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Human attachment as a

multi-dimensional control
system: A computational
Implementation

Marcantonio Gagliardi © *

Department of Computer Science, The University of Shef eld, Shef eld, United Kingdom

Attachment is an emotional bond between two people where one seeks
care from the other. In the prototypical case, the child attaches to their
mother. The most recent theoretical developments point out that attachment

is multidimensional — meaning that the phenomenon pertains to multiple
domains related to the relationship with the caregiver. However, researchers
have so far modeled attachment computationally by mostly adopting a
classical categorical (as opposed to dimensional) standpoint that sees the
system as controlling caregiver proximity. In contrast, we adopt here a
dimensional perspective (DP) and consider dimensions to be the system's set-
goals. We hypothesize that the resulting multidimensional controller should
lead to valid (or even better) models of the phenomenon. To start testing
this hypothesis, we built a DP-informed agent-based model of attachment
inspired by the widely-studied Strange Situation Procedure. In this context,
child and mother show the nature of attachment bonds through their
behavioral and emotional expressions. By modeling them as point-agents
moving in a two-dimensional arena, we simulated child-mother interactions
for the avoidant and ambivalent attachment dimensions. The generated
dynamical patterns — characterized by the alternation between approach and
exploration — matched those described in the attachment literature, thereby
con rming the implementability and validity of the DP.

attachment, mother-child, dimension, representation, control system, agent-based
model, simulation, strange situation

Introduction

Attachment is a psychological phenomenon that manifests itself as a particular
emotional bond between two humans where one of them, whom we will refer to
as theattacher attaches to the other, thearegiver who provides care Howlby,
1969/198). The topic is complex and covered by the vast corpus of literature known
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as attachment theory Classidy and Shayerl999 200§
2019. In this work, we address the problem of capturing
and testing the dimensional nature of attachment through
computational modeling.

So far, following a classical theoretical approach,
computational models of attachment have focused on
attachment behavior as driven by the set-goal of proximity
(Bowlby, 1969/1982Petters2019. In contrast, we present here
the Dimensional Attachment Model (DAM), a computational
model of attachment that represents the most recent
dimensional perspecti{i@P) on attachment, according to which
attachment is primarily about building a multi-dimensional
relationship Fraley and Spiekg2003 Roisman et a).2007
Liotti and Faring 201% Sherman et a/.2015 Gagliardj 2021
2029. By investigating it computationally, we demonstrate
that this theoretical perspective (1) is implementable and (2)
can lead to valid simulations of attachment phenomena (i.e.,
simulations compliant with the psychological data). We start
by outlining the relevant theory, then describe our model, and,
nally, discuss its contribution and limitations.

Attachment theory

The attachment relationship is as central in human
psychological life Eowlby, 1969/1982 1973 1980 as it
is dicult to conceptualize, as demonstrated by the core
issues that are still controversial in attachment theory — for
example, intergenerational transmissiorie(hage et a).2016
van ljizendoorn and Bakermans-Kranenburg019, stability
(McConnell and Moss2017% Pinquart et al. 2013, relationship
with psychopathologyl{eKlyen and Greenbey@016 Stovall-
McClough and Dozigr 2016. However, an advantageous
conceptualization is essential to e ective modeling. Therefore,

10.3389/fpsyq.2022.844012

is the most relevant motivational systeraciwlby, 1969/1982
Ainsworth et al, 1979.

Although the prototypical attachment relationship is the one
between child and mother, such a relationship can be formed
between any two people over the entire course of lifev(lby
1969/1982Marvin et al, 2016 Mikulincer and Shaver2016
Fraley and Roismgn2019, literally “from the cradle to the
grave’ (Bowlby, 1969/1982 p. 208). In all cases, the attacher
is intrinsically motivated to ask for care (i.e., attach), and
the caregiver is intrinsically motivated to provide Bgwlby,
1969/19821973 1980. At the beginning of their explorative
development, the child appears to maintain a proper balance
between attachment and exploration by keeping their caregiver
as a secure base for exploratigni(sworth et al, 197§ Waters
and Waters 2006. The model we present — the DAM —
reproduces attachment interactions between a child, driven
by attachment and exploration, and a caregiver (that can be
thought of as a mother), driven by caregiving and exploration.

Attachment information and its
manifestation

Attachment is an adaptation mechanism essential to
survival and reproduction, which relies on the acquisition of
fundamental information Bowlby, 1969/1982 Chisholm and
Sie , 2014 Simpson and Belsk2016 Szepsenwol and Simpson
2019 — acquired representations of the other and the self
usually called Internal Working Modelsshierman et a/2015
Marvin et al, 2016. Since infancy, such information manifests
itself in patterns of behavior and internal states that have
been studied by adopting two di erent perspectives: categorical
and dimensional.

we outline here the concepts most relevant to such an endeavor,Categorical perspective

considering that the two main characteristics of attachment are
(1) the innate motivation to attach and (2) the information
acquired in the process.

Attachment as a motivational system
Broadly speaking, humans are driven by a set of intrinsic

motivations that promote activities such as eating, regulating
body temperature, mating, exploring, cooperating, etc., and

Attachment was rst identi ed in children and measured
through an experimental paradigm known as tl®&range
Situation Procedur¢SSP) {Qinsworth et al, 197§ Main and
Solomon 1990. The SSP is realized in a room where the child
is the protagonist of eight three-minute episodes in which they
are either alone or can interact with a caregiver or a stranger,
allowing for the child's attachment to be elicited. Through this
procedure, four categories of attachmensecurity avoidance
ambivalence and disorganization— have been identied as
corresponding to precise behavioral and emotional patterns

attaching (seeking care) and caregiving belong to this set. It expressed by the child during the eight episodés<se
is widely supposed that each human motivation corresponds 2009. In this scheme, security simply means the absence of

to a motivational system located in the braiBdwlby,
1969/1982 Lichtenberg et al. 201Q Panksepp and Biven
2012 Liotti et al, 2017 Schaller et al.2017 and interacts
with the others to generate the motivational dynamics that
underpins human action. With regards to early attachment
relationships, besideattachmentand caregiving exploration
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both avoidance and ambivalence, while disorganization is seen
as a particular condition. Importantly, this conceptualization
identi es a “security-insecurity dimension” and a corresponding
caregiving feature — often called “sensitive responsiveness” — as
underlying both avoidance and ambivalencer(sworth et al,

197§ p. 152). In other words, avoidance and ambivalence are

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.844012
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/

Gagliardi

seen as two opposite manifestations of the same dimension.
The success of the SSP has been consolidated by the Adul
Attachment Interview (AAl) (George et a).1985 Main and
Hessg 199G Hessg 2016, through which the state of mind
with respect to attachment can be measured in adults. The
AAl identi es four attachment styles that correspond to the
patternsidenti ed by the SSP, thereby supporting the persistence
of attachment phenomena throughout life. These kinds of

measures consider attachment as characterized by mutually

exclusive categories.

