are referred to as “VB”.

We refer to the results from this experiment with “VB+”, denoting the extension made from the VB group.

These condition names along with brief descriptions of each can be seen in Table 8.1.

In total, 20 simulation runs were performed for each one of the 9 different experimental conditions (three

conditions of affective bond combinations, and three world conditions) resulting in a total of 180 simulation

runs. As with previous experiments, simulations were run for 15,000 time steps, resulting in approximately

18 hours of run time. Despite the comparisons to previous conditions, we did not capture additional data

from those experiments, instead using the results we had already obtained in that chapter.

We use the same three viability-related metrics as previous chapters: Life Length, Mean Comfort, and

Physiological Wellbeing (Chapter 2.4.1). In line with our approach in Chapters 6 and 7, we also reported

results on the distribution of social behaviours (Grooming and Aggression) at an aggregated and group level.

We captured and reported internal hormonal levels (oxytocin and cortisol) for all agents at each time step,

as well as StressThreshold values for each agent. We then analysis these results further with qualitative
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Bond

Condition

World

Condition

Comfort

(Bonded)

vs.

VB

Comfort

(Unbonded)

vs.

VB

Physiological

Wellbeing

(Bonded)

vs.

VB

Physiological

Wellbeing

(Unbonded)

vs.

VB

A Static 0.85 +18% 0.82 +17% 0.89 +9% 0.83 +8%

B Static 0.86 +19% 0.83 +19% 0.97 +13% 0.93 +19%

C Static 0.79 +10% 0.81 +16% 0.87 +15% 0.98 +1%

A Seasonal 0.83 +26% 0.74 +17% 0.72 +26% 0.66 +38%

B Seasonal 0.83 +26% 0.72 +14% 0.77 +43% 0.69 +30%

C Seasonal 0.81 +23% 0.79 +25% 0.73 +46% 0.69 +12%

A Extreme 0.74 +19% 0.69 +11% 0.72 +17% 0.66 +34%

B Extreme 0.77 +24% 0.73 +18% 0.83 +38% 0.75 +27%

C Extreme 0.70 +13% 0.68 +10% 0.73 +37% 0.73 +3%

Table 8.2 Table describing the results of the Average Comfort and Physiological Wellbeing metrics,
broken down by bonded and unbonded agents, across all world conditions. Results are compared
to these same conditions in the VB group (Chapter 7, Table 7.9).

analysis of simulations.

Statistical significance testing was performed between-groups using one-way ANOVA testing, with sig-

nificance reported at p = 0.05. We use Pearson’s Correlation Coefficient to report metric correlation.

8.4 Results

8.4.1 Viability Indicators

We observe significant improvements of the overall society across all three viability indicator metrics (Life

Length, Average Comfort and Physiological Wellbeing), when compared to groups with no social bonds

(Control), or with no adaptation of stress tolerance (FB and VB). These results can be seen in Figure 9.7.

We noted statistically-significant improvements in Life Length performance for the overall society when

compared to the VB group, with improvements of between 20%–70% in Static environments, 56%–75% in

the Seasonal environments and 37%–72% in the Extreme conditions (p < 0.05 for all conditions).

We noted that the improved Life Length performance of the society was driven by improved performance

of both bonded and unbonded agents (Figure 8.6). Bonded groups saw Life Length improvements of 27%–71%

in the Static environment, 38%–74% in the Seasonal environment, and 41%–63% in the Extreme environment,

vs. the VB groups. Significant Life Length improvements were also noted for unbonded groups (Figure 8.6,

bottom row): 13%–81% in the Static environments, 50%–67% in the Seasonal environments, and 32%–86%
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Figure 8.5 Mean values of all three Viability Indicator metrics, aggregated across all simulation
runs. Results from Control, FB and VB groups are taken from Chapter 7. VB+ results are new
results in this chapter. Control: Conditions with all agents unbonded (Experiment 1, Chapter 7).
FB: Conditions of Fixed Bonds (Experiment 2, Chapter 7). VB: Conditions of Variable Bonds
(Experiment 3, Chapter 7). VB+: Conditions of Variable Bonds with Stress Tolerance adaptation
(current). Error bars show standard error of the mean (SEM) for each group.

in the Extreme conditions vs. VB conditions.

Despite no statistically-significant differences in Chapter 7, we observed statistically-significant improve-

ments to Mean Comfort levels for the VB+ groups when compared to both the FB and VB groups. Mean

Comfort levels ranged from between 0.82–0.85 in the Static environments, 0.81–0.84 in the Seasonal envi-
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Figure 8.6Mean Life Length values for bonded agents (top) and unbonded agents (bottom) across
all world conditions. Error bars denote standard error of the mean (SEM) for each group. FB:
Fixed Bonds (Experiment 2, Chapter 7). VB: Variable Bonds (Experiment 3, Chapter 7). VB+
Variable Bonds with Stress Tolerance adaptation (current chapter).

ronments and 0.73–0.80 in the Extreme environments. All results were statistically-significant differences

compared to both the FB (p = 0.03) and VB (p = 0.02) groups. These improvements were seen in both

bonded and unbonded groups vs. VB groups (Table 8.2).

We found statistically-significant improvements in Physiological Wellbeing at an overall group level vs. VB

groups in the Seasonal and Extreme environments (p < 0.01), and non-significant improvements in the

Static environment (p = 0.065). Improveed performance was driven by both bonded and unbonded agents,

with bonded agents experiencing an improvement of between 9%–46%, and unbonded agents reporting an

improvement of 1%–38%. Table 8.2 shows these results by each bond condition.

To summarise, we saw significant improvements in viability-related performance for both bonded and

unbonded agents when bonded agents adapted their stress tolerances, compared to groups where this adap-

tation was not present (FB and VB groups, Chapter 7).

8.4.2 Social Interactions

Much like previous results, we found that the overall Aggression rates of the society to be correlated with

the relative challenge of the world environment (Figure 8.7). Static world conditions had the lowest aggres-

sion rates (6%–9%), with higher ranges seen in the Seasonal (10%–14%) and Extreme (14%–18%) world
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Figure 8.7 Mean Rates of Aggression (defined as the number of Aggression interactions as a
percentage of all social (Grooming and Aggression) interactions of the overall society. Results
are broken down by World Condition (columns) and Bond Condition (rows). Control, FB (Fixed
Bond) and VB (Variable Bond) groups are results from Chapter 7. VB+ denote the results of the
experiment in this chapter.

conditions.

Compared to the groups with no adaptation of the Stress Threshold (Chapter 7), these aggression rates

are higher compared to the FB (Fixed Bond) groups, but comparably-similar to the VB (Variable Bond)

groups (Figure 8.7). Specifically comparing these results to the VB groups, aggression rates were 2% higher

in Static and Seasonal environments for VB+ groups in Bond Condition A (Figure 8.7, top row), but 3%–4%

lower across all environmental conditions in Bond Condition C (Figure 8.8, bottom row).

Across all world conditions and bond combinations, we observed both higher rates of intra-bond Grooming

and lower rates of intra-bond Aggression (Table 8.3) compared to the experiments of the previous chapter

(Tables 7.6 (FB) and 7.9 (VB), respectively), highlighting a shift towards prosocial interactions for bonded

agents in this experiment. In Table 8.3, we highlight notable differences to the VB group in grey.

Similar to the Variable Bond (VB) group (Table 7.9) intra-bond Grooming remained high in Bond

Condition A in VB+ groups (Table 8.3), accounting for between 63%–68% of total Grooming. We also

saw significant increases in intra-bond Grooming for agents in the other two bond conditions (B & C)

vs. VB groups. For Bond Condition B, Grooming between agents increased from 37% to 54% in Static

environments, from 42% to 45% in Seasonal conditions and from 29% to 47% in Extreme conditions. For
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Bond

Condition

World

Condition

Intra-Bond

Grooming

%

Bonded

Grooming

#

Intra-Bond

Aggression

%

Intra-Bond

Aggression

#

A Static 68% 1,755 25% 16

A Seasonal 63% 859 27% 23

A Extreme 65% 523 23% 18

B Static 54% 1,634 76% 36

B Seasonal 45% 824 52% 28

B Extreme 47% 805 73% 52

C Static 23% 1,021 100% 43

C Seasonal 28% 603 100% 27

C Extreme 35% 605 100% 53

Table 8.3 Table showing the total amount of Intra-Bond Grooming and Aggression across each of
the Bond Conditions and World Conditions in this investigation. Intra-Bond Grooming/Aggression
values describes what percentage of total grooming/aggression performed by bonded agents was
performed towards their affective bond partners. Notable differences to results of VB groups
(Experiment 3 from Chapter 7, Table 7.9) are highlighted in grey.

Bond Combination C, similar trends were observed, increasing from 15% to 23% in Static environments, 17%

to 28% in Seasonal environments and 22% to 35% in Extreme environments. For Bond Combinations B &

C specifically, intra-bond Grooming also saw significant increases compared to the Fixed Bond experiment

(Table 7.6).

In sum, prosocial interactions between bonded agents in this experiment saw a significant increase com-

pared to both groups from the previous investigation (FB and VB).

Intra-bond Aggression rates were lower in the VB+ groups compared to VB groups (Table 7.9), partic-

ularly for Bond Combinations A % B in the Seasonal and Extreme conditions. We also note a significant

reduction in the total count of intra-bond Aggression encounters in these groups (Table 8.3, last column)

compared to the VB group (Table 7.9, last column).

Therefore, both the rates and absolute numbers of intra-bond Aggression were significantly reduced when

agents with affective social bonds were endowed with two of the social buffering effects (VB+), compared

to groups with only one effect accountedfor 7 (VB). Combined with the improved intra-bond Grooming,

social behaviours between bonded agents were much more prosocial in this experiment compared to previous

experiments.
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Figure 8.8 Total amount of intra-bond Aggression (y-axis) (Aggression performed between the
three bonded agents) during each phase of food availability (x-axis), aggregated across all simu-
lation runs. Bond Condition A: A1-A2-A6 bonded. Bond Condition B: A3-A4-A5 bonded. Bond
Condition C: A4-A5-A6 bonded. Further data can be found in Table 8.3.

Unlike the intra-bond Aggression seen in Chapter 7 (Figure 7.9), socio-negative behaviours towards bond

partners was less affected by the dynamic world environments, as seen by the trended intra-bond Aggression

(Figure 8.8). Regardless of the world condition, there were non-significant changes in the Aggression between

bonded agents across different phases. This was despite the Aggression rate of the overall society increasing

across the challenging environments (Figure 8.7).

At an individual level, we find reduced rates of aggression for agents when they are part of a bonded

group, compared to conditions when they are not (Table 8.4). This is most notable in Bond Conditions B

and C, where Aggression reduced from between 9%–25% when agents were not bonded, to 0%–12% when

these agents were bonded.

8.4.3 Hormone Levels

Figure 8.9 shows the comparison results of mean cortisol levels between bonded and unbonded agents from

our previous investigation (FB and VB, Chapter 7) and the groups with stress tolerance adaptation in this

chapter (VB+).

Mean cortisol levels for the VB+ group was lower when compared to both the fixed bond (FB) and

variable bond (VB) groups. Lower cortisol levels were seen in both bonded and unbonded groups across all

world conditions, although bonded agents experienced the largest improvements compared to the VB group.
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Aggression Rates

Bond Condition World Condition A1 A2 A3 A4 A5 A6

Static 5% 4% 17% 17% 9% 0%

Seasonal 18% 8% 18% 24% 10% 0%A

Extreme 13% 7% 21% 25% 14% 0%

Static 9% 13% 4% 2% 0% 0%

Seasonal 21% 17% 6% 4% 2% 0%B

Extreme 27% 23% 9% 10% 1% 0%

Static 6% 9% 16% 4% 2% 0%

Seasonal 22% 16% 22% 6% 2% 0%C

Extreme 28% 26% 29% 12% 3% 0%

Table 8.4 Mean rates of aggression for each individual agent across all bond and world conditions.
Results in grey highlight agents who were bonded in those conditions.

Bond Condition A saw reductions in cortisol levels between 15%–21%, and Bond Condition C saw reductions

of between 15%–49%. Bond Condition B saw reductions of between 9%–17%, with one exception (in the

Extreme world condition), where cortisol levels were similar to VB groups (0.60 to 0.59).

Overall, and in line with previous results, we find overall lower stress levels for the society when half of

the society has affective bonds. We suggest that cortisol levels in agents that shared an affective social bond

resulted in reduced mean cortisol levels to for agents without social support.

For all bond combinations across all environments, we noted significant increases in mean oxytocin

levels when compared to the VB group (Table 8.5, p < 0.01)). Bonded agents in Bond Condition A saw

internal oxytocin levels increase between 7%–75%; Bond Condition B saw increases of between 46%–57%, and

Bond Condition C saw increases of between 42%–57%. Given that the direct effects on oxytocin remained

unchanged between these groups, this is a noteworthy result.

Figure 8.10 shows the trended mean levels of internal oxytocin for the three bonded agents in each world

condition. Despite their relative high dominance ranks, agents in Bond Condition A reported the lowest

mean oxytocin levels (0.55–0.64), compared to the lower-ranked agent combinations in Bond Condition B

(0.67–0.74) and C (0.65–0.74). For the latter groups, this increased oxytocin was seen despite slightly higher

cortisol levels (Figure 8.9) compared to Bond Condition A.
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Figure 8.9 Comparison of the mean cortisol levels for bonded and unbonded agents across all bond
types, aggregated across all simulation runs. FB: Fixed Bonds (Experiment 2, Chapter 7. VB:
Variable Bonds group (Experiment 3, Chapter 7). VB+ Variable Bonds with tolerance adaptation,
from the modeul used in this chapter. Cortisol levels exist in the range 0 to 1 and are only recorded
for agents that are still alive in each condition.

8.4.4 Stress Threshold Trends

We find that the StressThreshold of bonded agents to decrease across the three challenging environmental

conditions. In the Static environment (Figure 8.11, top), mean StressThreshold values were 0.41, 0.55 and

0.53 for bonded agents in Bond Condition A, B and C respectively; 0.32, 0.41, and 0.41 in Seasonal conditions

and 0.33, 0.48 and 0.41 in Extreme conditions. Table 8.6 breaks down the mean StressThreshold values for

each agent across these conditions. All unbonded agents in each condition maintained a fixed value of 0.50.

Despite the fact that the two most dominant agents (A1 and A2) were bonded in Bond Condition A,

we found that the mean StressThreshold value of the bonded group was significantly lower in this group

compared to both Bond Condition B (Static: p = 0.034, Seasonal : p = 0.023, Extreme: p < 0.01) and Bond

Condition C (Static: p = 0.04, Seasonal : p = 0.023, Extreme: p = 0.02).

We note that this was a result of the two most dominant agents (A1 and A2) adapting their Stress

Threshold values to low values, whilst the subordinate A6 adapted to a higher StressTolerance across all

world conditions (Table 8.6). For lower-ranked bonded groups (Bond Condition B and C), mean Stress

Threshold values remained similar between bonded agents.