Dimensional perspective
Although the categorical view of attachment is still in

use, further research has shown that attachment can be
better characterized as a multidimensional phenomenon. In
particular, the four identi ed categories can be described by
three (relatively) independent dimensiaghat correspond to
representations acquired on speci ¢ aspects of the relationship
(Fraley and Spieker2003 Liotti, 201% Fraley et al. 2015
Paetzold et gl.2015 Mikulincer and Shaver2016 Gagliardj
202)). Following the SSP, we refer to these dimensions as
avoidance, ambivalenteand disorganization They can fully

express the range of behaviors and internal states detectable

through the SSP at around 1 year of age. Attachment
disorganization has been connected to the experience of a
frightening caregiver {lain and Solomon 199G Lyons-Ruth

and Jacobvii2016). In the SSP, disorganized children typically
express incoherent/contradictory behaviors that arise from the
contrasting motivations of seeking care and, simultaneously,
shelter from a threatening caregiver. Therefore, this dimension
represents a particular and delicate case. On the other

hand, avoidance and ambivalence have been connected to

the adequacy of the care receivedinsworth et al, 197§

De Wol and van ljzendoorn 19979). When such care is
inadequate, attachment @eactivatedin the avoidant case, or
hyperactivatedin the ambivalent case, which is re ected in
corresponding behaviors and internal states as explained next
(Ainsworth et al, 1978 Parkes et al.1993 Mikulincer et al,
2003 Mikulincer and Shaver2019:

(1) AvoidanceThe avoidant child deactivates attachment and
is, consequently, considered to be “cold” or “unemotional.”
In particular, the child appears unemotional in the SSP
and does not seek comfort in the caregiver, instead,
they typically focus on exploration. More speci cally,

1 Here, we only use the term ambivalence, but ambivalent children are
also described as anxious and resistant (Ainsworth et al. , 1978). The word
resistant refers to the typical attitude of the child to resist the caregiver's
offers of care, while ambivalent describes the apparent relationship of
“love and hate” (seeking care and resisting it) that the child manifests
with their caregiver. Despite patterns being very often characterized by
some anxiety, we do not term this dimension anxious to avoid suggesting
an inherent anxiety disorder. Since the “ love and hate” aspect is often
striking, we prefer ambivalence over resistance.

Frontiers in Psychology 03
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the avoidant child‘Focuses on toys or environment, and
away from parent, whether present, departing, or returning.
Explores toys, objects, and room throughout the procedure.
Fails to cry on separation from parent. Actively avoids and
ignores parent on reunion (i.e., by moving away, turning
away, or leaning out of arms when picked up). Little or
no proximity or contact seeking, distress, or expression of
anger. Response to parent appears unemotional. Focuses
on toys or environment throughout procedurgfesse
200§ p. 569). Therefore, the characteristics that can
be considered to represent an avoidant child are low
activation of attachment — that we will refer to lsv need

to receive care — and high rates of exploration (low rates of
attachment).

Ambivalence The ambivalent child hyperactivates
attachment and is, consequently, considered to be “hyper-
emotional.” In particular, during the SSP, the child appears
worried about the caregiver's availability and continuously
seeks their presence — they typically not only focus on
the caregiver but easily feel unattended to and protest.
More speci cally, the ambivalent chiltFocuses on parent
throughout much or all of procedure; little or no focus
on toys or environment. May be wary or distressed even
prior to separation. Preoccupied with parent throughout
procedure; may seem angry or passive. Fails to settle and
take comfort in parent on reunion, and usually continues
to focus on parent and cry. Signs of anger toward parent
are mixed with e orts to make contact, or are markedly
weak. Fails to return to exploration after reunion, as
well as during separation and often preseparation as well
(i.e., preoccupied by parent, does not explo(e)sse
200§ p. 569). Therefore, the characteristics that can be
considered to represent an ambivalent child are high
activation of attachment — that we will refer to lhigh need

to receive care — and high rates of attachment (low rates of
exploration).

t

)

For each dimension, the acquired representations are
primarily implicit (non-verbal) and deducible from the
manifested patterns. In this case, the above descriptions — which
are supported by expert ratings of a very large SSP sample
(Fraley and Spiekg003 and by objective measurements on
video and audio recordingsChow et al, 201§ Prince et al.
202) — suggest that: (1) Avoidant representations concern
the caregivers emotional connection; and (2) Ambivalent
representations concern the caregiver's physical attendance.

Caregiving features

Although the way in which attachment dimensions derive
from the features of caregiving (intergenerational transmission)
is still controversial in attachment theoryVérhage et a).
2016 van ljzendoorn and Bakermans-Kranenbu2p19, the
dimensionality of attachment suggests a possible corresponding

frontiersin.org
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dimensionality of caregiving-(arrist and Waugh200Z Skinner we refer to avoidance as the emotional dimension and to

etal, 2005Bernier et al.2014 Feldman 2017 Hollenstein et al. ambivalence as the physical one. Any combination of the two

2017 Gagliardj 202). In other words, if several attachment dimensions is possible.

dimensions can be identied as characterizing the child (or

any “attacher”), some corresponding caregiving features should Trends

be identi ed as characterizing the mother (or any caregiver). According to the above discussion, the literature suggests
Our model implements this hypothesis, focusing on the that the childs and caregivers expected need, approach, and
two dimensions of avoidance and ambivalence. In particular, €xploration have monotonic trends for increasing levels of

consistently with the above descriptions, it considers avoidance avoidance or ambivalence. Assuming indicative linear trends,
as induced by the caregiveirsensitivityan emotional feature) ~ we can graphically represent the expected trends in the avoidant
and ambivalence as induced by the caregiweriesponsiveness and ambivalent cases as showrigure 1.

(a physical featuresagliardj 2021, 2022):
Targets

The trends of behavior and internal states of the avoidant
and ambivalent dyads suggest that child and mother have
di erent targets (i.e., dierent set-goals) according to their
dimensional level. In other words, one's representation of
the relationship related to a given dimension sets the
goal they pursue while interacting. More specically: (1)
The avoidant child and insensitive caregiver have the same
representational targets of emotional connection: the higher
the avoidance and insensitivity, the lower the connection

caregiving system when the child would need them to (less need, less approach); (2) The ambivalent child and
be available (i.e., physically attendant). As a result, the unresponsive caregiver have contrasting representational targets
child insists on activating their attachment system: If of (psychological) distance (for physical attendance): the
the caregiver seems to be often “distracted by other higher the ambivalence and unresponsiveness, the lower the
matters” (physically non-attendant), the child will be more distance pursued by the child (more need, more approach),

persistent in reminding the caregiver to be available. the higher the distance pursued by the caregiver (less need,
less approach).

Summarizing, according to the DP: (1) the two dimensions
avoidance and ambivalence correspond to the two caregiving
features insensitivity and unresponsiveness, respectively;
(2) Behaviors and internal states have characteristic
trends (3) that correspond to specic dimensional targets.
Our model will need to account for all these aspects of
the relationship.

(1) Insensitivity Avoidance is induced by an insensitive
caregiver, who does not activate their caregiving system
when the child would need them to be sensitive (i.e.,
emotionally connected). As a result, the child stops
activating their attachment system: If the caregiver seems
not to care (emotionally disconnected), this will discourage
the child from asking for care.

(2) UnresponsivenessAmbivalence is induced by an
unresponsive caregiver, who does not activate their

Therefore, the two dimensions can be conceptualized as
follows (Gagliard] 202)):

1. Avoidance has anefnotional nature, meaning that it
concerns the emotional connection the caregiver o ers to
the child. The sensitive caregiver is emotionally connective,
and when the child needs emotional care (e.km feeling
lonely), they are ready to oer it. If the caregiver does
not provide gmotlonal comert (i.e., t.hey. are |n§en3|t|v§), The Dimensional Attachment
then the child feels there is no point in asking for it. . .

They tend to deactivate attachment and become avoidant Model: A two-dimensional
(Mikulincer et al, 2009. agent-based model of attachment

2. Ambivalence has aphysicdl nature, meaning that it
concerns the caregiver's availability. The responsive The Dimensional Attachment ModéDAM) is an agent-
caregiver is available when the child feels the caregiver based model (ABM) with two agents — an attacher and a
should be there for them (e.g.Hey, where are yo)?If caregiver. Although it can potentially represent any dyad,
the caregiver cannot attend (i.e., they are unresponsive), since some parameters that describe the agents need to be
then the child feels that increasing their requests particularized, the prototypical child-mother case is considered
should catch the caregivers attention. They tend to here. In the model, an environment populated by the two
hyper-activate attachment and become ambivalent agents is iteratively simulated, making their attachment-relevant
(Mikulincer et al, 2003. variables change according to rules compliant with the DP.

In developing the DAM, our goal was to test if a child
Emotional and physical components are involved in and mother that behave according to the DP generate the
both dimensions. But to stress their origin and distinction, expected avoidant and ambivalent patterns (as described above)

Frontiers in Psychology 04 frontiersin.org
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FIGURE 1
Expected trends of attacher's and caregiver's need and approach. Following the literature, this gure represents indicative linear trends of need
and approach: (A)in the attacher case, for avoidance (yellow side) and ambivalence (red side) and (B) in the caregiver case, for insensitivity
(yellow side) and unresponsiveness (red side). Exploration always has the opposite trend.

in terms of both internal states and behavior. With this of the parameters on the observed dynamics of the system as
purpose, we built a discrete model directly inspired by the described by the variables.

psychological theory. However, given the nature of the model, Each iteration stepn, marks a psychological event (such
we give a mathematical description compatible with dynamical as taking care of the child) and, therefore, iterations beat a
systems theoryl(helen and Smith1994 Port and van Geldgr “psychological time,” in other words, from one iteration to

1999, where representations are generally described as statehe other, the elapsed time can be dierent (for example,
variables or control parameters. For example, psychologically,the time spent taking care of the child can be dierent in
the drives for attachment and caregiving énd ¢ below) are di erent interactions).

representations of motivational states, and the ambivalence and  As previously noted, child and mother each have two
avoidance stored value8(and Ap) are representations of the  intrinsic motivations. The child is motivated by the attachment
(cognitive, emotional, and sensorimotor) internal states learned motivational system — that they direct toward the mother —
for those dimensions. In the description of the model, the former and, coherently, the mother is motivated by the caregiving
(aandc) are variables, and the latteA{ and Ay,) parameters. motivational system — that she directs toward the child.
Through simulation, we explore the e ects of di erent values Both agents also have an exploration motivational system.
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example), the avoidant dimension will come into play (and the
Toys child may respond with a happy smile). Therefore, although
L Caregiver simultaneous elicitation of multiple dimensions cannot be
excluded, it can reasonably be assumed that, in any given
interaction session, only one dimension will be elicited. This
is especially true of avoidance and ambivalence as they cannot
be expressed simultaneously because they entail attachment
deactivation and hyper-activation, respectivelyliulincer
et al, 2003 Mikulincer and Shavegr2016. Taking this into
account, our attachment model implements the two dimensions
separately and selects one of them to be expressed in

Child

T Desk each simulation run.
FIGURE 2 We provide here a functional diagram representing the
The agents and the simulation environment. The lab (simulation rationale of our model i(igure 3), describing each of its
environment) resembles a large square room, where a child . . . .
(black dot) and a caregiver (white dot) are free to move. The lab components and their relation to the model implementation
has some objects of interest for the child (white squares at the (each block corresponds to an implementation section below).

top corner; e.g., toys) and some objects of interest for the

caregiver (black squares at the bottom corner: e.g., a desk). Adopting the child's perspective, as a preliminary step before

the beginning of the simulation session (block 0), the dimension

that determines the following interactions' type is activated.