158



Chapter 8 8.4 Results

Bond Condition World Condition VB VB+ ∆

A

Static 0.49 0.64 +30%

Seasonal 0.37 0.40 +7%

Extreme 0.31 0.55 +75%

B

Static 0.51 0.74 +46%

Seasonal 0.44 0.69 +47%

Extreme 0.45 0.67 +57%

C

Static 0.47 0.74 +57%

Seasonal 0.46 0.65 +42%

Extreme 0.42 0.65 +55%

Table 8.5 Mean oxytocin levels for bonded agents across all conditions, aggregated across all
simulation runs. VB = Variable Bond groups with no adaptation of the Stress Threshold (Exper-
iment 3, Chapter 7). VB+ = Variable Bond groups with adaptation of Stress Threshold (current
chapter). ∆ = percentage difference between VB+ and VB oxytocin levels.

In other words, Bond Condition A experienced a larger variance (0.30, Static world condition) of their

Stress Threshold values than the closer-ranked Bond Condition B (0.07, Static world condition) and Bond

Condition C (0.04, Seasonal world condition).

The trended Stress Threshold values seen in Figure 8.11 shows a cyclical adaptation of stress tolerance

through the dynamic (Seasonal, middle, and Extreme, bottom) environments. However, we also note that

all groups did not adapt in the same way.

Specifically, during a period of poorer food availability in the Seasonal world condition (between 3K-4K

time steps when only 2 food resources are available, Table 7.2, Figure 8.11), Bond Condition A adapted

to a much lower mean Stress Threshold value, whereas the other two bond conditions maintained a steady

threshold throughout this period.

Similarly, in the Extreme world condition (Figure 8.11, bottom), between 7K-8K (a period of “good” food

availability with 4 food resources available, Table 7.2) and then 8K-9K (a phase of “bad” food availability

with 1 food resource available), Bond Condition B (green line) adapted a higher StressThreshold value across

these phases—from 0.40 to 0.47—while no such increase was observed for Bond Conditions A or C.

Taken together, we see how bonded groups adapted their StressThreshold to different values, and still

reported viability benefits across all conditions (Figure 8.6, Table 8.2). These results indicate a diversity of
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Figure 8.10 Trended mean oxytocin levels of the three bonded agents per world condition. Results
are aggregated across all experimental runs and for the three bonded agents in each condition
(Bond Condition A: A1-A2-A6. Bond Condition B: A3-A4-A5. Bond Condition C: A4-A5-A6.
Though simulations were run for 15,000 time steps, results after 12,000 were not significant and
not included.

physiological adaptation between different groups of agents, and show how different strategies to adapting a

stress response provided advantages to the long-term viability of these agents.

8.5 Discussion

From our results, we found support for the hypothesis that oxytocin-mediated adaptation of stress tolerance

would provide survival-related benefits to agents with social support. Specifically in our model, we found

statistically-significant improvements across all three viability-related metrics (Life Length, Average Comfort,

and Physiological Wellbeing) for overall societies, largely driven by improvements of agents with social bonds,

when compared to groups with no adaptation of stress tolerance. We also found support for our hypothesis
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Figure 8.11 Mean trends of internal Stress Thresholds for bonded agents. Results are aggregated
across all experimental runs and for the three bonded agents in each condition (Bond Condition
A: A1-A2-A6. Bond Condition B: A3-A4-A5. Bond Condition C: A4-A5-A6. Though simulations
were run for 15,000 time steps, results after 12,000 were not significant and not included.

that this adaptation of the stress tolerance would result in lower overall aggression rates for bonded agents.

We observed significantly-reduced levels of stress in these groups where two of the stress-reducing effects

of social support were accounted for—a reduction of cortisol release, and an adaptation of stress tolerance—

compared to when only the former was accounted for (Chapter 7). These results show support for the

hypothesis that the stress-reducing effects of social support are diverse and multi-faceted [16], with some

potential interdependence of numerous stress-regulating mechanisms. We also note that these effects on

stress-reduction were observed in absence of the additional proposed effects of other reward-based systems

[131], [228].

We highlight several interesting outcomes. Firstly, adaptation of the stress tolerance for half of the

agents in the society resulted in absolute stress levels (cortisol levels) of all agents—both with and without
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World

Condition

Bond

Combination
A1 A2 A3 A4 A5 A6

Mean of

Bonded

Agents

Static A 0.31 0.33 0.50 0.50 0.50 0.61 0.42

Static B 0.50 0.50 0.6 0.54 0.53 0.50 0.56

Static C 0.50 0.50 0.50 0.54 0.55 0.52 0.54

Seasonal A 0.29 0.31 0.50 0.50 0.50 0.44 0.35

Seasonal B 0.50 0.50 0.43 0.41 0.42 0.50 0.42

Seasonal C 0.50 0.50 0.50 0.44 0.41 0.4 0.42

Extreme A 0.29 0.31 0.50 0.50 0.50 0.4 0.33

Extreme B 0.50 0.50 0.48 0.52 0.52 0.50 0.51

Extreme C 0.50 0.50 0.50 0.43 0.43 0.40 0.42

Table 8.6 Mean values of the Stress Threshold for each agent, aggregated across all simulation
runs. When agents were not bonded, their default Stress Threshold was 0.5. Grey cells indicate
agents that shared an affective bond in those conditions

affective bonds—to be reduced. As a result, overall stress levels and socio-negative behaviours of the whole

society was also reduced in some conditions, providing benefits to group survival and viability. Our results

and observations correspond to our findings from previous chapters (Chapter 6 and 7), where we observed

similar types of emotional contagion to emerge in the society as a result of smaller, dyadic interactions. We

discuss reasons for this below.

Secondly, groups where oxytocin adapted the stress tolerance reported higher mean levels of oxytocin.

Here, the stress-reducing effects of oxytocin-mediated social support resulted in increased oxytocin levels

for supported agents, which promoted further adaptation of the stress response and prosocial behaviours:

releasing additional oxytocin. As well as corresponding to our earlier findings (Chapter 7), this positive

feedback loop of oxytocin mirrors suggestions from biology and neuroscience, suggesting that oxytocin’s

effects on stress-reduction may be facilitated by its positive feedback loop on seeking prosocial interaction

[30]: likely as a result of its effects on other reward-based systems [131], [228]. However, in our model, we

found this positive feedback loop to emerge even in absence of other hypothesised reward-based mechanisms,

and propose this as an area of focus for further investigation. Though these (oxytocinergic and opioid-

based) mechanisms cannot be separated in the real-world, our model can be used to address this challenge

and investigate these effects further.

Additionally, we identified that in conditions where dominant agents had an affective bond with the
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lowest-ranked agent—a relationship akin to a parent-offspring relationship—dominant agents adapted to a

slightly lower tolerance to stress compared to the other bonded agents. Though contrary to expectations,

these agents nevertheless experienced improved survival and wellbeing. We posit that this may be an

outcome with some biological plausibility. Specifically, that higher-ranked individuals who share an affective

bond with weaker individuals (i.e. a parent-offspring relationship) must remain more “vigilant” towards

stressful stimuli and potentially remain “less tolerant” to threats, particularly in challenging environmental

conditions. This result may give insight into the diversity of stress regulation in biological societies, with

further implications on how individuals adapt their stress coping strategies (for example, through performing

socio-negative behaviours).

We find further support for our suggestion from the previous chapter, that a small society such as the one

we have modelled may experience the wider benefits of social support between a smaller group of agents. All

individuals in the society may not require the same type, or level, of adaptive or coping mechanisms in order

for long-term wellbeing to be improved. With respect to a model of social adaptation for affective agents, we

mirror our suggestions from Chapter 7 and again propose that not all agents in a society require the same

(types of) adaptive mechanisms in order to experience survival-related benefits. Future work, especially

those with physical agents, should take this into consideration.

Overall, these results suggest an important interplay between the adaptation of stress tolerance through

oxytocin-mediated social support, its effects on intra-bond social interactions and wider social dynamics. In

terms of using our results in the context of our adaptive model of social adaptation, the stress-buffering effects

that we have investigated in this chapter propose significant benefits to agent viability through physiological

and behavioural adaptation. We discuss a number of our findings in detail below.

8.5.1 Adaptation of Stress Tolerance Promotes “Anticipatory” Behaviours and

Survival

From our results, we found that groups where adaptation of the StressThreshold (VB+) reported significant

improvements in viability compared to groups where this adaptation did not occur (VB). We suggest that

this is a result of behavioural adaptation which emerged as a result of adapting tolerances to stress.

Intra-bond Grooming during early periods of good food availability maintained high oxytocin levels in

bonded agents (Figure 8.10) and adapted their StressThreshold accordingly (Figure 8.11). Despite increases

in cortisol levels when food availability was challenged (Seasonal and Extreme environments), StressThreshold

would not be exceeded and agents would not become stressed (i.e. the “sympathetic nervous system” would
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not be activated). As a result, intra-bond Aggression rates were significantly reduced (Table 8.3), resulting

in stronger affective social bonds which continued to provide the stress-reducing effects for bonded agents.

This is contrary to what we had observed in Chapter 7, where an absence of stress tolerance adaptation

resulted in higher rates of intra-bond Aggression (Table 7.9), limiting the efficacy of social support on stress-

reduction which ultimately impacted group viability (Table 7.7). The adaptation of the StressThreshold in

this investigation created an internal stress buffer during non-challenging situations, and the increased rates

of intra-bond Grooming created a positive feedback loop that promoted future affective behaviours.

In terms of our agent model, we suggest that these mechanisms underpin low-level “anticipatory” adap-

tation in the face of upcoming stressful conditions which facilitated individual agent and group viability.

These mechanisms, underpinned by oxytocin, can be considered a type of affective adaptation through social

allostasis.

8.5.2 Anticipation of Stressful Conditions May Facilitate “Tend-and-Befriend”

Behaviours

In our previous investigation (Chapter 7), we had observed higher rates of intra-bond Aggression and

avoidance—the “fight-or-flight” response [21]—as a stress coping mechanism when affective bond strength

was not fixed and subject to change over time (Experiment 3). This was as a combined result of lower bond

strength (DSI) and lower oxytocin levels in bonded agents. Conversely, we had seen more socio-positive,

“tend-and-befriend” [30] behaviours between affective bond partners when these bond strengths were fixed

(Experiment 2, Chapter 7). In those conditions, persistently strong bonds promoted prosocial behaviours

between bonded agents. These improved rates of prosocial behaviours between agents with fixed bonds drove

increases in oxytocin and bond strength, promoting a positive feedback loop of positive affective interaction

throughout the course of the experiment 7.9. With these results, we therefore considered that affective bonds

needed to be persistently strong between bond partners in order to promote this stress-coping mechanism,

and that bond stability played a significant role in the efficacy of the stress-reducing effects of social support.

However, despite the variable bond type used in this investigation (the VB+ group), we find the emergence

of these “tend-and-befriend” behaviours provided an adaptive, anticipatory response for future stressful

conditions (Table 8.8). These increased rates of intra-bond Grooming provided a stress buffer for bonded

agents in future stressful conditions, resulting in lower rates of intra-bond Aggression, and retaining the

efficacy of the stress-reducing effects of social support in the long-term that was “lost” in Chapter 7.

As a result, the affective relationship—along with the survival-related benefits—between bonded indi-
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viduals remained strong, despite the challenge presented by the environment. Considering that the “tend-

and-befriend” hypothesis of stress-reduction has been considered to be a more female-oriented and maternal

response [30], these observed behaviours may be a form of early-stage nurturing [232] found in real-life soci-

eties. Given oxytocin’s implications in maternal, nurturing-type behaviours [30], [233], [234], we suggest that

our model, with its abstractions of oxytocin mechanisms, may present an opportunity to further investigate

these hypothesised different gender-based coping mechanisms.

We therefore propose that “fight-or-flight” behaviours seen in VB groups (Table 7.9) may not be a function

of poor bond strength as we had previously hypothesised, but a coping strategy performed in the absence

of adequate anticipation of stressful conditions. For instance, it may be the case that when future stressful

situations have not been anticipated or accounted for (i.e. through a lack of appropriate physiological

or behavioural adaptation), “fight-or-flight” behaviours are an immediate behavioural “reflex” response to

stressful conditions in an attempt to alleviate stress. Part of our future work may consider investigating the

relationship between “early-stage” prosocial interactions and subsequent viability between conditions where

adaptation of StressTolerance is and is not accounted for, respectively.

In terms of our agent model, these findings suggest that the modelling of affective bonds of variable

strength—a more biologically-plausible approach than modelling “fixed” bonds—may not be detrimental to

viability as we had previously found (Chapter 7). On the contrary, this type of bond provides significant

benefits over its fixed counterpart when additional adaptive mechanisms are considered, and therefore can

be used in future development of our model.

8.5.3 Adaptation of Stress Tolerance Results in Lower Stress Contagion

Despite the fact that oxytocin did not have a direct effect on cortisol secretion in our model (Figure 9.3), we

still observed lower overall stress levels in the groups where the StressThreshold was adapted (VB+) through

oxytocin, compared to groups without this mechanism (VB). We found this to be a surprising result, and

we considered this to be the emergence of wider physiological and behavioural adaptation which we suggest

may works as follows.

As oxytocin “buffers” the StressThreshold, higher levels of oxytocin (Table 8.5) resulted in agents being

able to tolerate more of the stress hormone (cortisol). As a result of this additional tolerance, bonded

agents were less likely to become stressed and perform Aggression towards others (Table 8.4). The reduced

Aggression rates of the society results in reduced levels of cortisol for both bonded and, in some cases,

unbonded agent groups (Figure 8.9). This resulted in improved viability for both bonded and unbonded
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groups, compared to groups where adaptation of Stress Threshold did not occur (FB and VB groups, Figure

8.6).

Similar to the contagion of socio-negative behaviours and stress that we saw in previous investigations

(Chapters 6 and 7), we again find that, in a small society of agents, the wider social dynamics were signif-

icantly affected by the interactions of smaller groups of (bonded) individuals. Taking all of these findings

into consideration (Chapter 6, 7 and the current chapter), we highlight the consistent emergence of affective

contagion through interactions of affective bond partners.

We suggest that these micro-level interactions and affective contagion may play a role in explaining the

diversity of social dynamics seen in biological societies [117], and may also have further consequences on

long-term physiological health.

In terms of overall stress levels, we also find that the combination of the two stress-reducing effects of

social support that we accounted for in this investigation provided a significant benefit to the reduction of

overall social stress 8.9, compared to conditions when only one effect was considered (Chapter 7).

Taking these results into consideration, we also propose that—perhaps counter-intuitively—the stress-

reducing effects of the presence of social support may not provide the most benefit to the reduction of stress in

the long term. Instead, long-term stress-reduction may be a multi-faceted adaptive process: facilitated only

in part by the direct effects on reducing cortisol secretion (Chapter 7), but a result of additional behavioural

and physiological adaptation driven by other stress-regulating effects (i.e. such as the adaptation of stress

tolerance).