Such interactions will be either avoidant (upper branch of the
Active motivations are expressed behaviorally through position diagram) or ambivalent (lower branch of the diagram). An
changes: Attachment by approaching the mother; Caregiving by activation mechanism depending on the child's dimensional
approaching the child; Exploring by moving toward an object of |evels could be considered (dimension activation rule below).
interest (or in a random direction if no such object is detected). |n this case, an avoidant child will be highly sensitive to the

The simulation environment is a 2D square “lab;” intended  caregivers insensitivity and tend to activate avoidance, while

to resemble a typical SSP setting, that is empty except for thean ambivalent child will be highly sensitive to the caregiver's
presence of a few objects in two opposite corners: objects ofynresponsiveness and tend to activate ambivalence. If avoidance
interest for the child in the top corner and objects of interest s selected (switch toggled in upper position), the caregiving
for the mother in the bottom corner{igure 2). The asymmetric  context is recognized as (in)sensitive (block 1) by focusing on
relationship between child and mother is represented in terms of the caregivers exploration rate (Equations 6, 8). Then a non-
“speed” — the maximum distance that an agent can cover from zero avoidant drive (block 3; Equations 1, 2) is calculated, a
an iteration to the other —and “vision” - the distance fromwhich  need is delivered to the avoidant action selection system (block
an agent can detect an object interesting for them —by giving the 5 avoidant selection rule below), and an avoidant action is
caregiver three times the speed and vision of the child. generated. On the other hand, if ambivalence is selected (switch

toggled in lower position), the caregiving context is recognized

as (un)responsive (block 2) by focusing on the distance of the
The rationale of the model caregiver (Equations 7, 9). Then a non-zero ambivalent drive

(block 4; Equations 3, 4) is calculated, a need is delivered to

As discussed above, attachment has an evolutionarythe ambivalent action selection system (block 6; ambivalent

function, and its dimensions express the adaptation to selection rule below), and an ambivalent action is generated.
corresponding  caregiving featuresBcwiby, 1969/1989 In both cases, the action produced will be either an approach
Chisholm and Sie, 2014 Simpson and Belsky 2016 to the caregiver (attachment) or an explorative move. This
Szepsenwol and SimpsoB019 Gagliardj 202). In other action will tend to make the next child's dimensional level (i.e.,
words, the dimensionality of attachment suggests the ePresentation) closer to the stored one (set-goal).

independent acquisition of each dimensional level from To further clarify, the attachment interactions expressed by
the detection of a specic caregiving feature. In particular, OUr model can be described as follows. Once a dimension is

we assume the independent acquisition of avoidant and selected (block 0) and the simulation starts, at each iteration:

ambivalent levels from the caregivers insensitivity and

unresponsiveness, respectively. 1. The child builds a current perception of dimensional level
Given their evolutionary role, each dimension will be (i.e., arepresentation) from the caregiver's behavior. More
elicited by a context recognized as having the corresponding speci cally: In case of avoidance, the mother's exploration
adaptive value. For example, when the child will focus on signals rate (behavioral variable) will a ect the child's “emotional
related to emotional care (a loving look of the caregiver, for separation” (psychological variable; block 1); In case of

Frontiers in Psychology 06 frontiersin.org
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Avoidance Activated 0/1 Action
Selection:
0/1 Approach/ Acti
cti
(O:) \ 1 Insensitive 3 Avoidant Explore — on
X Caregiving Drive (Av. Sel. Rule)
At.tac m.ent (Eq.s 6, 8) (Eq.s 1, 2) [sec. 2.3.2]
Dimension [sec. 2.2.3] [sec. 2.2.1-2] 0/Need
Activation
& —
N
(Dim. Act. Rule)
[sec. 2.3.1]
Action

Ambivalence Activated 0/1

FIGURE 3
The rationale of the model. The attacher activates a dimension, and corresponding interactions take place. The activation of avoidance or
ambivalence determines the generation of avoidant or ambivalent actions, which push the attacher toward the set-goal corresponding to the
(stored) level of the activated dimension.

Threshold - —I ---------- S o 0 L —

No Action : Action

| : >
1 2 ¥ 1% 2 5%
Threshold

FIGURE 4
Calculation of the need function, N. (A) Three different levels of parameter h are shown (0.1, 0.5, 0.9) to illustrate that an increasing h reduces
the steepness of the curve. (B) A threshold is set so that, when N is greater than the threshold, the agent can perform an attachment or
caregiving behavior. Here, the case of hDO0:5 and corresponding threshold is shown.

ambivalence, the mother's distance (behavioral variable) perception closer to the target. In other words: In case
will a ect the child's “perceived distance” (psychological of avoidance, the emotional separation felt by the child
variable; block 2). will tend to their avoidant target (block 5); In case of
2. This current dimensional level and the other relevant ambivalence, the distance perceived by the child will tend
variables and parameters induce some need for care in the to their ambivalent target (block 6). Attachment works as
child: Need for emotional care in case of avoidance (block a control system with dimensional (i.e., representational)
3); Need for physical care in case of ambivalence (block 4). set-goals.
3. Finally, the child compares their current perception of
dimensional level to their target one and takes an action — The caregiver behaves similarly, expressing psychological

depending on the need level — that tends to make the next variables that are consistent with their own behavioral ones.
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Model description Consistently, two pairs of coupled equations are proposed
The overall systemi~(gure 3) can conveniently be thought  for the activation of attacher avoidance, driag, and caregiver

of as consisting of a core (blocks 1-4) and an interface insensitivity, drivecay (block 3):

(blocks 0 and 5-6), through which it interacts with the

environment. Below, we describe these parts in turn. As done

above, we primarily refer to the attachment system, which is .Cav[N] ; Av// SEalNU Copa;av 1)

the focus of this work (similar considerations hold for the

caregiving system).

awMC1UD.1 A/ .KyM32/ CCravl Ngay

MCIUD.1 I/ Kyh2C Cravl Nray
-aqv[N]; In//SchU Coogav 2

The attachment system's core And two pairs of coupled equations are proposed for the
activation of attacher ambivalence, driegn, and caregiver
We rst describe the core elements of our model as Unresponsiveness, driggm (block 4):

expressed in blocks 1-4 &igure 3 Since the drives specify
the di erent components involved in the activation of the
attachment and caregiving systems, we start with them. We want .Cam[N]; 1 Am/ DpaU Coog;am (3)
to stress that we use the terms “drive” and “need” to refer to

key variables without implying that these correspond to classical

notions of drive and need in the literature on human motivation -1 Ngam-am[n]; Un//DpcinU Ceogam (4)
(see e.gCofer and Appley1969).

CmMC1UD.1 Uy Ky M32C C.am

In these equations: (1K is a measure of the elapsed
Drives psychological time since the child last received card\(®)the

A drive is de ned as what generates a need (i.e., the system'sn%d signalled by the other agent that they require chlig)(

activation) by combining the multiple factors involved. Between ?r W'S_h to express_ caﬂregwm@é); (3) S is a measure of the
them, the time passed without providing care and what child emotional separation” experienced by both agentsDjs the

and caregiver signal to each other have been documented aS“‘perceived distance” between the agents. Each of these elements

essential elements of the attachment relationsBip/(lby, 1973 are_explalned in more detail |r|1 the followmg subsections. (3)
Ainsworth et al, 1979. Following the DP-informed theory Ay is the level of the attacher's avoidance, dpds the level

discussed above, for the formulation of the drives (Equations of the careglve.rs |nsen3|t|V|ty,.wh|Ie (B} is the level of.the
1-4), we consider that, other things being equal: attacher's ambivalence, and}, is the level of the caregiver's

unresponsiveness. These last four are control parameters set
at the start and maintained xed throughout the simulation
run. Ay and A, represent the dimensional levels stored in the
attacher's brain. (7.5, and C.am are coupling factors, which
determine the weight of each agent's need on the other. (8)
Coa:av» Cocavs Coa:am, @NdGocam @re constants used for the initial
setting of the system.

1. The avoidant child (Equation 1) will feel a greater drive to
receive care when: (i) its avoidance level)(is smaller; (ii)
the time with no emotional careK) is longer; (iii) the need
to provide care signaled by the caregivBig] is smaller;
and (iv) the perceived emotional separati@)is greater.

(A similar consideration holds for the insensitive caregiver
in Equation 2.)

2. The ambivalent child (Equation 3) will feel a greater drive
to receive care when: (i) its ambivalence levgl) is
greater; (ii) the time with no physical car&) is longer; N xh D X (5)
(iif) the need to provide care signaled by the caregit&s)( xC h*
is greatet; and (iv) the perceived distancByg) is greater
(i.e., less availability). (A similar consideration holds for the
unresponsive caregiver in Equation 4.)

Needs and elapsed time since care
The drives generate a need according to the function:

where the variablec is the relevant drive d or ¢) and the
parameteih accounts for the dimension level( or An,), which
equals the corresponding feature levgldr Uy; Figure 4). This
need function expresses the child's need to receive ddge (
activation level of their attachment system) and the mother's

2 This counter-intuitive relationship is meant to represent a distinctive

feature of ambivalence: The resistant, overtly “angry” nature of the need to give careéNg, activation level of her caregiving system).
ambivalent child. As apparent in the typical SSP reunion episodes It is assumed that each agent can perceive the other's need
(Ainsworth et al., 1978), when the child meets the caregiver, they protest K . .
their absence (i.e., a higher attachment activation/need). Therefore, level, and two pairs of Equations 1-2 and 34, are coupled in
the need increases when it should decrease. It is like the ambivalent this way.N x; h has the form of a Hill function omvanshi

child keeps quiet while waiting (“ You are not here. Well, | don't care. "), . .
growing background anger that they release when the caregiver shows and Venkatesh2013, commonly used to model saturation in

up (“Where were you? Argh™). biological systems, and is parameterized tbguch that the
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steepness of the curve reduces with increasirfgigure 4A).
This re ects, for example, the fact that the more a child is
avoidant (largerh), the less they feel a change in the need
to be taken care of (for a given change of the situation).
A phenomenon that is well represented by the avoidant child
reaction to a separation in the SSP.

K is the time passed with no provision of care, which relates
to emotional care in the case of avoidankgy) and to physical
care in the case of ambivalend€,f,). At each interactiom,
this is equal to the number of iterations since care was last
provided, considering care as provided whig exceeds its
threshold. WherK becomes zero, the need functibhdrops?

The coe cient 1=2 of K was set empirically and could be
changed to account for environmental variations.

The modeled interaction between child and caregiver
corresponds to the oscillation of the drivesand ¢, and the
needsNr andNg, around a baseline as illustratedimure Sfor
an example simulation run. The need oscillations will generate
a behavioral dynamics of alternating approach and exploration,

with rates that depend on the level of avoidance or ambivalence s-ThU DSTh

(cf. Simulations section).

Perceptions of emotional and physical distance

At each iteration, the agents experience an “emotional
separation,”S, and “perceived distanceDp, connected to
contextual cues. More speci cally: (1) In the avoidant case,
the attacher experiencé&s, and the caregivef& (2) In the
ambivalent case, the attacher experierizgsand the caregiver
Dpc The use of di erent variables is due to the di erent nature
of the two dimensions and their link to di erent contextual cues,
as discussed next.

Following the DP, the terms “emotional separation” and
“perceived distance” re ect the assumption that avoidance is an
emotional dimension and ambivalence is a physical dimension.
S refers to the emotional connection aride to the physical
availability perceived by the child in the relationship. These

“psychological variables” are connected to “behavioral variables”

measurable in the lab. In particular, for each dimension, a

variable related to the caregiver's behavior provides a cue

to the child to derive a dimensional level corresponding to
the current situation. The child will compare this level with
the target one stored in their mind to drive their action.
In this perspective, attachment works as a multidimensional
control system.

To derive & and Dp, we used the following behavioral
variables:

3 The need function (Equation 5) depends on the drive in a
monotonous way. More precisely, when the drive ( a or c) grows, then
the need also grows. Since the drive has only positive additive terms, and
K is an iteration counter, when it drops to zero (because care has been
provided), then the drive (and so the need) drops. For example, Kcan go
from 5 to 0, abruptly eliminating one signi cant term from the drive.
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1. “indi erence” (i): de ned as the percentage of iterations in
which the caregiver explores, whe¥ey is the number of
such explorations:

6/4

. “distancing” ¢l): de ned as the distance between child and
caregiver, wherexg; ya) and (Xc; Yc) are the positions in the
lab of the attacher and the caregiver, respectively:

q
dUD .xgThU xThU2C y,ThU ycTnU2

™

From them, each agent obtaiigs and Dp through an update
rule of the form:
Current Perceptio® Previous Perceptidh Step Observed

Deviation Previous Deviatidn

with a noisy step size representing the natural uncertainty of the
agent's perception. The particular expressions used are:

weaTimu T/ .§h WU Tg/U (8)
DpMU DDpTh  1UC2ITdMU T4/ .DpTh 1U Tp/Y
©

which update the previous values (rst term) depending on
the current indi erence or distancing (second term), thereby
going from observable variables, @) to mental ones %,

Dp) — as suggested by the DP. In these equatiors]o; 1U

is a uniformly distributed random numbefg, T;, Tp, and

T4 are the target values &, i, Dp and d, respectively (as
discussed below). The e ectiveness of this formula can be
clari ed considering the following. The update needs to depend
on the targets: for a new dimensional level to be adequate, it has
to be consistent with the corresponding target. By referring the
current behavioral gap from targetU T; or dThU T4) to

the previous psychological gap from targ&Th 1U Tgor

DpTh 1U Tp), this expression ensures an adequate update.
For example, considering the distance (Equation 9), if the dew

is further from its target than the ol®p from its, then it makes
sense that the nep increases. Ifl is closer, it makes sense
that Dp decreases. The behavioral variable provides a consistent
update of the psychological one.