This suggestion also mirrors those from neuroscience [235]–[237] suggesting that the stress-reducing effects

can be diverse, long-lasting and multi-circuited. In addition, these socially-based, stress-reducing effects may

even extend beyond tactile or visual interaction with bond partners [238]–[241], suggesting that affective bond

presence or physical interaction may not always be necessary to regulate stress in the short-term.

8.5.4 Parent-Offspring Bond Were Less Tolerant to Stress

Contrary to our expectation that higher-ranked agents would report higher levels of oxytocin and adapt

their stress response to cope with higher levels of stress (i.e. be more “relaxed” during stressful situations),

our results did not find this to be the case.

Instead, these higher-ranked agents (A1 and A2) in Bond Condition A—which we considered to be a

“parent-offspring” bond—reported slightly lower oxytocin levels across all environmental conditions (Table

8.10), as well as a lower mean StressThreshold value (Figure 8.11, Section 8.4.4).
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Similarly, based on our previous investigation—where lower-ranked bonded agents (Bond Condition B

and C) experienced lower rates of intra-bond Grooming (Table 7.9)—and the fact that cortisol is released as

a function of perceived control and socio-negative interactions, we had predicted that lower-ranked bonded

agents (in Bond Condition B and C) would adapt their StressThreshold values to lower values than higher-

ranked agents. Instead, we found that these subordinate agents adapted a higher tolerance to stress than

the higher-ranked agents in these Bond Conditions.

Despite the fact that all agents started with the same default tolerance to stress—which we modelled as

a personality trait (as we discussed in Chapter 5)—the adaptation of their StressThreshold in this investi-

gation can be considered as an adaptation of personality, emerging as a function of the social and physical

interactions with the environment that they are situated in.

As we saw viability increases for bonded agents (Figure 8.6) when compared to previous groups (VB),

these different levels of adaptation of individual “personality traits” (their stress tolerance) was nevertheless

an adaptive response that facilitated survival for all agents in the bonded group.

Considering that stress is an important adaptive response that can promote survival [25], [134], these

findings may shed light on the diversity of stress-regulating physiological and behavioural adaptation across

different social and environmental contexts [242]. Specifically, individuals of different ranks may need to

adapt their “personality” differently, based on the environment and the identity of their social partners.

The type of affective relationship an individual has with another may affect their regulation of stress-

related behaviours. For instance, higher-ranked individuals who share an affective bond with a much lower-

ranked individual (as is case in a parent-offspring relationship) may need to remain more vigilant or “pro-

tective” of lower-ranked partners in certain (social and environmental) situations. Though speculative, this

dynamic of “protective” or “hyper”-vigilance from parental figures may have some biological plausibility [243]–

[245] and these oxytocin-mediated effects may play a role in such coping (or parental) strategies.

However, we propose that this nevertheless proposes an avenue for further investigation. Future work may

use our model to investigate additional affective bond combinations (for instance, affective bonds between

higher-ranked and middle-ranked agents) to investigate these adaptive effects further.

8.6 Summary

Continuing our investigation into the “social buffering” phenomenon associated with social support, we

have investigated a second hypothesised stress-regulating effect of social support. Here, we consider that

oxytocin—released as a function of prosocial interactions with bond partners—has an adaptive effect on
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individual stress tolerance. This stress tolerance can be considered a personality trait of an individual, and

associated with the “resilience” or activation of their stress response system.

By also accounting for the effect of social support on ameliorating cortisol release from Chapter 7, we

used our simulated model to investigate how the oxytocin-mediated regulation of stress tolerance affected the

survival-related performance (viability), as well as the social interactions and dynamics, of a small society

of agents.

Based on our previous investigations, we had hypothesised that the adaptation of the stress response via

oxytocin mechanisms would result in a decrease in the rates of socio-negative behaviours between agents with

affect-based social support, and that this behavioural adaptation would provide viability-related advantages

to these agents when compared to conditions without this adaptative effect. We also predicted that these

viability performance improvements would be seen in agents without social support.

We conducted our experiments using an identical experimental set up to Chapter 7: testing our hypothesis

in a society of six agents across three different bond partner combinations related to social rank. We studied

these bonds across three different environmental conditions related to food resource availability, posing

different degrees of challenges.

Our results found support for the hypothesis that the stress-reducing effects of social support provides

adaptive, survival-related benefits to individuals through oxytocin’s effect on the stress system. We saw

significantly improved viabilty performance compared to groups where we had only accounted for the stress-

reduction effects of social support (Chapter 7). We also found significantly lower rates of socio-negative

behaviours between bond partners, as well as some viability-related improvements for agents without social

bonds, suggesting widespread viability benefits associated with (some agents being endowed with) such

stress-reducing, adaptive mechanisms.

Given the improved performance benefits compared to the investigation in Chapter 7, and also mirror-

ing the findings from Chapter 3, we use this opportunity to highlight the diverse results associated with

incremental changes to the agent model. Though an artificial life approach has allowed us to minimise com-

plexities, the (sometimes-paradoxical) results that emerge as a result when accounting for additional effects

in our model may give insight into some of the diverse, complex findings from real-world societies.

Much like our findings from the previous chapter (Chapter 7), we find that the behaviours and affective

states of the wider society was impacted by interactions between bonded agents. This affective contagion

had widespread viability-related benefits for individuals with and without affective bonds. Once again, we

highlight that affective social agents may not need to be endowed with the same type, or level, of adaptive
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mechanisms in order to benefit from the performance advantages and behavioural adaptation associated with

adaptive mechanisms. This finding may have significant implications in the development of future models,

particularly with physical agents.

In our last two chapters (Chapter 7 and 8), our investigations have been focused on investigating the

stress-regulating effects of social support: by either reducing the level, or secretion, of a stress hormone

(cortisol) (Chapter 7), or by adapting an individual’s tolerance of this stress hormone (Chapter 8).

We found how individuals in this chapter adapted their stress tolerances differently based on the en-

vironmental challenge and identity of bond partners. Although our results found indirect physiological

adaptation of the hormonal systems as a result, our observations made us consider how adaptation of stress

tolerances may also play a more direct role in regulating homeostatic processes. Specifically, we considered

that adaptation of the internal stress system may also provide a more adaptive role on individual physiology

by “buffering” some of the deleterious consequences associated with elevated cortisol levels.

Despite extensive literature finding correlations, the direct mechanisms and pathways that tie the presence

of social support and improvements in health and physiological outcomes are still unclear. Regardless,

this socially affect-based physiological adaptation is a fundamental aspect of social allostasis, and further

investigating these mechanisms through our model may provide insight into the diverse physiological effects

of stress in real-world individuals.

In our final chapter, we continue our investigation into the role of social support on promoting adapta-

tion and long-term wellbeing via its stres-reducing effects. Building on our existing findings and addressing

methodological challenges of real-world models, we propose and test a hypothesis for how affect-based adap-

tation of the stress response can play a role in ameliorating the physiological “cost” associated with stress.
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Chapter Nine

Investigating the Role of

Oxytocin-Mediated Social Support on

Adapting the Physiological Cost of Stress

9.1 Introduction

Figure 9.1 A high-level view of the effects investigated in this chapter. Red lines indicate exten-
sions from the previous chapter. In this investigation, oxytocin-mediated “buffering” of individual
stress responses (“personality”) also dampens the physiological “cost” of stress (energy metabolism).
A more granular view of this model can be seen in Figure 9.3

.
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In Chapter 8, we found how accounting for two of the hypothesised “stress-buffering” effects of social

support—by mediating cortisol release, and the adaptation of stress tolerance—provided significant perfor-

mance advantages compared to groups where just the former effect was accounted for (Chapter 7). We also

found how individuals adapted their stress tolerances differently, related to the challenge of the physical envi-

ronment and the identity of their bond partners. As a result, we considered how these individual differences

in adapting to, or being able to cope with, higher levels of stress may also play a role in different physiologi-

cal responses to the stress hormone. In this chapter, we investigate these individual differences further, and

account for social support’s potential buffering effects on one stress-related physiological process.

Extensive literature has found relationships between the presence of social support, stress-reduction, and

improvements in physical health markers of socially-supported (human and non-human) animals. Though

early research has considered the stress-buffering effects of social support (as we have investigated in Chapters

7 and 8), the presence of (affect-based) social support has also been hypothesised to have additional, direct

effects on physiological processes. This includes heart rate and blood pressure changes (cardiovascular

reactivity) as well as immune system functionality and energy metabolism, all of which can be considered a

physiological cost associated with stress.

Despite the significant correlations found in current literature, the direct relationship between affective

social support and benefits on physiological responses has been difficult to investigate in the real world,

and is crucially limited by several methodological challenges (Section 9.1.1). Understanding these effects

further can provide insight into the additional mechanisms that tie social support to positive health-related

outcomes in biological agents. Equally, for a model of adaptation through affect-based social relationships,

understanding and abstracting these mechanisms of socially-supported physiological adaptation may provide

significant advantages to model performance, as we have seen in previous chapters (Chapters 7 and 8), and

underpin the principles of social allostatic adaptation.

Building on biological literature and our previous results, we propose and investigate one additional

mechanism through which social support can provide positive, adaptive effects on physiological processes:

through its mediation of the “cost” of stress (energy metabolism). We propose a potential pathway between

oxytocin-mediated, affective social support and energy metabolism, via oxytocin’s “buffering” effects on the

stress system—abstractions of the sympathetic nervous system and HPA-axis, respectively—and hypothesise

that this adaptive mechanism would provide significant survival-related benefits for agents with social bonds.

We use our simulated agent model to investigate this hypothesis and address methodological limitations

from real-world studies. We conduct our experiments using the same experimental set up as Chapters 7
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and 8—with three different world conditions of varying food availability, and three different affective bond

combinations.

Our results from this investigation find that the adaptation of energy metabolism via oxytocin’s adaptive

effects on the stress system provided some significant advantages to the viability of agents with affective

social bonds, compared to groups where this adaptation was not present. This improved performance was

statistically-significant across all experiments in the most challenging physical environment, with mixed

results of improvement noted in other world conditions.

Our results also find the emergence of an “anticipatory” feed-forward mechanism of oxytocin effects, where

oxytocin secretion facilitates future oxytocin secretion via its promotion of prosocial behaviours and stress-

regulation. This interplay between oxytocin, stress-reduction, behavioural and physiological adaptation

mirrors biological hypotheses of these systems, providing further insight into the complex, recursive nature

of hormonal mechanisms that underpin the formation and maintenance of affect-based relationships.

We also find the emergence of two affect-based behaviours which may provide insight into some of the

behavioural adaptation that facilitates wellbeing of social individuals in real-world societies. Firstly, we find

that bonded agents would sometimes regulate their energy metabolism by forming small “clusters” between

themselves for short periods of time. We propose that this behaviour has some relation to that of “social

thermoregulation” seen in biological societies, where social animals form small groups as a cost-effective way

to regulate homeostasis.

Secondly, we find that stressed agents without social bonds consumed higher amounts of food to alleviate

the stress associated with physiological deficits. After performing some post-hoc analysis, we propose that

our results may give insight into the potential underlying mechanisms associated with the “stress-eating”

phenomenon seen in the real world.

Overall, our model of adaptation through affect-based social support demonstrated improved performance

across a number of dynamic environmental conditions, facilitated by anticipatory, adaptive regulation of

homeostatically-controlled processes and social interactions. We consider these to be adaptive mechanisms

of social allostasis. This chapter also presents our final iteration of our (affect-based) social allostasis-inspired

model of adaptation for embodied agents, and we present it as a framework for future investigations. We

summarise by proposing a number of future directions to investigate our findings further.
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9.1.1 Affect-Based Adaptation of Energy Metabolism

As a hormone of adaptation, cortisol facilitates the mobilisation of energy [14], [29], [133]. This increase in

energetic cost (energy metabolism), along with changes in cardiovascular function [246]–[248] can be seen

as a physiological “cost” associated with stress and adaptation [249], [250]. While adaptive in the short-

term, prolonged changes of such physiological function underpins the deleterious pathological consequences

associated with prolonged stress—including dysregulated metabolic and cardiovascular function [14], [200],

[251], [252]—which may threaten the long-term wellbeing of individuals.

However, it is not axiomatic that energy metabolism is directly correlated with stress levels themselves

[253]. The modulation of internal receptors and systems may play a role in determining the energetic cost

associated with stress. In biological entities, the HPA-axis and the autonomic nervous system [231] are found

to play a role in the metabolic effects and deleterious consequences of elevated stress levels [200], [254]. These

internal differences, loosely corresponding to the ability to cope with stress, may play a role in the range of

physiological and behavioural responses associated with elevated cortisol levels [201], [255], [256].

In addition to adapting the release of cortisol (Chapter 7) and stress threshold (Chapter 8), social support

may play a further stress-reducing role by mediating the physiological “cost” of stress.

As [247] have suggested in their conceptual model of social support and physical health (Figure 1 in

[247]), alterations to metabolic and cardiovascular activity may be determined not only by individual stress

(cortisol) levels, but also by the presence of social support. Other direct physiological effects, such as

reduced cardiovascular activity [208], [246], [257], [258] and blood pressure [259] have been correlated with

the presence of social support. These effects have been termed the “cardiovascular reactivity” hypothesis of

social support [204], [260], [261].

Despite the correlations, current literature is yet to find a direct physiological mechanism linking social

support and the observed benefits on underlying physiological measures [207], [262]. As [262] states, rather

than direct physiological adaptation, it may be the case that the positive health consequences associated

with social support are linked to its psychological stress-reducing, or affect-based effects. This suggestion has

therefore made it difficult to accurately investigate the physiological and psychological health consequences of

social support independently. The experimental challenges of separating the psychological and physiological

effects of social support also includes the dissociation between (perceived or received) affect-based social

support [262], psychological appraisals of a situation [263], methodological challenges regarding social or

environmental cues [264] or temporal interference of physiological effects [265]. These challenges have resulted

in limited studies accurately investigating the precise mechanisms linking affect-based social support and
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Figure 9.2 A high-level illustration of our hypothesised downstream effect linking affect-based
social support and the metabolic consequences of stress (energy metabolism) as discussed in this
section. Interactions with social support promotes oxytocin (OT) release, which provides a buffer
to the activation of the sympathetic nervous system (SNS) and reduces cortisol (CT) secretion.
A combined effect of this stress response then affects energy metabolism. We show a detailed
implementation of these mechanisms in our model in Figure 9.4.

positive physiological outcomes: including the regulation of stress-induced energy metabolism [251], [262].

One potential mechanism that may link social support and the regulation of energy metabolism may be via

oxytocinergic pathways. Independent of social support, treatment with oxytocin has been found to play a

role in the regulation of energy metabolism [266] as well as a range of positive effects on physiological health

in animals (including humans): including anti-inflammatory effects [233], [267], the preservation of energy

expenditure [268], and the regulation of glucose homeostasis and rates of energy metabolism [269].

In addition, energy metabolic rates have also been found to be determined as a function of the total

stress response (i.e. stress levels and autonomic nervous system activation) [200], [231], [251], [253]. These

responses to stress—both the release and the tolerance to cortisol—are adapted via oxytocin (as discussed

in Chapters 7 and 8), which is itself secreted as a function of social support and interaction.

Combining this literature, we suggest a potential mechanism through which social support can play a

role in adapting the physiological effects of stress: that the “buffering” of the internal stress tolerance can

also potentially dampen the physiological “cost” associated with elevated stress (cortisol) levels.

This potential pathway linking oxytocin-mediated buffering of the stress system and the dampening of

physiological responses to stress may give insight into how social support can provide direct physiologi-

cal benefits and promote long-term wellbeing, and may give insight into diverse, individual physiological

responses associated with stress [201], [256].
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The adaptation of energy metabolism can be considered an important type of adaptation for adaptive

systems [270] and has been investigated in previous adaptive models of artificial systems: including physical

agents [271] and simulated cellular systems [272], and minimally-cognitive agent models in the context of a

two-resource [273] and three-resource [274] problem. However, as models of social allostasis are still limited

in the literature, potential mechanisms underpinning social interactions and this adaptation of metabolism

have not yet been investigated.

9.2 Aims & Hypothesis

Continuing our investigation into the stress-buffering effects of social support, we aim to investigate the

role of social support on adapting one of the physiological costs associated with stress: energy metabolism.

Addressing limitations from biological studies and building on our previous results, we propose a potential

pathway linking social support and wellbeing benefits via the regulation of energy metabolism.

Specifically, we propose that the adaptation of energy metabolism—driven as a function of the stress

system—is achieved through oxytocin’s “buffering” effects of stress tolerance (the “sympathetic nervous sys-

tem”).

We study the effects of this proposed mechanism on the viability-related performance and social inter-

actions of a small group of agents across several physically-challenging conditions using several different

affect-based social bond combinations.

We hypothesise that this adaptation of energy metabolism will significantly benefit the viability of in-

dividuals with social support in our model. We also hypothesise that this adaptation of one physiological

variable will result in an increase in socio-positive behaviours between agents with social bonds.

9.3 Extensions to the Agent Model

Building upon the two previous stress-reducing effects of social support (presented in Chapters 7 and 8 ), we

present a single extension to our agent model to capture the hypothesised mechanism of adaptation of energy

metabolism and expenditure as discussed in Section 9.1.1 (Figure 9.4). In this investigation, we define energy

“metabolism” and “expenditure” as the rate at which energy is depleted, and we consider it an abstraction

of one type of physiological response associated with stress.

As a reminder, we retain the relationship between an agent’s movement speed and their rate of energy

depletion: the EnergeticCost. In previous models, this rate of energy cost (EnergeticCost) was determined
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Chapter 9 Model (Current)
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Figure 9.3 Illustration of the Action-Selection Architecture model used in this investigation.
Extensions to the previous model are denoted in red. In this model, agent speed and energy
metabolism (Energetic Cost) is driven through cortisol (CT) levels and buffered by the oxytocin-
mediated StressThreshold (an abstraction of the sympathetic nervous system activation). This
updated calculation can be seen in Equation 9.1. A more granular view of this mechanism can be
seen in Figure 9.4.

as a direct function of internal cortisol (stress) levels (Equation 6.2.2). In this model, we account for agents’

individual Stress Threshold, and determine the rate of its movement (and energy metabolism) as a function

between absolute stress levels and individual tolerances to stress:

speedt = speed0 × (1 + ((CT - StressThreshold)× c)) (9.1)

Where speed0 is the default speed (0.5) and speedt is the movement speed at time step t and c is a

constant to regulate values: where c is 0.75 if CT < StressTolerance, and 1.2 if CT > StressTolerance. We

highlight changes to the previous function (Equation 6.2.2) in bold.

As with previous models, the EnergeticCost is modulated by the rate of this speed:
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Figure 9.4 Illustration of the hypothesised adaptive effects between affect-based social support
and the metabolic consequences of stress (Figure 9.2), as implemented in our agent model. This
overview shows the mechanisms investigated in previous chapters (red and green lines) and the
extension presented in this chapter (dashed lines from Stress Threshold and CT to speed, Equation
9.1). Each adaptive mechanism is labelled along with the chapter that it was introduced in. OT
= Oxytocin. CT = Cortisol.

EnergeticCostt = EnergyLossRate× (2× speedt) (9.2)

where EnergyLossRate is 0.003, the default rate of energy loss at each time step. Therefore, EnergeticCost

is driven by the rate at which an agent expends energy (its speed), which is determined by Equation 9.1. As

with previous models, the rate at which Energy depletes is updated by the updated EnergeticCost :

Energyt = Energyt−1 − EnergeticCost (9.3)

As per Chapters 7 and 8, the StressThreshold value is initialised at 0.5. For agents with no affective bonds

(and no oxytocin present within their physiology), this value remains fixed. For agents with affective social

bonds and who are endowed with oxytocin mechanisms, the StressThreshold value is adapted between 0.25

and 0.75, modulated by oxytocin levels (Equation 8.1.1). All other effects from our model remain unchanged.

9.4 Experimental Set Up

As a direct extension to the investigation in Chapter 8, we retain the three experimental parameters and set

up for our current investigation. We describe those parameters again here for clarity.
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Time Step
Start 0 2001 3001 4001 5001 6001 7001 8001 9001 10001 11001 12001 13001 14001

End 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000

% of total

simulation time at start
7% 14% 21% 28% 34% 41% 48% 54% 61% 68% 74% 81% 88% 94%

World Condition Phase 1A/1B 2 3 4 5 6 7 8 9 10 11 12 13 14

Static 4

Seasonal 4 3 2 1 2 3 4 3 2 1 2 3 4 3

Extreme 4 1 4 1 4 1 4 1 4 1 4 1 4 1

Table 9.1 Availability of food across different phases in each of the world conditions. This is also
illustrated in Figure 9.5. Green cells highlight periods of the best food availability (4). Yellow (3)
and orange (2) highlight poorer periods of food availability, and red cells highlight periods of the
worst food availability (1). The percentage describes the time elapsed at the start of each phase.
Note that the initial period (1A/1B) elapses 2000 time steps. Though the simulation ran for 14
phases, results are reported for phases where agents remained viable (1-12).

Condition

Label

Bond

Type
Description

Effects of

Social Support

Chapter of

Investigation

FB Fixed
3 agents bonded, 3 unbonded.

Affective bond strength remain fixed values (DSI=2).
Reduce CT Release

Chapter 7

(Experiment 2)

VB Variable
3 agents bonded, 3 unbonded.

Affective bond strength changes over time.
Reduce CT Release

Chapter 7

(Experiment 3)

VB+ Variable
3 agents bonded, 3 unbonded.

Affective bond strength changes over time.

Reduce CT Release

OT Adapts Stress Tolerance

Chapter 8

(Current)

VB++ Variable
3 agents bonded, 3 unbonded.

Affective bond strength changes over time.

Reduce CT Release

OT Adapts Stress Tolerance

+ adapts energy metabolism.

Chapter 9

(Current)

Table 9.2 Table describing the different experimental groups discussed in our results. We highlight
the group from this chapter in grey. Experimental results from FB and VB groups are reused from
Chapter 7. Results for the VB+ group are reused from Chapter 8. OT = Oxytocin. CT = Cortisol.
“Reduce CT Release” relates to the social buffering effects discussed in Section 7.2.3. “Adapt Stress
Tolerance” relates to the modulation of the StressThreshold presented in chapter Section 8.2.1).
“Adapts energy metabolism” relates to the adaptation of energetic cost, described in Section 9.3.
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Figure 9.5 Screenshots of different food availability in each of the world conditions. Static envi-
ronments remain fixed with four food resources (yellow discs, top left). The orange arrow denotes
changes in the Seasonal condition. The blue arrow denotes changes in the Extreme condition.
Details of each food phase can be seen in Table 7.2. Agents are rendered as doughnut-type shapes.
Colour indicates their “stressed” state (green = not stressed, red = stressed). A dashed line between
agents denotes an existing affective bond between them.

The first experimental parameter is the affective bond type. In previous investigations, we have investi-

gated using “Fixed” and “Variable” bond types, with respect to the dynamic strength of the affective bond

between agents (Chapters 7 and 8), respectively. Here, we only model the “Variable” bond type from Chapter

8 (the VB+ group).

Bond strength (DSI) is initialised at its maximum value of 2, but is susceptible to a small decay rate at

each time step (µ = 0.9997) and subject to change as a function of (pro and anti-)social interaction from

bond partners (Equation 7.7).

The second experimental parameter relates to the affective bond partner combination. As with Chapter

8, we investigated three different bond partner combinations related to agent rank. Bond Condition A

consists of A1-A2-A6 (two most-dominants and most-subordinate agents) with an affective bond between

them, Bond Condition B consists of A3-A4-A5 (middle-ranked agents), and Bond Condition C consists of

A4-A5-A6 (lowest-ranked agents). These combinations can be seen in Figure 9.6.

Finally, experiments were performed using the same three world conditions related to different food
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Figure 9.6 Illustrations of the three different affective bond combinations used in this experiment.
These bonded agent combinations remain the same as those investigated in Chapters 7 and 8.
Dashed lines illustrate variable bond strength (DSI initialised at its maximum value of 2 and
changes over time). Agent number denotes rank, from A1 (highest-ranked) to A6 (lowest-ranked).

challenges as in Chapters 7 and 8. These relate to one static world (Static) of a fixed amount of food

resources (4) throughout the simulation, and two dynamic environments. The first dynamic world, Seasonal

(Figure 9.5, orange arrows), has steady changes in food resources every 1000 time steps (Table 9.1). Our

second dynamic world, Extreme (Figure 9.5, blue arrows), has more extreme changes in food resources,

changing from very good to very poor food availability every 1000 time steps. Figure 9.5 shows screenshots

of these world conditions, and Table 9.1 describes the food availability across all phases for all three world

conditions.

We performed 20 simulation runs for each of the 9 experimental combinations (Table 9.2, totalling 180

simulation runs. Each experiment was run for 15,000 time steps, resulting in approximately 12 hours of

run time. For the VB and VB+ groups, we reuse the data from previous investigations during comparative

analysis of results. We refer to results from this experiment as “VB++” groups.

We report results using the three viability-related metrics (Life Length, Average Comfort, Physiological

Wellbeing) as described in Section (2.4.1. We recorded internal hormone (cortisol and oxytocin) levels at

each time step, as well as both the mean and trended StressThreshold value for each agent. We report the

rates and distribution of social behaviours (Grooming and Aggression) at an individual and group level. In

line with preceding chapters, we further complement these results with qualitative analysis of simulation

runs.

180



Chapter 9 9.5 Results

Much like Chapter 8, we compare our results from this investigation to the results of previous chapters.

In our comparative analysis, we include the results from the FB and VB groups from Chapter 7 and the

VB+ group from Chapter 8. Results from this investigation are denoted as the VB++ group. Table 9.2

describes these different experimental groups.

Statistical significance was performed between-groups using one-way ANOVA testing, with significance

declared at p = 0.05. Correlation strength between metrics was calculated using Pearson’s Correlation

Coefficient.

9.5 Results

9.5.1 Viability Indicators

At an aggregated group level, we find small improvements across all viability indicators, across all world

conditions, when compared to previous groups (VB and VB+). Mean Life Length for all agents saw improve-

ments across all conditions when compared to the VB+ groups: 66% (+11% vs. VB+) in Static environments,

59% (+17% vs. VB+) in Seasonal environments and 57% (+15% vs. VB+) in Extreme environments.

Average Comfort saw improvements of +4% vs. VB+ groups in the Static environments, +2% in the

Seasonal environments, and 6% in the Extreme environments

In terms of Physiological Wellbeing, we found no improvements in aggregated performance in Static world

conditions, a +4% improvement in Seasonal world conditions, and an 11% improvement in Extreme world

conditions when compared to the VB+ group.

For bonded agents, we see statistically-significant improvements in Life Length between VB++ and VB

groups across all conditions (Figure 9.8). Agents in Bond Condition A reported a 77±4%, 68±3% and

66±3% survival rate for in Static, Seasonal, and Extreme conditions; Bond Condition B reported 69±3%,

65±4% and 63±3%; and Bond Condition C reported 67±4%, 60±3% and 54±4% for the three environments

respectively.

These results were statistically-significant compared to the VB group (p values ranging from 0.01–0.023),

but only statistically-significant in three conditions compared to the VB+ group (Bond Condition A, Sea-

sonal, p = 0.02; Bond Condition B, Seasonal, p = 0.01; Bond Condition C, Static, p = 0.04). Nevertheless,

we note that the consistent improvement across all conditions warrants further investigation and statistical

analysis, and may have been limited by the relative challenges of our environments. We discuss this further

in the next section.
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Figure 9.7 Mean values of all three Viability Indicator metrics, aggregated across all simulation
runs. Results from Control, FB and VB groups are taken from Chapter 7. VB+ results are taken
from Chapter 8. VB++ results are new results in this chapter. Control: Conditions with all agents
unbonded (Experiment 1, Chapter 7). FB: Conditions of Fixed Bonds (Experiment 2, Chapter
7). VB: Conditions of Variable Bonds (Experiment 3, Chapter 7). VB+: Conditions of Variable
Bonds with Stress Tolerance adaptation (Chapter 8). VB++: As VB+, with the adaptation of
energy expenditure (current chapter). Error bars show standard error of the mean (SEM) for each
group.

Average Comfort for bonded agents also saw improvements across all-but-one experimental condition

(Table 9.3). In Static world conditions, bonded agents experienced an Average Comfort improvement of

1%–6% (with no change seen in Bond Condition B), 1%–6% improvement in Seasonal world conditions, and

182



Chapter 9 9.5 Results
M

ea
n 

Li
fe

 L
en

gt
h 

(U
nb

on
de

d)

Bond Condition

World 
Condition

M
ea

n 
Li

fe
 L

en
gt

h 
(B

on
de

d)

Figure 9.8 Mean Life Length values for bonded agents (top) and unbonded agents (bottom)
across all world conditions. Error bars denote standard error of the mean (SEM) for each group.
FB: Fixed Bonds (Experiment 2, Chapter 7). VB: Variable Bonds (Experiment 3, Chapter 7).
VB+ Variable Bonds with Stress Tolerance adaptation (Chapter 8. VB++: As VB+, with the
adaptation of energy expenditure (current chapter). Error bars show standard error of the mean
(SEM) for each group.

5%–11% in Extreme world conditions, compared to VB+ groups. All results were statistically-significant (p

< 0.05) compared to the VB groups, but only significant differences in Extreme world conditions and one

experiment in the Static environment vs. VB+ groups.