The attachment system's interface

To describe how the system interacts with the environment
requires the speci cation of blocks 0 and 5-6 Bigure 3

4  Since the avoidant child and the insensitive caregiver are expected to
show similar exploration rates, this equation has been used as a simpli ed
form of iU D%w, which explicitly shows the in uence
of both agents on i. The two equations provide qualitatively identical
results.
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FIGURE 5

Oscillation of Ng and Ng. For each dimension, Ng and Ng oscillate around a baseline. The graph represents the oscillation of Ng (in black) and
Ng (in red) for ambivalence 0.7 over 200 iterations.
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FIGURE 6
Dimensional targets. (A) Emotional separation and (B) perceived distance targets (black for the attacher, red for the caregiver).

which correspond to the dimension activation and action Action selection and behavior expression

selection rules. These are essential to close the loop throughthe  For each agent, the system compares the -current
environment via perception and behavior. We start examining dimensional level to the target (stored) one and takes an
action selection, which follows the above-described processingaction that tends to decrease the di erence between the two.
of drives and needs (blocks 1-4). The dimension activation was A decision is made according to the threshold that characterizes
not an object of our implementation, but we suggesthow itcould the agent's neetll. Speci cally, wherNr exceeds its threshold
be done at the end. (Tr), the attacher needs care, and whgexceeds its threshold
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Action selection rule. An action is selected depending on the comparison between current and target dimensional levels.

(Tg), the caregiver needs to provide careigure 4B). The
thresholds are given by the following expression:

TDTy t.1Cr/

9)

where, Ty, is a baseline value, is a constant, and 2 T0; 1U

is a uniformly distributed random number (to account for
possible uctuations, given thak is a subjective/psychological
variable). T is reduced (minus sign in the formula) whex
decreases. This is intended to model the prudential tendency
to readily reactivate attachment or caregiving when they are
deactivated, as expected given their role for contingent survival.
The constants were set empirically (cf. Simulations section).
As discussed above, according to the DP, the avoidant and
ambivalent dyads di er for the goals they set for themselves.
Therefore, the following is considered:

1.
terms of emotional separatioriT€). The more an agent
is avoidant/insensitive (0.1-0.9), the larger the emotional
separation they want to keep. In our modég D 1002, D
100, (10-90;Figure 6A).

terms of perceived distanc&g). The more the attacher

is ambivalent (0.1-0.9), the smaller the perceived distance
they want to keep. The more the caregiver is unresponsive
(0.1-0.9), the larger the perceived distance they want
to keep. In our modelTp D 1001 A,/ (90-10) for

the attacher andlp D 10QJ,, for the caregiver (10-90;
Figure 6B).

The target emotional separationT€) and perceived
distance Tp), respectively, represent the psychological values
of emotional separation ) and perceived distanceDp)
that maximize the subjects comfort. For the child and
the caregiver, such targets vary according to the level of
avoidance or ambivalence.

In general, the targets in the mind of the agents,(Tp) will
correspond to targets observable in the context of interaction

Frontiers in Psychology 11

. In the ambivalent case, the agents have opposite goals in

(Ti, Tq). In the case of our elementary squared environment, we
used the simple linear relationshipsD 1:1Tg (for the avoidant
attacher and insensitive caregiver) amg D 0:24Tp (for the
ambivalent and unresponsive caregiver).

The action selection mechanism is implemented for the
movement in the lab based on the agents' needs and targets. The
child will decide whether to approach — a manifestation of the
need to receive care, i.e., attachment — or explore. The caregiver
will decide whether to approach — a manifestation of the need to
provide care to the child, i.e., caregiving — or explore. For each
agent, approaching is a movement toward the other agent, while
exploring is a movement toward an object of interest or random
(when no object is found). Each move is a change in position
that cannot exceed the agent's spéed.

Given the need\ and its thresholdT, the implemented
decision rule isfigure 7):

In the avoidant case, the agents have the same goals in

1. if N < T (the agent “feels no need”), & < kgTg (in the
avoidant casellp < kpTp (in the ambivalent case), then
explore;

if N> T (the agent “feels a need”), & > keTg (in the
avoidant case) Dp > kpTp (in the ambivalent case), then
approach.

2.

Need is need to receive care in the case of the child and need
to provide care in the case of the caregiv&r;is compared in
the avoidant casd)p is compared in the ambivalent case;
and Tp are, respectively, the target emotional separation and
perceived distance for the agekg and kp are constant values
(cf. Simulations section).

5 The coef cients in these two expressions must ensure that ~ T; can be
interpreted as a percentage and Ty as a valid distance in the simulation
environment. The values 1:1 and 0:24 meet these requirements.

6 The term “speed” indicates the maximum space an agent can cover
from one iteration to the other and, therefore, sets a limit on the distance
the agent can travel in one iteration.
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FIGURE 8

Behavior of avoidant dyads for different dimensional levels. Three avoidant levels represent the  (A) “anti-avoidant” ( AyD0:1), (B) secure (A,D0:5),
and (C) (extremely) avoidant (A,D0:9) cases in terms of the agents' trajectories (black for the child, white for the mother), child's trajectory

relative to mother, and distances (smoothed with a moving lter). In the left-column pictures, the objects of interest for child and mother are

located in the top-right and bottom-left corners, respectively. All graphs refer to iterations 800—1,000 (the last 200 of our simulations).

The system acts as a multi-dimensional controller. It according to such a limit and the angle identied by
compares current dimensional levels to target ones and takesthe target:
actions that tend to decrease the di erence between the two.