We observed small improvements in the Physiological Wellbeing of bonded agents vs. VB+ group (Table

9.4). Much like Average Comfort trends, these differences became larger over increasing world challenges:

agents in Static world conditions saw small changes of −1%–2% vs. VB+ groups; 1%–5% in Seasonal condi-

tions, and 3%–6% in Extreme world conditions (Table 9.4). All results were statistically-significant improve-

ments vs. VB groups (p < 0.05), but did not reach uniform significance vs. VB+ groups (p = 0.03–0.29).

In terms of unbonded agents, we saw improved Life Lengths for those agents vs. VB and VB++ groups.

Unbonded agents in Bond Condition A experienced Life Lengths between 51±3%–64±3%; 54±5%–62±4%

in Bond Condition B and 53±4%–63±5% in Bond Condition C. Differences vs. VB groups were statistically-

significant across all conditions (p = 0.01–0.035). Comparisons with VB+ groups were non-significant, with

p values between 0.03–0.34, and Bond Condition A in Static world conditions resulting in p = 0.74 (Figure

9.8, bottom row, left-most result) .

Average Comfort levels for unbonded agents saw small improvements, with two conditions (Bond Condi-
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Bond

Condition

World

Condition

Comfort

(Bonded)

vs.

VB

vs.

VB+

Comfort

(Unbonded)

vs.

VB

vs.

VB+

A Static 0.86 19% 1% 0.83 19% 1%

B Static 0.86 19% 0% 0.82 17% -1%

C Static 0.84 17% 6%* 0.80 14% -1%

A Seasonal 0.85 29% 2% 0.77 22% 4%

B Seasonal 0.84 27% 1% 0.75 19% 4%

C Seasonal 0.84 27% 4%* 0.80 27% 1%

A Extreme 0.82 32% 11%* 0.73 18% 6%*

B Extreme 0.81 31% 5%* 0.74 19% 1%

C Extreme 0.77 24% 10%* 0.73 18% 7%*

Table 9.3 Table describing the Average Comfort results, broken down by bonded and unbonded
agents, across all world conditions. Results are compared to these same conditions in the VB group
(Chapter 7, Table 7.6) and VB+ group (Chapter 8, Table 8.2). Grey cells highlight differences to
VB+ groups. * denotes statistical significance (p < 0.05.).

tion B and C, in Static world conditions), which experienced a small (non-significant) detriment to Average

Comfort (Table 9.3, right column). Much like the results for bonded agents, these changes were non-

significant across most conditions, but did achieve significance (p < 0.05) in two out of the three bond

combinations (A and C) in Extreme world conditions. It is worth noting that changes in Seasonal conditions

for Bond Condition A (p = 0.055) and B (p=0.063) were close to reaching significance.

Physiological Wellbeing for unbonded agents followed similar trends to bonded agents across the Static

(−2%–1%) and Seasonal (4%–6%) world conditions, with larger changes in the Extreme conditions (11%–

16%). We note mixed results from the statistical-significance testing compared to the VB+ group, with

significant changes only being observed across all bond conditions in the Extreme environment, and Bond

Condition A in the Seasonal environment.

In summary, viability of agents—both bonded and unbonded—saw small improvements across all bond

and world conditions vs. previous groups. These improvements were most notable in the two dynamic

environments of limited food availability (Seasonal and Extreme). While these were significant improvements

compared to the VB group (Chapter 7), statistical results were mixed when compared to the VB+ group

(Chapter 8). Though the magnitude of changes may appear to be small in these environments, this often

resulted in agents surviving through an additional “phase” of food availability and may have been limited by

the challenge of the environment. We discuss this more in Section 9.6.
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Bond

Condition

World

Condition

Physiological

Wellbeing

(Bonded)

vs.

VB

vs.

VB+

Physiological

Wellbeing

(Unbonded)

vs.

VB

vs.

VB+

A Static 0.9 11% 1% 0.84 10% 1%

B Static 0.96 13% -1% 0.92 22% -1%

C Static 0.89 20% 2% 0.96 -1% -2%

A Seasonal 0.75 42% 4% 0.70 70% 6%*

B Seasonal 0.78 76% 1% 0.72 49% 4%

C Seasonal 0.77 96% 5%* 0.73 19% 5%*

A Extreme 0.76 28% 6%* 0.73 68% 11%*

B Extreme 0.85 66% 3% 0.83 52% 11%*

C Extreme 0.75 64% 3% 0.85 20% 16%*

Table 9.4 Table describing the Physiological Wellbeing results, broken down by bonded and un-
bonded agents, across all world conditions. Results are compared to these same conditions in the
VB group (Chapter 7, Table 7.9) and VB+ group (Chapter 8, Table 8.2). Grey cells highlight
differences to VB+ groups. * denotes statistical significance (p < 0.05).

9.5.2 Hormonal Levels

Across all conditions, we found lower mean cortisol levels for both bonded and unbonded agents vs. VB

groups, with comparative levels to the VB+ group (Figure 9.9). Changes in cortisol levels were statistically-

significant vs. VB groups (p < 0.05 for all conditions) except for two conditions: bonded agents in Bond

Condition B, Extreme conditions; and unbonded agents in Bond Condition C, Extreme conditions. Results

were non-significant across the majority of comparisons with the VB+ group. We note any statistically-

significant results with an asterisk in Figure 9.9. Overall, societies experienced comparable to slightly lower

overall stress vs. previous experiments, and this reduced stress was primarily seen in agents with affective

social bonds.

Along with reduced stress levels, we found increased oxytocin levels for bonded agents across all-but-one

condition (Bond Condition B, in the Seasonal environment), vs. VB+ groups from Chapter 8 (Table 9.5).

Bond Condition A saw 6%–40% increases in oxytocin, with smaller changes (−1%–7%) seen in Bond

Condition B and Bond Condition C (2%–14%). Although the magnitude of change in oxytocin levels was

smaller than the change between VB and VB+ groups (Table 8.10), these were nevertheless statistically-

significant differences in most conditions (marked with an asterisk in Table 9.5). For all bond conditions,

the largest increases in oxytocin levels were seen in Seasonal world conditions: +40% for Bond Condition

A, +6% for Bond Condition B, and +14% for Bond Condition C.

We reported a moderate-to-strong correlation between mean oxytocin values for bonded agents and Life
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Figure 9.9 Comparison of the mean cortisol levels for bonded and unbonded agents across all
bond types, aggregated across all simulation runs. FB: Fixed Bonds (Experiment 2, Chapter
7. VB: Variable Bonds group (Experiment 3, Chapter 7). VB+ Variable Bonds with tolerance
adaptation (Chapter 8). VB++: As VB+, As VB+, and the adaptation of energy metabolism
(current chapter). Cortisol levels exist in the range 0 to 1 and are only recorded while agents are
still alive (Energy > 0).

Length for bonded agents across all experimental conditions. These correlations were stronger as the world

challenge increased (from Static (r2 = 0.49–0.56), Seasonal (r2 = 0.70–0.84) and Extreme (r2 = 0.87–0.89)).

We report the results of our statistical test in Appendix H.

In sum, the mean stress (cortisol) level were comparable to VB+ groups (with some decreases observed in

the VB++ group) though they were not statistically-significant. However, we found statistically-significant

increases in mean oxytocin levels for bonded agents (Table 9.5), compared to both VB and VB++ groups.

9.5.3 Social Interactions

For all bond conditions, we observed higher rates of Intra-Bond Grooming compared to VB+ groups (Table

9.6). For Bond Condition A, Intra-Bond Grooming saw increases of 4%–12%; Bond Condition B reported a

7%–9% increase, and Bond Condition C saw a 6%–13% increase.

Intra-Bond Aggression rates were also lower across all bond combinations and world environments, apart

from one (Bond Condition A, Seasonal world condition, +4%). Absolute numbers of Aggression (Table 9.6)
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Bond Condition World Condition VB VB+ VB++ ∆

A

Static 0.49 0.64 0.68 +6%

Seasonal 0.37 0.40 0.56 +40%

Extreme 0.31 0.55 0.60 +9%

B

Static 0.51 0.74 0.79 +7%

Seasonal 0.44 0.69 0.68 -1%

Extreme 0.45 0.67 0.71 +6%

C

Static 0.47 0.74 0.78 +5%

Seasonal 0.46 0.65 0.74 +14%

Extreme 0.42 0.65 0.66 +2%

Table 9.5 Mean oxytocin levels for bonded agents across all conditions, aggregated across all sim-
ulation runs. VB: Variable Bond groups with no adaptation of the Stress Threshold (Experiment
3, Chapter 7). VB+: Variable Bond groups with adaptation of Stress Threshold (Chapter 8).
VB++: As VB+, and the adaptation of energy metabolism (current chapter). ∆ = percentage
difference between VB++ and VB+ oxytocin levels. Red values indicates a negative ∆. Green
values indicate positive ∆.

Bond

Condition

World

Condition

Intra-Bond

Grooming

%

vs.

VB+

Intra-Bond

Grooming

#

Intra-Bond

Aggression

%

vs.

VB+

Intra-Bond

Aggression

#

A Static 71% 4% 733 17% -32% 10

A Seasonal 68% 7% 508 28% 4% 11

A Extreme 73% 12% 452 22% -4% 8

B Static 58% 7% 1,478 72% -5% 31

B Seasonal 49% 9% 792 50% -4% 24

B Extreme 51% 9% 988 65% -11% 27

C Static 26% 13% 1,226 100% 0% 23

C Seasonal 30% 7% 638 100% 0% 23

C Extreme 37% 6% 554 100% 0% 29

Table 9.6 Table showing the total amount of Intra-Bond Grooming and Aggression across each of
the Bond Conditions and World Conditions in this investigation. Intra-Bond Grooming/Aggression
values describes what percentage of total grooming/aggression performed by bonded agents was
performed towards their affective bond partners. Notable differences to results of VB+ groups
(Chapter 8, Table 8.3) are highlighted in grey.
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Figure 9.10 Total amount of intra-bond Aggression (y-axis) (Aggression performed between the
three bonded agents) during each phase of food availability (x-axis), aggregated across all simu-
lation runs. Bond Condition A: A1-A2-A6 bonded. Bond Condition B: A3-A4-A5 bonded. Bond
Condition C: A4-A5-A6 bonded. Further data can be found in Table 9.6.

were also lower compared to the VB+ groups, with 186 total Intra-Bond Aggression encounters recorded for

VB++ groups and 296 recorded for VB+ groups (Table 8.3).

In sum, the results from bonded agents saw a shift in the types of social behaviours being performed:

skewing towards higher rates of socio-positive Grooming between bonded agents, with less Aggression (socio-

negative) behaviours between these agents vs. previous groups.

Figure 9.10 shows the trended Aggression interactions between bonded agents across each of the different

phases (Table 9.1). Much like the results from the VB+ condition (Figure 8.8), mean amounts of intra-bond

Aggression remained similar between all world conditions, despite the increases in relative physical challenge

(from Static, Seasonal and Extreme world conditions respectively).

Despite these changes in Aggression during each of the phases, we reiterate that the absolute number of

Aggression encounters between bonded agents was significantly lower in this investigation (186) compared

to previous groups (FB: 594, VB: 810, VB+: 296).

9.5.4 Stress Threshold Trends

Figure 9.11 shows the mean trended values of the internal Stress Threshold for bonded agents across all

conditions. As a reminder, Table 9.1 describes the different amount of food availability during each of the

phases in each of the world conditions.
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Figure 9.11 Mean trends of internal Stress Thresholds for bonded agents. Results are aggregated
across all experimental runs and for the three bonded agents in each condition (Bond Condition
A: A1-A2-A6. Bond Condition B: A3-A4-A5. Bond Condition C: A4-A5-A6. Though simulations
were run for 15,000 time steps, results after 12,000 were not significant and not included. Table
9.1 describes the food availability during each of the food phases.

In Static world conditions, agents in Bond Conditions B and C adapted and maintained their Stress

Threshold to similar values (0.65) throughout all experimental runs. Like the results from Chapter 8 (Figure

8.4.4), agents in Bond Condition A adapted their Stress Threshold value to a slightly lower value (0.55)

compared to the other two bonded conditions. For all bond combinations, these values were significantly

higher compared to VB+ groups: +32% (p < 0.01) for agents in Bond Condition A, +16% (p < 0.01) for

Bond Condition B, and +21% (p < 0.01) in Bond Condition C.

In Seasonal world conditions, we found similar values for both Bond Conditions B and C throughout all

experiments (0.58 and 0.62 respectively), with a lower adapted threshold for Bond Condition A (0.52). Bond

Condition A maintained a similar Stress Threshold value (0.61) compared to the other two groups in earlier

phases (until Time Step = 5K). However, after Phase 4 (4000-5000 time steps)—where one food resource

is available—the mean Stress Threshold for this group reduced to 0.43. This change in Stress Threshold

adaptation was not observed for the other two bond groups, suggesting that this group adapted differently

compared to other bond groups. These values were significant changes compared to the VB+ group: +11%
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Bond Condition World Condition A1 A2 A3 A4 A5 A6

Mean

of

Bonded

Agents

A Static 0.61 0.54 0.50 0.50 0.50 0.52 0.55

B Static 0.50 0.50 0.67 0.66 0.64 0.50 0.65

C Static 0.50 0.50 0.50 0.64 0.67 0.68 0.65

A Seasonal 0.70 0.55 0.50 0.50 0.50 0.48 0.52

B Seasonal 0.50 0.50 0.60 0.58 0.56 0.50 0.57

C Seasonal 0.50 0.50 0.50 0.60 0.59 0.63 0.61

A Extreme 0.72 0.57 0.50 0.50 0.50 0.52 0.57

B Extreme 0.50 0.50 0.63 0.59 0.61 0.50 0.60

C Extreme 0.50 0.50 0.50 0.58 0.57 0.60 0.59

Table 9.7 Mean values of the Stress Threshold for each agent, aggregated across all simulation
runs. When agents were not bonded, their default Stress Threshold was 0.5. Grey cells indicate
agents that shared an affective bond in those conditions.

(p < 0.01) for Bond Condition A, +41% (p < 0.01) for Bond Condition B, and +51% (p < 0.01) for Bond

Condition C.

In Extreme world conditions, Stress Threshold trends were similar for all bond conditions, with Bond

Condition A, B and C reporting mean values of 0.56 (+57% vs. VB), 0.60 (+46%), and 0.59 (+44%)

respectively. In line with the other two world conditions, these were statistically-significant changes (p <

0.01 for all effects) compared to the VB+ group.

Table 9.7 shows the mean Stress Threshold values for individual agents across all conditions. With one

exception (Bond Condition A, Seasonal world condition, agent A6), bonded agents across all conditions

adapted their Stress Threshold values to above the default value (of 0.50). Particularly in Bond Condition

A, we saw how, unlike in the VB+ group (Table 8.6), the higher-ranked A1 and A2 adapted their Stress

Thresholds to higher values than their bonded A6. We note how accounting for an additional effect of social

support on physiological adaptation (the adaptation of energy metabolism) resulted in a different type of

adaptation of this value for these higher-ranking agents: adapting to a higher tolerance to stress compared

to the previous investigation (Table 8.6).

Overall, compared to the previous investigation, we find that agents adapted their Stress Threshold values

to significantly higher values—resulting in an increased tolerance to stress—which may have contributed to
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some improvements in agent performance seen in our investigation. We posit that this higher rate of stress

tolerance was facilitated, in part, by an overall improvement in oxytocin levels.

9.6 Discussion

Overall, we observed small improvements across all three viability-related metrics in groups who adapted

their energy metabolism (VB++, present chapter), when compared to groups who were not endowed with

this adaptation (VB+, Chapter 8). Despite these consistent increases, the results from our statistical tests

reported a range of both significant and non-significant results. Non-significant differences were seen largely

in the Static world environments, whereas statistically-significant differences were seen across our most

challenging dynamic environment related to food availability (Extreme). Some significant results were also

found in the second-most challenging environment (Seasonal world conditions).

We therefore found some contextual support for our hypothesis—that affect-based adaptation of energy

metabolism would promote the viability of bonded agents—across dynamic, challenging conditions. Here,

we posit that these adaptive mechanisms were not necessary to further promote viability in comparatively

“easier” environments (Static), but did provide adaptive advantages in more challenging environments (Sea-

sonal, Extreme). We propose that performing additional simulation runs could strengthen the statistical

confidence across these conditions.

Though the magnitude of change in viability indicators (in particular, Life Length) was smaller compared

to the VB+ groups (Figure 9.8), these differences nevertheless had practical implications within our world

conditions. Across several conditions, small improvements in Life Length resulted in agents surviving through

an additional “phase” of food availability in challenging, dynamic environments (Table 9.1). We discuss this

in more detail below.

Despite the fact that our model did not make any direct changes to hormonal secretion or affective bond

strength, we find significant increases to both oxytocin levels and aggregated bond strength between bonded

agents as a result of the adaptation of energy metabolism that we had included in our model. We posit

that these emergent effects relate to the positive feed-forward mechanisms of oxytocin on the maintenance

of affect-based relationships and affective states, also proposed by [159], [175], [275], and suggest that our

findings can be used to support this hypothesised phenomena in biological systems.

From a qualitative perspective, we see the emergence of behaviour akin to the “social thermoregulation”

hypothesis of social support’s effects on physiological adaptation. Social thermoregulation describes how

body temperature, and in turn the energetic cost associated with maintaining homeostasis, can be regulated
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through close proximity with social partners. Although we do not claim that this was alone in driving

increases in performance, we highlight the emergence of this behaviour and consider its plausibility as a

mechanism for how affect-based social support has physiological benefits in biological agents. We discuss

this more in detail below.

In addition, we observed behaviours mirroring “stress-eating” for “stressed” agents without social bonds

in our model. After performing post-hoc analysis, we found quantitative support for our observations and

highlighted this as an area for further investigation. These observations mirror those from the natural

world, describing how social support can also provide advantages to the management of homeostasis through

indirect health benefits driven by behavioural adaptation. We discuss this further below.

9.6.1 Small Viability Improvements Results in Additional Phase Survival

As we had reported (Section 9.5), we saw viability improvements across all groups with adaptation of energy

metabolism (VB++ groups) compared to previous groups (VB+), though these results did not achieve

significance to the extent that previous investigations did. Despite these mixed statistical results for viability

performance (specifically, for Life Length) compared to previous groups (Figure 9.8), we take into account

the practical implications of these improvements in our current world conditions.

Each phase of food availability seen in Table 9.1 corresponds to approximately 7% of the total simulation

run time. Therefore, a 7% improvement in Life Length corresponds to agents surviving through an additional

phase of food availability, in each of the (Seasonal and Extreme) world conditions.

For instance, in Bond Condition B, in the Seasonal world condition, we see a statistically-significant

improvement vs. previous groups for Bond Condition B (VB+: 55±4%, VB++: 65±4%) and Bond Condition

C (VB+: 56±3%, VB++: 60±2%). These results corresponded to bonded agents surviving through an

extra phase of challenging food availability. A similar performance was seen in Extreme conditions for Bond

Condition B (VB+: 56±5%, VB++: 64±3%).

In terms of survival in these environments, these results were the difference between agents either suc-

cumbing to, or surviving through, a period of poor food availability (phase 8 in Extreme world conditions,

Table 9.1).

Overall, despite the fact that these effect sizes were small compared to previous experiments, the implica-

tions of this increase in the world conditions that we had investigated were still a notable result. We propose

that these small effect sizes may be due to the relative challenges of our current world conditions. To further

investigate the long-term adaptive effects of these mechanisms and to correct for any limitations presented by
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Figure 9.12 Illustration of the underlying mechanisms resulting in the anticipatory adaptation of
physiology. The dotted blue line indicates the change made in this current model. Green arrow
indicate a positive (modulatory) effect in that direction. Dotted black lines indicate a reduced
likelihood of that physiological/behavioural loop. (A) High levels of oxytocin buffers stress tol-
erance (the StressThreshold). (B) Energy cost is adapted as a function of current cortisol levels
and StressThreshold value. (C) Reduced energetic cost reduces the rate of Energy loss, which (D)
reduces the rate of cortisol release. This then further adapts energetic cost (B). (E) Increased tol-
erance to stress reduces the likelihood of agents being stressed, and prioritises Grooming with bond
partners (F). (G) Grooming releases further OT, which further buffers the StressThreshold (A) and
further strengthens bond strength with social bond partners (H). This interplay of physiological
and behavioural adaptation results in an affect-based feedback loop (A→E→G→H→F→D.)

the current environmental conditions, we suggest that future experiments should consider testing this model

across a number of different world conditions related to resource availability to correct for any potential

“overfitting” of our model to our existing world conditions.

9.6.2 Anticipatory Adaptation via the Emergence of an Affect-Based Positive

Feed-Forward Loop

Despite the fact that we had made no direct changes to oxytocin’s function in our model, we find how

oxytocin levels for bonded agents saw a significant increase in this investigation compared to previous groups

(Table 9.5). Bonded agents also saw increased rates of intra-bond Grooming (Table 9.6) and tolerances to

stress (Figure 9.11). We also found reductions in intra-bond Aggression rates (Table 9.6), allowing bond

strength and efficacy of social support on stress-reduction to remain strong.

Even in our model—with its incremental approach towards modelling hormonal mechanisms—there ap-

pears to be a significant interplay between oxytocin levels, the strength and stress-reducing effects of affect-

based social support, the types of social interactions, and the amount (and behavioural and physiological
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consequences) of stress experienced by agents: all of which impact the resultant social dynamics and inter-

actions.

In line with our previous investigations (Chapters 7 and 8), we find how changing just one of these

mechanisms (in this case, the adaptation of EnergeticCost) had a significant downstream effect on future

behaviours and hormonal balance. We briefly describe the interplay of these hormonal mechanisms and

behaviours below. Figure 9.12 shows the interplay between these hormones and social interactions in our

model. We justify this description with our observed quantitative results from this investigation.

The adaptation of energy metabolism (EnergeticCost)—as a function of the Stress Threshold and cortisol

levels—reduces the rate at which the Energy is depleted. This regulation of the amount of the Energy deficit

reduces cortisol release. This then reduces the likelihood of Aggression, promoting Grooming and further

increasing oxytocin and bond partner preference (via the Social Assessment Component, Equation 5.7).

The combined reduction in stress and (initially-)high oxytocin levels results in the emergence of an affect-

based positive feedback loop between oxytocin, stress regulation and social interactions: promoting prosocial

behaviours, reducing stress levels and maintaining strong bonds between bond partners prior to the world

conditions becoming challenging.

We propose that, in line with the literature from neuroscience and biology [159], [175], [275], this posi-

tive feedback loop of hormonal mechanisms may underpin the emergence of affect-based relationships and

behaviours via a positive feed-forward mechanism on future behaviours. Unlike the observations from some

biological literature [159], [175], [276], our model saw these positive feed-forward loops emerge without any

mechanisms related to reward-based systems. We suggest that these results may challenge existing hypothe-

ses towards the underlying mechanisms of the maintenance and formation of affect-based relationships, and

that these results can be used as motivation to investigate such mechanisms in biological systems further.

We propose that future work on models of social adaptation should take such mechanisms and effects

into consideration, by also accounting for the potential downstream effects on incremental changes to their

model in their analysis and observations. Such an approach may provide additional value to using artificial

life models as a tool to understand these mechanisms in biological agents.

9.6.3 Affect-Based Regulation of Energy Metabolism Results in Emergence of

Social Thermoregulation

In our model, the presence and interaction with bonded agents provided a stress-reducing response: lowering

cortisol levels (Equation 7.2) and adapting energy metabolism via agent movement speed (Equation 9.1).
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This regulation of energetic cost and speed resulted in periods where bond partners formed small “clusters”

as they moved through the environment. These clusters emerged as agents perceived bond partners and,

through a reduction in cortisol levels, would reduce their movement speed. This in turn resulted in a

reduction in the rate at which Energy was depleted (Equation 9.3), providing an adaptive role on Energy

regulation.

We consider that the emergence of these small clusters, which facilitated a reduction in energy expenditure

through reduced speed and lower rates of EnergeticCost, can be considered as an adaptive behaviour akin

to “social thermoregulation” in biological agents. We highlight some similarities between this hypothesised

effect of social support and the behaviours emerging from our model.

The theory of social thermoregulation describes how social animals cooperate to preserve body heat,

either through tactile contact [277] or non-tactile huddling between social partners [278]. This reduction

in temperature then has downstream physiological benefits, particularly on energetic costs (as regulating

temperature is metabolically-costly [277], [279] and a reduction in physiological stress [278]. Therefore,

social thermoregulation has been considered to be a key social behaviour that directly links sociability to

survival benefits [277], [278] as a cost-effective mechanism to regulate homeostasis.

Though we do not explicitly model the regulation of internal temperature to completely satisfy the

definition of thermoregulation, our model does accounts for its underlying effects on energetic cost and

metabolism (the EnergeticCost in our model) and the underlying principle of homeostatic regulation. The

huddling behaviour described above resulted in reduced energetic cost (metabolism) for some agents in that

group. This had the adaptive benefit of reducing their (critical) homeostatic drive for food intake.

Additionally, being in close proximity with other bonded agents as a result of this behaviour allowed

agents more opportunities to perform Grooming with bond partners. This behaviour may be one reason as

to why our results found increased rates of intra-bond Grooming compared to previous groups (Table 9.6).

Figure 9.13 shows screenshots of one way in how this huddling behaviour emerged, along with our theoretical

mechanisms for how this behaviour affected internal physiology.

Similar suggestions have been made by [277], who posits a potential relationship between the proximity

required for social thermoregulation, and the emergence of higher-order cognitive functions—including af-

fective regulation—which may have a causative link between physiological adaptation and the formation of

affect-based relationships [280].

Taken together, our findings suggest that this socially-affective regulation of energetic cost—through

an “economy of energy expenditure and action” [281]—may provide insight into a biologically-plausible
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Figure 9.13 Top: An example of how “clusters” form between bonded agents. A&B: Bond
partners agents A6 and A2 perceive A1 (bond partner) and begin to follow it, reducing cortisol
levels and reducing energetic expenditure (speed) (Equation 9.1) and cost (Equation 9.3). As a
result, proximity between bond partners is reduced. C: Bond partners continue to follow each other,
resulting in a “cluster” moving together, further reducing cortisol in A1 and A6 and adapting the
EnergeticCost. Bottom: An illustration of the theoretical interplay of mechanisms that underpin
this adaptation. The presence of a bond partner reduces cortisol (CT) levels. Reduced levels of CT
reduces agent speed, which then reduces its EnergeticCost. A lower EnergeticCost then reduces
the rate at which Energy depletes, reducing its Energy deficit. The smaller physiological deficit
then further reduces the release rate of cortisol (Equation 7.2), which then further reduces agent
speed and EnergeticCost, resulting in ongoing adaptation of Energy depletion.

mechanism through which affect-based social support can have a direct physiological effect on homeostatic

regulation in biological individuals. For both biological and artificial agents, using such a low-cost mechanism

to adapt energy metabolism or to maintain homeostatic balance may allow energy or attention to be directed

towards other life-critical actions.

In terms of a model of social allostasis, this (socially-)affective regulation of homeostatic variables may be

an important adaptive mechanism that can provide significant improvement for future models, and therefore

warrants further investigation.

However, we do not claim that this behaviour was solely responsible for driving performance of our

model. We highlight that significant additional work needs to be undertaken in order to understand such
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physiological adaptation further. For instance, future work with our model may look to identify the specific

temporal dynamics of these behaviours and its subsequent effects during periods of poor food availability (i.e.

whether social thermoregulation is observed more during periods of poor food availability, and its impact on

subsequent viability). Additionally, analysing positional or proximal data for agents may further investigate

the frequency and precise benefits of this social thermoregulation behaviour).

Our findings may also be limited by the size of our bonded agent groups (which is currently three agents)

which may limit the potential emergence of this behaviour in our current model. Future work should consider

using larger groups of socially-bonded agents to evaluate whether this behaviour is still observed in larger

bonded groups.

9.6.4 Higher-Ranking Bond Partners “Shield” Subordinates from Aggression

The proximity caused by the social thermoregulation behaviours described in the previous section had an

additional adaptive benefit for bonded agents. We observed a number of cases (in Bond Condition A, A1-

A2-A6 bonded) where higher-ranked agents (A1 and A2) provided a type of “shield” around the weaker A6

(Figure 9.14) from potential aggressors.

In situations where stressed, unbonded agents in the society could displace their stress by performing

Aggression on the subordinate agent (A6), the presence of higher-ranking agents (A1 or A2) would “scare”

those agents away (Figure 9.14). As a result of not receiving aggression, cortisol levels were not elevated

for the subordinate A6, allowing their energetic cost and expenditure to remain low, which we propose may

have impacted the viability of both the subordinate and the potential-aggressor. Specifically, as a result of

not being able to displace stress, the EnergeticCost of unbonded, stressed agents would remain elevated,

causing their Energy to deplete at a faster rate. For subordinate agents who did not receive Aggression,

cortisol levels remained lower, resulting in lower rates of EnergeticCost and thus slower depletion of Energy.

Though our observations focused on how such interactions affected the viability and behaviours of bonded

agents, we also recognise that these interactions may also have had wider impacts on unbonded agents. Future

work may look to investigate these wider effects further. Considering our findings from previous chapters

(Chapter 7 and 8), where we saw broader implications on the wider society emerging from intra-bond

interactions, we predict that there may be a relationship between the frequency of (Aggression) performed

(as a stress-coping mechanism) and the viability for unbonded agents.
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Figure 9.14 Screenshots of the “shield” against external Aggression provided by higher-ranking
agents. Agents are facing the direction of the black line. Green agents are not stressed. Red agents
are stressed. A: (Left) Agent A3 is stressed and looks to perform Aggression on A6. (Right) As
Aggression is performed, cortisol in A3 is reduced and is increased in A6, resulting in it becoming
stressed. B: (Left) A5 is stressed and looks to perform Aggression on A6. (Right) A5 perceives
the higher-ranking A1 and avoids both A1 and A6 as a result.