4 xTU Dspeed cosanglé

Approach and exploration

An agent's travel toward a target, i.e., the other agent
(approach) or an object of interest (exploration), can be
described as follows:

4 ynU Dspeed sin.anglé

where,angleD cos 1.p X X/%=di/ D sin 1.q y v 2=,

d: distance to the target. When the target is below the speed

x[nC 1] D x[n] C 4 xThU limit, the agent moves to a random position whose coordinates

di er no more than 0.5 from those of the target. If the agent

wants to explore and objects of interest are in sight, exploration
When the targets position x;y: is beyond is made toward the nearest one. After an object has been

the agents speed Ilimit, the update is calculated explored, itloses its attraction for a certain number of iterations.

y[nC1 Dy[n]C4ynhU
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FIGURE 9

Behavior of ambivalent dyads for different dimensional levels. Three ambivalent levels represent the  (A) “anti-ambivalent' ( Ay, D0:1), (B) secure
(AmDO0:4), and (C) (extremely) ambivalent ( Ay D0:9) cases in terms of the agents' trajectories (black for the child, white for the mother), child's
trajectory relative to mother, and distances (smoothed with a moving lter). In the left-column pictures, the objects of interest for child and

mother are located in the top-right and bottom-left corners, respectively. All graphs refer to iterations 800—1,000 (the last 200 of our

simulations).

If no interesting object is found, exploration is a move in a each level's softmax functiorB{shopy 200§ and selects its

random direction. maximum:
di; 1D12 selected when ¢ D Max.s d; , s dz ),
where:
Dimension activation & D A (a;_fg.ig%me)dz D Am (ambivalence),
For any given simulation session, interactions can sa/D W (softmax function)
be either avoidant or ambivalent. A basic activation rq; rz,normélly distributed random numbers.
mechanism based only on the dimensional level could Here, the random numbeng account for contextual noise,

be implemented by a winner-take-all rule that evaluates and the parameteb can be used to act on the in uence of
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Avoidance 0.9 Ambivalence 0.9

FIGURE 10
Avoidant and ambivalent dyads in action. Simulated trajectories (black for the child, white for the mother) followed by the extremely avoidant (A)
and ambivalent (B) dyads (dimensional level 0.9, iterations 800—1,000). The comparison of the two pictures (extracted from Figures 8, 9) offers
a glimpse of the different behavioral effects in the case of avoidant hyper-independence (A) and ambivalent hyper-dependence (B).

the dimensional levels' gap. A largértends to invert the Appendix). Initial conditions were set equal in all simulations
e ect of such a gap. (KDO, ND0:75, &£D 50, D, D 50, iD 55, dD 12). In
particular, the agents start from the same given positions in the
. . central part of the lab [child9; 15/, mother.21; 15].
Simulations In each simulation, the agents are considered adapted to
each other. In other words, the acquisition of the attachment

For alf simulations, the lab siz& was set to 30 (lab  dimensions in the child's mind is assumed to have already been
coordinates 1 td5 actual size&s 1). Moreover, the following induced by the caregiveA| D I, Am D Up). The interactions
was chosen: (1) For the child: spded® and ViSiO“-p=3_3 (2) For that follow the dimensional acquisition are simulated, and the
the mother: speed=3 and visionL=1; givenL D~ 2S Each  corresponding attachment patterns are assessed. Such patterns
agent has 3 objects of interest, which lose their status for 7 are expected to reproduce the quality of those outlined in
iterations after being explored. attachment literature (as described aboveinéworth et al,

The simulations of avoidant and ambivalent interactions 1978 Hesse 2009, in terms of both internal states (need
were performed separately, considering 9 values for eachin our model) and behaviors (approach and exploration). In
dimension —Ay D 0:1; 0:2:::;0:9, Ap D 0:1; 0:2;:::50:9. particular, while the avoidant child is relationship-independent
A higher value corresponds to a stronger acquisition of the (jow in approach and high in exploration), the ambivalent
dimension. Constants values for the system were set as follows: child is relationship-dependent (high in approach and low

in exploration). Although these characteristics may seem

1. In Equations 1-2Z,5, D 4, Qog;av D 0:49,00cav D 0:5; to belong to the same dimension, it will be shown how
2. In Equations 3—-4C;am D 2, cga;am D 0:2,Cocam D 0:5; they are consistent with a two-dimensional phenomenon, as
3. In Equation 10:Ty, D 0:75,t D 0:08; the DP suggests.

4. Inthe action selection rulé&e D 1:01,kp D 1:1.

A sensitivity analysis demonstrates that coupling the Results
equations this way improves the system's performance (i.e.,

CravD 4 vs. CiiayD O and Cram D 2 vS. Cam D 0; cf Simulations' results are presented in terms of states and

behaviors of the agents for dierent levels of attachment

7 The model was implemented in MATLAB (the code is available on dimension. The case of aVOidandQ\/I and ambivalenceﬁ(m)
https://github.com/marc-ggird/AC_Lab ). In this version (AC_Lab 1.0), a are considered in turn. The attachment dimension is the
dimension is activated when the program is launched (i.e., no activation . . P

rule is coded). The settings reported here correspond to those in the qnly ref(_er_red to since the c.orrespondlng caregiving feature
code. [insensitivity () or unresponsivenesslf)] has the same value.
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Behavioral patterns
We rst report relevant behavioral details concerning

the simulations for representative levels of avoidance and

ambivalence: (a) extremely low{ D 0:1, Ay, D 0:1), (b) mid
(Ay D 0:5,Am D 0:4), and (c) extremely highA, D 0:9,Am D
0:9; Figures § 9). We focus on the trajectories followed by the
agents in the lab,the child's trajectory relative to the caregiver
(Xa Xc Ya VYe ), andthe distance between the agents.

Avoidance (and insensitivity)

1. Ay D 0:1 (Figure 8A). The agents are “anti-avoidant” and
manifest high activation of attachment and caregiving
(need). As a result, they stick to each other (high approach,
low exploration). Interestingly, they tend to gravitate
around the objects of interest for the caregiver, who
leads the interactionsHgure 8A-left). This pattern is
emphasized by a very concentrated relative trajectory
(Figure 8B-center) and low distance&igure 8A-right).

2. Ay D 05 (Figure 8B). The agents appear secure, having
an activation of attachment and caregiving (need) that
results in a functional balance between approach and
exploration. The child approaches moderately and tends to
move around their objects of interest (exploration), while
occasionally taken care of by the caregivery(re 8B
left). The appreciable proportion of exploration results in a
relative trajectory toward the top-right corneFigure 85
center) and fairly high distance5sigure 8Bright).

3. AyD 0.9 (Figure 80. The agents appear (extremely)

avoidant and manifest a very low activation of attachment
and caregiving (need). As a result, they stick around their
objects of interest or move randomly (exploration), and
their trajectories are highly independent, as a sign of rare
approach Figure 8Cleft). The autonomous exploration
results in a spread relative trajectoriyiure 8C-center)
and, again, relatively high distanceBiqure 8Cright),
which are, however, limited by the size of the lab and
random moves.