9.6.5 Emergence of “Stress Eating” Even in Absence of Reward-Based Mecha-

nisms

During our observations of a number of experimental runs, we had anecdotally observed that agents without

social bond partners (unbonded agents) spent more time consuming food resources than those agents with

social bonds. In absence of the stress-reducing effects provided by (the presence of) social bond partners,

unbonded agents would rely on consummatory behaviours (in this case, Eat) to reduce their cortisol levels

by reducing the physiological stress associated with internal physiological deficits (Equation 7.2).

We proposed that these behaviours—where unbonded agents were seen to eat more food than unbonded

agents—may have some relevance to stress-induced eating behaviours (“stress eating”) seen in biological

animals. We find that these behaviours emerge even in absence of the reward-based mechanisms which have

been hypothesised to play a role in biological animals [282].

To validate our initial anecdotal observations, we performed a preliminary post-hoc analysis using our
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Figure 9.15 Top: Results of the correlation analysis between mean food consumption (x-axis)
and mean cortisol levels for unbonded (top) and bonded (bottom) agents. Bottom: Results of
the correlation analysis between mean food consumption (x-axis) and mean oxytocin levels for the
three bonded agents. Lines denote trends for each of the respective bond combinations. Results
from these statistical tests can be seen in Table 9.8.

data set to investigate three additional metrics: the mean amount of food consumed by each agent, the

correlations between oxytocin levels and mean food consumption, and the correlations between cortisol

levels (for both bonded and unbonded agents) and mean food consumption.

In line with our qualitative observations, we found that unbonded agents, on average, consumed larger
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Figure 9.16 Total “units” of food consumed by bonded (green bars) and unbonded (grey bars)
agents across each world condition, aggregated across all simulation runs.

amounts of food across all experimental conditions (Figure 9.16, grey bars), than bonded agents (Figure

9.16, green bars). Despite Energy being a critical internal variable and where food intake has been directly

correlated with survival in our previous chapters, bonded agents remained comparatively (and, in most cases,

more) viable compared to unbonded agents despite consuming less food overall.

Additionally, we found strong correlations between the mean cortisol levels of unbonded agents and

their mean food consumption, suggesting a potential relationship between these two variables (Figure 9.15,

top). This correlation became stronger as the relative world challenge increased (from Static, Seasonal and

Extreme). Conversely, these correlations were weaker for agents with affective social bonds, suggesting no

direct relationship between mean stress (cortisol) levels and the amount of food consumed (Figure 9.15,

bottom left).

For bonded agents, we observed a moderately-strong correlation between mean oxytocin levels and the

amount of food consumed (Figure 9.15, bottom) in the Seasonal and Extreme world conditions, with weak

correlations observed in the Static world condition. In other words, the higher the amount of oxytocin for

bonded agents in these challenging worlds, the less food they consumed on average across all experimental

runs. Results from our statistical tests are seen in Table 9.8.

This relationship between increased oxytocin and reduced food intake (including reward-driven food

intake) has also been seen in real-world animals (including humans) [268], [283]–[285]
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World Condition Bond Condition r2 p

Static A 0.004 0.86

Static B 0.005 0.53

Static C 0.005 0.84

Seasonal A 0.629 0.01*

Seasonal B 0.662 0.03*

Seasonal C 0.525 0.01*

Extreme A 0.603 0.04*

Extreme B 0.769 0.01*

Extreme C 0.334 0.12

Table 9.8 Results of the statistical tests for correlations between mean oxytocin levels for bonded
agents and mean food consumed. Results are calculated using the mean values of all three agents
in each bond condition.

In sum, higher levels of cortisol levels were associated with increased food intake for unbonded agents, and

higher levels of oxytocin for bonded agents was found to be associated with lower food intake. Though the

causal relationship between these variables warrants further investigation, these initial findings still mirror

those seen in biological literature. For instance, cortisol (including exogenous treatment), and exposure to

high levels of stressors, have been highly correlated with an increased intake of food [282], [286]–[288]. This

behaviour has also been considered to emerge through a ”lack of cognitive control” of these consummatory

behaviours [289].

From the findings of the current literature [268], [284], [285], [289] and our own results, we suggest that the

presence (or absence) of social support—with its positive feed-forward effects on oxytocin—may play a role

in regulating the physiological processes that precede stress-eating behaviours. In our model, we find that

behaviours akin to stress eating emerged even in absence of any of the reward-based mechanisms that has

been implicated in such behaviours in biological animals [282]. We therefore suggest that the mechanisms in

our model may provide an alternative explanation into some of the underlying mechanisms in stress-induced

eating behaviours.

However, the relationship between increased oxytocin and cortisol levels, and the specific effects on food

consumption is unclear from our current results. Furthermore, our model does not currently account for

“overconsumption” of resources associated with the “stress-eating” behaviour [282]. As this did not form

part of the initial hypothesis, we limit this preliminary analysis and retain this avenue of investigation for

potential future work. Nevertheless, we highlight these early findings may mirror studies from ethology and
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neuroscience that considers the relationship between (the lack of) social support and (over)consumption of

food [290]–[292].

9.7 Summary

Continuing our investigation into the “social buffering” effects of social support, we have proposed and

investigated a potential mechanism through which social support can play an adaptive role on physiological

health and facilitate long-term survival in socially-supported individuals.

By accounting for the previously-investigated relationship between oxytocin and social support (Chapters

6 to 9), individual “personality” associated with stress tolerance (an abstraction of the autonomic nervous

system, Chapters 5 and 8), and observed effects from biological systems, we consider that the presence of

social support, via oxytocin’s “buffering” effects on the stress system, can provide a further adaptive effect

on one type of physiological cost (energy metabolism) associated with elevated stress levels.

Based on our observations from previous chapters and findings from biological systems, we hypothesised

that this mechanism of physiological adaptation would provide survival-related benefits to socially-bonded

individuals. We considered this potential pathway as a type of “affect-based regulation” of a physiological

process.

We accounted for this hypothesised pathway in our agent model and conducted our experiments using

an identical set up to the experiments in (Chapters 7 and 8): testing our hypothesis in the same society of

six agents across three different bond partner combinations related to social rank. We studied these different

bond combinations across three different environmental conditions of varying challenge related to food re-

source availability. Through our approach of a simulated model, we aimed to address several methodological

challenges from real-world studies that have previously attempted to investigate the relationship between

(affect-based) social support and its effects on physiological health markers.

Our results showed that this proposed mechanism of physiological adaptation (the adaptation of energy

metabolism) through social support’s buffering of the stress system provided significant advantages in terms

of viability-related performance for agents with social bonds—particularly in challenging, dynamic world

environments—when compared to groups where this adaptative mechanism was not present. We also ob-

served increased rates of socio-positive behaviours between bonded agents when this adaptive mechanism was

accounted for. Our results suggest that such a mechanism may have biological plausibility into explaining

one potential pathway linking the effects of affect-based social support and positive health outcomes.

Mirroring suggestions from biology and neuroscience, we highlight the emergence of an affect-based
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feed-forward loop between social support, the secretion of hormones and the adaptation of physiological

processes when additional stress-reducing mechanisms are accounted for in our model. These feed-forward

affective loops result in “anticipatory” behavioural and physiological adaptation: adapting behaviours and

physiology prior to homeostasis being threatened. This anticipatory adaptation of homeostatic processes

and behaviours—underpinned by affect-based social relationships—can be contextualised as a mechanism of

social allostasis.

Our observations also saw the emergence of behaviours akin to social thermoregulation—a cost-effective

behaviour to socially regulate homeostasis—between socially-bonded agents in some conditions. We propose

that the emergence of this behaviour may shed some light into how social support provides physiological

health benefits for individuals with social bonds, as a cost-effective mechanism to regulate energetic or

physiological costs—and propose that this is an avenue for further investigation in both natural and artificial

systems. Though this initial work appears to provide some adaptive benefits, further work should look

to investigate these behaviours and mechanisms further as a potentially low-cost mechanism of adaptation

for embodied social agents. We suggest that this low-cost adaptation of one physiological process through

social relationships may free up attentional, computational or “physiological” resource to prioritise other

viability-related goals in autonomous agents. We highlight this as an avenue for future investigations.

Our qualitative analysis found the emergence of behaviours akin to “stress-eating” by unbonded agents,

and we performed preliminary post-hoc analysis to further investigate this. We found that these behaviours

emerged even in absence of other (reward-based) mechanisms or systems that have been implicated in

biological systems. We therefore proposed that the mechanisms that have been investigated in our model

may provide an alternative explanation into some of the mechanisms linking (a lack of) social support and

stress-induced eating in biological agents. From our results, we hypothesise that affect-based social support

may have a downstream effect on the reduction of stress-eating, via oxytocin’s buffering effects on the stress

system and energy metabolism. However, significant future work is necessary to further investigate this, and

we retain this avenue of research for further analysis and research.

Finally, the embodied model of adaptation—underpinned by affect-based social relationships and mech-

anisms of social allostasis—that we have developed and systematically investigated has demonstrated sig-

nificant performance advantages with respect to viability across several dynamic environmental and social

conditions, at both an individual and group level. We have presented our final agent model in this investi-

gation, and propose that future models of social adaptation build on the framework that we have presented.
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Chapter Ten

Conclusion

10.1 Summary

In this Ph. D. , we aimed to investigate the role of affect-based social relationships, underpinned by social

allostasis principles, as potential mechanisms of adaptation for a homeostatically-controlled embodied agent

model, to promote the stability (or “viability”) of this model across dynamic conditions. As mechanisms of

social allostasis are yet to be systematically investigated in current approaches, we addressed this limitation

by developing a model of social adaptation inspired by the principles of social allostasis.

We focused our investigation on the hypothesised mechanisms of two biological hormones—oxytocin and

cortisol—that underpin affect-based social relationships and social allostatic adaptation.

Inspired by the findings of social species from ethology, along with findings from previous models of adap-

tation for homeostatically-controlled systems, we hypothesised that adaptation through affect-based social

relationships and social allostatic principles would significantly improve the viability-related performance of

our homeostatically-controlled embodied agent model across dynamic physical and social conditions.

We have used an artificial life approach to systematically investigate numerous hypothesised hormonal

mechanisms that underpin social adaptation and social allostasis from biological systems. We developed

computational abstractions of these hormonal effects in our agent model and systematically tested existing

hypotheses of their effects across physically and socially-challenging environments. Different physical chal-

lenges were tested using different worlds related to food availability, and social challenges were tested in the

form of a dominance rank-based society (from Chapter 5 onwards).

We found how an embodied agent model of adaptation, underpinned by affective social relationships,

interactions and social allostasis mechanisms, significantly improved the viability performance of our agent
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model across several dynamic social and physical environments. We contribute our social allostasis-inspired

model as a framework to address the absence of this approach in the current literature, and propose that

this approach towards adaptation of agent models should be built on and investigated further. We propose

several avenues for further investigation below.

In the process of our investigation, we presented a quantitative measure and modelling of dynamic,

affective bond strength between dyads, called the “Dyadic Strength Index” in Chapter 5. This measure to

quantify affective bond strength capitalises on our artificial life system, addressing limitations of social bond

measuring and modelling in current approaches in artificial agents. Given its flexibility of implementation,

we propose that future artificial life models investigating or modelling social bonds continue to use the

framework provided by the Dyadic Strength Index to measure and model affective social relationships.

We also developed a mathematical model to describe the “trade-off” associated with partner selection in

(rank-based) biological systems, which we have called the “Social Assessment Component” and introduced

it in our agent model. This model accounts for social rank differences and the presence (and strength) of an

existing social bond to contextualise social behaviours and partner selection. Though our implementation

uses mechanisms unique to our current model (the Dyadic Strength Index and oxytocin), its framework

nevertheless proposes flexible integration into future social simulation models.

Across all of our investigations with social bond partners (Chapters 6, 7, 8, 9), we find how endowing

half of the society with social bonds and mechanisms of adaptation also provided viability benefits for the

wider social group. We suggest that these findings may have implications for the development of models in

the future. Specifically, that not all agents in a social group require (the same type of) adaptive mechanisms

in order to achieve improved viability.

During the course of these investigations, we have used our biologically-inspired agent model as a sci-

entific tool to address methodological challenges or limitations of real-world studies, and tested numerous

hypothesised effects of hormonal mechanisms from biological literature. In the process, we have observed

the emergence of numerous individual and group interactions and dynamics, and discussed their potential

relevance to similar behaviours seen in natural systems. As this analysis was beyond the scope of the current

research, we propose that the underlying mechanisms that we have investigated should provide potential

avenues for investigation in, and comparisons with, behaviours in natural systems. We summarise these in

Section 10.2.

Below, we present a summary of the work undertaken in each of the chapters.

In our first investigation (Chapter 3), we investigated two contrasting hypotheses of oxytocin (a hor-
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mone found to play a role in social interaction) on the processing of social cues. The effects of the prosocial

hypothesis (which posits that oxytocin increases prosocial behaviours through increased social salience) and

the interactionist hypothesis (which proposes that oxytocin’s effects should be more context-dependent)

were investigated with respect to agent viability. Those results found viability improvements when oxy-

tocin increased social salience (the prosocial hypothesis), though we considered the limited context of those

findings.

In Chapter 4, we looked to address one aspect of the limited context by accounting for oxytocin’s hy-

pothesised effects on internal signals. These internal signals occurred when individuals performed a prosocial

behaviour (grooming). We considered this to be a type of “affective touch”. Contrary to our earlier chapter,

we found that the beneficial effects of the prosocial hypothesis of oxytocin were not universal. Rather, from

a viability perspective, oxytocin effects depended on several contextual factors. We therefore found support

for the “interactionist” hypothesis of oxytocin’s effects which warranted further investigation.

One notable limitation from these earlier chapters was the lack of social context to our findings. From our

observations, we considered that oxytocin’s prosocial effects should also account for the social context. The

investigation in Chapter 5 account for this social context through a rank-based social structure and affective

social bond partners. We investigated one hypothesised, contextual role of oxytocin—that it specifically

promotes partner preference for social interaction in a rank-based society—and found that this effect provided

survival-related benefits for agents with these affective social bonds in a challenging physical environment.

From our observations, we considered that social dynamics may be affected by the interactions and

behaviours performed by dominant individuals in a society, and that hierarchical societies can also be a

source of stress for some individuals. In these stressful environments, the presence of social support can also

play a role in regulating the stress response—known as the “social buffering” hypothesis of social support—

which may facilitate their long-term survival in challenging conditions.

In Chapter 6, we presented our initial work into the “social buffering” hypothesis, investigating how

different stress-related “personalities”—related to individual tolerances to stress—affect rank-based social

dynamics. We had hypothesised that rank-based social dynamics would be determined by the interactions of

higher-ranked agents, but our results found that this was not always the case. Instead, these interactions and

subsequent dynamics were dependent upon both individual personality traits, related to stress tolerance, and

environmental conditions. In some conditions, wider social dynamics and interactions were also determined

by the behaviours and stress tolerances of subordinates.

In Chapter 7, we extended beyond these strictly rank-based interactions, and investigated the role of
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social support, through affective social bonds, on the reduction of stress. We investigated how affect-based

interactions affected social dynamics when the physical environment was challenged. Despite our hypothesis

that social bonds would reduce stress and therefore improve viability, our results only found limited support

for this. Instead, we found that, unless these affect-based social bonds remained persistently strong, these

affective bonds became susceptible to “damage beyond repair” if the social and physical environment posed

significant challenges. This supported the hypothesis that stress reduction is not the only way in which social

support “buffers” the stress response.

We then investigated a second hypothesised stress-regulating role of social support—the “buffering” of

stress tolerances—in Chapter 8. This adaptation of the stress tolerance, an abstraction of the autonomic

nervous system, can be seen as a mechanism of social allostasis. Our results found how, over time, different

individuals adapted their “personalities” (tolerances to stress) and social interactions based on their dom-

inance rank and the types of affective bonds that they maintained. We found how accounting for two of

these stress-reducing effects resulted in lower overall stress levels and improved viability-related performance

for the overall society. Contrary to expectations, our investigations showed how higher-ranked individu-

als adapted a lower stress tolerance in some contexts, where lower-ranked individuals maintained a higher

tolerance to stress in order to maintain viability across challenging social and physical environments.

In our final chapter (Chapter 9), we investigated a third hypothesised role of affect-based social sup-

port: that it also provides an adaptive effect on the physiological cost associated with stress. Combining

previous literature, our previous results, and motivated by methodological challenges in biological systems,

we proposed a potential pathway linking social support and its effects on energetic cost associated with stress

(energy metabolism) via oxytocin’s adaptive effects on the stress system, and used our model to investigate

this hypothesised effect on viability and social interactions. Our results found that this mechanism provided

some significant advantages to the wellbeing (viability) of agents in some conditions, and we propose that

these mechanisms should be investigated in future artificial and animal models. We saw the emergence of

stress-regulating behaviours related to “social thermoregulation” and “stress-eating” and proposed that these

behaviours warrant further investigation using this model. This chapter also presented our final embodied

model of social adaptation inspired by social allostasis, and we demonstrated significant adaptive potential

of using this model across a variety of physical and socially-challenging conditions.
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10.2 Limitations & Future Work

Given the finite scope of the work undertaken and the nature of the artificial life approach that we have

taken, we recognise that our current model and experimental methodology still have a number of limitations

and that future work should look to address these. We discuss a number of limitations here and propose a

number of potential avenues in order to guide future work.

As discussed in Section 2.1, we recognise that our observations regarding the emergence of social inter-

actions and dynamics throughout this experiment may suffer from subjectivity, and affected by the multi-

faceted position we hold across these investigations. To mitigate this, we have capitalised on the capabilities

of our artificial life model and provided quantatitive context to our qualitative analysis of interactions and

behaviours as best as we could. Such qualitative narrative will always suffer from subjectivity: what is

deemed “interesting” behaviour in these models to one researcher may be deemed uninteresting by another.

That is not an issue that we have looked to overcome during this research, and so we have contributed our

model to the public domain in the hope that future work contributes to our observations. By either using

our model or replicating our investigations in a different (artificial) system, researchers may provide further

insight into, or even challenge, the observations that we have made using our model.

We believe that our results were driven, in part, by the initial hormonal concentrations—with maximum

oxytocin levels and no cortisol—and affective bond strength (initialised at their maximum strength) used in

each investigation. While this approach minimised complexity and allowed us to systematically investigate

each of our respective hypotheses, it may present limitations when looking to extrapolate our findings to

biological systems.

Using our model, we propose that future work should consider moving beyond the biological specificity

of our current approach. Specifically, investigating the effects of different parameter settings with respect

to hormonal concentrations, or different initial strengths of affective bonds, may provide a more holistic

understanding of the adaptive effects of our socially-adaptive model. Furthermore, we propose that future

work capitalises on the capabilities of the artificial life approach: manipulating these parameters in ways

that cannot be achieved in natural systems, to further investigate the emergence of social dynamics.

As we suggested in Chapter 9, we also suggest that the world conditions that we had conducted our

investigations in may have contributed to its limited performance improvements in latter stages of the

investigation. To investigate whether this is the case, and in order to avoid creating a model of adaptation

that “overfits” our environments, future work should consider investigating this model across additional

environmental conditions related to resource availability.
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We also propose that future work should also consider the dynamic nature of social hierarchy and affect-

based social bonds. To minimise complexity, the work undertaken here has focused on fixed dominance ranks

and several fixed bond combinations in the investigations. For a more biologically-viable model, and similar

to the approach taken by [72], [75], [77], future work should account for the notion that dominance rank can

change over time, or that the notion of “social rank” can extend beyond our current “dominance” approach.

For instance, social rank may be determined as a function of social bond formation and maintenance (i.e.

being more sociable results in a higher social rank).

Our model can also be extended to study the formation of additional affect-based bonds, or accounting for

changing affective appraisal of one’s own rank before performing social behaviours. Accounting for changes

in dominance rank, the formation of new social bonds, and the perception of rank differences in this way

may have significant effects on the social dynamics that emerge from our society.

We would like to see the performance of our adaptive model compared against other previously proposed

homeostatically-controlled models in the same environment, such as the epigenetic, allostatic-type model

proposed by [40], and the allostatic-type framework proposed by [103]. This can be investigated by replicating

these models and endowing either the whole society of artificial agents with the same model, or different agents

in the same environment with different adaptive mechanisms. Considering that adaptation through allostasis

has a cost (i.e. the “allostatic load” [122]), evaluating the most cost-effective mechanism for allostatic-inspired

adaptation can have a significant impact in the development of future adaptive models.

Further work may also look at closely investigating the specific temporal relationship with respect to social

interactions, hormonal concentrations and model performance. Understanding if there are any potential key

features—such as the distribution of different interactions, or hormonal concentrations—during the early

stages of agent “life” may provide an opportunity to develop a predictive model to predict the emergent social

dynamics, evolution of relationships and even the long-term wellbeing based on these key features. Based on

the different affective interactions that we have observed during our investigations, such a predictive model

may also have implications in understanding affective development for biological agents: further utilising our

simulated model as a tool for hypothesis generation.

Future investigations modelling affect-based relationships as mechanisms for adaptation using our frame-

work may also consider accounting for additional hormonal mechanisms in the model. Oxytocin’s effects on

promoting social behaviours are widely considered to be a result of its effects on the reward-driven circuitry

in biological agents. Future work with our model may also choose to extend this system to include abstrac-

tions of these additional mechanisms. Such reward-based mechanisms have been investigated in previous
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embodied models of adaptation [39].

Finally, we would like to see the results that we have presented throughout this investigation, and

summarised below, to inspire future work in biological systems. Additionally, we propose that our simulation

model—inspired by biological mechanisms—be used as an additional tool for cross-disciplinary research, in

order to address some of the methodological challenges of studying biological agents and to contribute

and generate future hypotheses of these mechanisms in the real world. Specifically, in contrast to our earlier

suggestion (in Chapter 2) that we had no biological target in mind with our modeling approach, we recognise

that the later chapters drew inspiration from mechanisms and behaviours observed in non-human primate

(particularly chimpanzees) societies. We are therefore supportive of Webb’s [121] perspective that “animats”

can be analogous to biological agents, and hold that the agents in our model can be seen, in some way, as

“artificial primates”. Assuming such studies were possible in the natural world, we would like to see these

later studies (chapters 7 to 9) replicated in non-human primate societies. Alternatively, part of our future

work should look to see whether similar work has already been undertaken, and to validate our existing

results with any similar studies from the natural world. Here, we summarise our most interesting findings

from our investigation, which we believe may provide avenues for further investigation in both natural and

artificial societies:

• Social “ignorance” may be determined by low oxytocin levels or its effects on decreasing attention to

social cues (Chapter 3).

• Social amnesia towards social bond partners in later stages may be facilitated by a lack of early-stage

bond reinforcement (Chapter 6).

• Social dynamics, with respect to the “aggressiveness” of individuals in a society, may be partially

determined by “personality” types of dominant agents, but also by the personalities and interactions

of subordinates (Chapter 6).

• High oxytocin levels may promote altruistic behaviours in “parent-offspring” relationships (Chapter 5).

• Affective contagion in a small society may depend upon the interactions and behavioural adaptation

of individuals in bonded groups (Chapters 6, 7, 8, 9).

• Oxytocin levels and the quality of affective bonds may play a role in determining whether stress-coping

strategies are “tend-and-befriend” or “fight-or-flight” (Chapter 7).
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• The efficacy of social buffering effects may be dependent upon the social and environmental contexts

(Chapter 8).

• Social support may promote the wellbeing of socially-supported individuals via its downstream effects

on energy metabolism and adaptation of the stress response system (Chapter 9).

• Affect-based social regulation of energy metabolism may underpin “social thermoregulation” behaviours

(Chapter 9).
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Appendix A

Figure A.1 Evolution of cortisol level trends for all agents in one simulation run in two
StressThreshold conditions: Low (top) and Low→High (bottom). In both instances, cortisol levels
of subordinate agents (A5 and A6) become elevated before dominant agents (A1, A2).
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Appendix B
List of journal articles and conference proceedings contributions from the Ph. D. :

• Khan, I., Lewis, M. and Cañamero, 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 Cañamero, L., 2018. Modelling adaptation through social allostasis: Modulating the

effects 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 Cañamero, L., 2019, September. The Effects of Affective Social Bonds on

the Interactions and Survival of Simulated Agents. In 2019 8th International Conference on Affective

Computing and Intelligent Interaction Workshops and Demos (ACIIW) (pp. 374-380). IEEE. (Chapter

5)

• Khan, I., Lewis, M. and Cañamero, L., 2020. The Effects of Rank-Related Differences in Stress Tol-

erance on the Social Dynamics and Group Viability of Artificial Affective Agents. IEEE Transactions

on Affective Computing (Chapter 6, submitted).

• Khan, I., Lewis, M. and Cañamero, L., 2020, July. Modelling the Social Buffering Hypothesis in an

Artificial Life Environment. In Artificial Life Conference Proceedings (pp. 393-401). MIT Press.

(Chapter 7)
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Appendix C
Justification for Artificial Life Approach

Though this list is not exhaustive, an artificial life approach proposes a number of advantages for studying

autonomous agents over physical agents (i.e. robots), particularly when studying multi-agent social systems:

• Scalability and Cost: Societies of artificial agents can be scaled easily and at no cost. A similar

approach using physical agents would have additional financial implications (for instance, the purchase

of additional agents).

• Resource Requirements: Once a model has been developed, simulations of artificial life models

can be performed quickly and concurrently, with minimal computational resource. As computational

resource increases, the number of simulations running concurrently can be increased.

• Noise Reduction: One of the difficulties in working with physical agents is the effect of extraneous

variables.

• Open-Access & Accessibility: Artificial life models can be developed with an accessible front-end

graphical user interface, allowing non-domain experts to use such models with a minimal learning

curve.
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Appendix D
Trended results for Life Length and Comfort across all values of SocialSalienceDirection for

Experiment 1 and 2 in Chapter 4

Figure D.1 Trended Life Length and Comfort results for Experiment 1, Chapter 4. Results are
aggregated across all experimental runs.
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Chapter D
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Figure D.2 Trended Life Length and Comfort results for Experiment 2, Chapter 4. Results are
aggregated across all experimental runs.
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Appendix E

Short Review of Chimpanzee Mechanisms that Inspired Mechanism Decisions in Chapter 5

Partner Selection is Value–Based

Mielke et al. [142] found that primates were flexible in their partner selection, and that a number of factors,

including relative ranking and bond strength of potential partners, would influence the partner selection

process. The relative “value” of a potential partner is therefore dynamic, based on a number of social

conditions.

Social Bonds and OT Facilitate Food Sharing

Samuni et al. [180] discusses numerous hypotheses of food sharing within chimpanzee populations. They

found that previously–formed social bonds were strongly correlated with food sharing (whether passive or

active) in a population of wild chimpanzees. This is also noted by [293]. The authors also highlight the

possibility of emotions playing an important role in animal reciprocal behaviour — including food sharing

— and that OT systems may underpin the reinforcement of these emotional mechanisms. This hypothesis

is also suggested by [109], [174].

Passive Food Sharing Through “Tolerated Theft”

Where [180] observed active transferring of food resources, [293] found that food transfers in captive chim-

panzees was largely a result of tolerated transfers, with non–owners (A) approaching a food owner (O) and

taking the food with (O) passively allowing it. It has been suggested that tolerant approaches to food sharing

within primates may be due to them avoiding the cost of defending their food against beggars[294]. This

“cost analysis” approach towards food sharing has been suggested to be a form of “tolerated theft” [295],

which may play an important role in survival in highly competitive environments. As a first step in testing

our new architecture, we implement a basic mechanism of this “tolerated theft” within our embodied agents.
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Appendix F
Results of correlation analysis between agent rank and cortisol levels in Chapter 6.

World Condition

Stress Response

Threshold
A B C D

Low -0.486* -0.581* -0.678** -0.827**

Neutral -0.299* -0.476** -0.628** -0.681**

High -0.252** -0.557* -0.587** -0.735**

Low-High -0.226* -0.525* -0.599* -0.741**

High-Low -0.337** -0.472* -0.701* -0.700*

Table F.1 r values of relationship between rank and CT levels across all conditions. ∗ = (p ≤
0.05), ∗∗ = (p ≤ 0.01)
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Appendix G
Results of correlation analysis between Stress Threshold condition and cortisol levels (top)

and world condition and cortisol levels (bottom) in Chapter 6.

Stress Response Threshold r sig

Low -0.647 **

Neutral -0.792 **

High -0.706 **

Low→High -0.746 **

High→Low -0.738 **

World Condition r sig

A -0.390 **

B -0.17 *

C -0.251 *

D 0.538

Table G.1 r values of relationship between world conditions and group cortisol levels, broken
down by StressResponseThreshold conditions. ∗∗ = (p ≤ 0.01).
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Appendix H

Bond Condition World Condition r2 p-value

A Static 0.53 0.02

B Static 0.49 0.04

C Static 0.56 0.01

A Seasonal 0.78 <0.01

B Seasonal 0.70 <0.01

C Seasonal 0.84 <0.01

A Extreme 0.87 <0.01

B Extreme 0.87 <0.01

C Extreme 0.89 <0.01

Table H.1 Results of statistical analysis of correlation between mean oxytocin levels and mean
Life Length for bonded agents in Chapter 9, across all conditions. Analysis was conducted using
Pearson’s Correlation Coefficient. Significance declared at 0.05.
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