Ambivalence (and unresponsiveness)

1. Ap D 0:1 (Figure 9A). The agents are “anti-ambivalent”:
the child manifests high activation of exploration,
and the caregiver of caregiving (need). As a result,
the caregiver chases the child, and they tend to
gravitate around the objects of interest for the child

8

It is worth noting that the simulated trajectories cannot be directly

compared to those observed in the SSP room. There, mother and child
express caregiving and attachment through many different behaviors
(e.g., a facial expression, a cry), not only by approaching. On the other
hand, the model only uses a change of position to manifest caregiving
and attachment (see the limitations discussed below). Nonetheless, the
simulated trajectories can be considered a representation of the diverse
behaviors expressed in the SSP “translated” into simple changes of
position.
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(Figure 9A-left). Consistently, the relative trajectory is
very concentratedHigure 9A-center), and distances are
very little (Figure 9A-right).

2. An D 0:4 (Figure 9B). Similarly to the avoidant case
(although with more approaches from the caregiver), the
agents appear secure and have a functional activation
of attachment and caregiving (need). The child again
approaches moderately and tends to move around their
objects of interest (exploration), while attended to by
the caregiver Kigure 9Bleft). The good proportion of
exploration results in a relative trajectory on the right-top
side (igure 9B-center) and mid distances-(gure 9B
right).

3. An D 0:9 (Figure 90). The agents appear (extremely)
ambivalent: the child manifests very high activation of
attachment, and the caregiver very low of caregiving
(need). As a result, the child chases the caregiver, and
the dyad tends to move around the caregiver's objects of
interest (Figure 9Cleft). The exploration of the caregiver
followed by the child makes the relative trajectory shift
toward the bottom-left sideKigure 9Ccenter), and the
high approach of the child limits the distancésdure 9CG
right).

The avoidant and ambivalent dyads in the lab

Below (igure 10, we compare the trajectories taken by the
child (in black) and mother (in white) in the most avoidant
(Figure 8Cleft) and ambivalentiigure 9Cleft) cases. (a) The
avoidant child and insensitive caregiver feel very little need (to
receive and provide care, respectively) and move independently.
Their paths concentrate where their objects of interest are
located. (b) The ambivalent child feels very much in need
(to receive care), while the unresponsive caregiver very little
(to provide care). As a result, the child appears to insistently
chase the caregiver, gravitating around the caregiver's objects
of interest. These patterns capture the essence of avoidance
and ambivalence as described in the literature (cf. attached
video clip8).

Mean values and trends

The percentage values over 1,000 iterations are reported
for the following variables: (A) The need — child's need to
receive careNR) and caregiver's need to give cafés{ above
threshold). (B) Explorative and approaching behaviors. Also, the
mean values over 1,000 iterations are reported for the distance
between the two agents in the lab and the number of iterations
with no provision of care.

The results obtained for avoidance/insensitivity and
ambivalence/unresponsiveness are discussed considering

9 Also available at https://github.com/marc-gglrd/AC_Lab/tree/main/
OUTPUT_PLOTS_stored.
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the curves in their progression from left to right, i.e., for (Figures 13A-Q and ambivalent igures 13D-F} cases, the
increasing dimensional values (black is used for the child, red simulated trends match those expected.
for the mother).

Avoidance (and insensitivity) Discussion

In the case of avoidance, the simulations produce a clear, and
almost linear, decrease of both the need to receive care and the ~ Attachment is a crucial and complex psychological
need to give carer(gure 11A4). In other words: the more the  phenomenon whose theory has been evolving for many
child is avoidant, the less they need to be taken care of; the moredecades, not only enormously widening its corpus but also
the caregiver is insensitive, the less they need to provide care. Inre ning its fundamental concepts and adopting dierent
the less avoidant case, values are around 60% and, in the mosviewpoints €itton, 2012 Suttory 2019. As a consequence,
avoidant one, just above 5%. Coherently, the simulations yield identifying a convenient conceptual basis on which to build a
a sharp increase in exploration (dashed curves) and decrease ircomputational model of attachment has become increasingly
approaching (solid curvesiigure 115). The former goes from  di cult. We modeled attachment interactions computationally
a little over 10% to almost 95%, and the latter from about 50% by relying on the most recent dimensional theory, thereby
to zero. These trends re ect what is expected from an avoidant also testing it.
dyad. Accordingly, the number of iterations with no provision After reviewing some relevant previous models of
of care rises (cyan curvejgure 11A4). On the other hand, the  attachment to identify their central features, we discuss
distance remains practically steady after a rst increase, which below what we consider the contribution and limitations of our
can be explained by the limited size of the room where the agents model, anticipating some future improvements.
move and random explorations (blue curvegure 114).

Ambivalence (and unresponsiveness) Previous models and their central
In the case of ambivalence, the simulated needs to receivefeatures
and give care have opposite trends: while the former increases

sharply, the latter decrease5iqure 124). The most non- Despite the psychological centrality of attachment, relatively
ambivalent children show no need for care. Such a need risesfew Computationai models have been created to Study the

and keeps soaring toward the most ambivalent case — to almostphenomenon. They can be divided into (1) purely mathematical
100%. On the other hand, from the extremely responsive and (2) agent/robot-based models.

caregiver to the extremely unresponsive one, the decline in (1) Between those authors who adopt a purely mathematical
the need to give care is less wide — roughly, from a little stanceBuono et al (2006 see child-mother interactions as a
above 70% to practically zero. Explorations and approachesgame in which the child behaves according to a payo matrix.
are coherent with the needsigure 125). The more the child  Following a categorical standpoint of attachment, they identify
becomes ambivalent, the more they approach the caregiverthree possible kinds of game (i.e., attachment patterns): avoidant
and the less they explore. Conversely, the more the caregiver(in which the child does not approach), ambivalent (in which
becomes unresponsive, the more they explore and the less theythe child approaches and keeps guard), and secure (in which the
approach the child. These trends match those expected from child approaches). Also in accordance with the classical theory,
an ambivalent dyad. Accordingly, the number of iterations in  Stevens and Zhan@009 build a dynamic model considering
which the caregiver is unresponsive becomes higher as theattachment as the child's system to regulate the distance from
child becomes more ambivalent (cyan curvégure 12/4). their secure-base caregiver. The authors assume that the child
Interestingly, the distance between the agents seems to remairyoes that by using their physiological feedback and consider
quite stable despite the signi cant change of the agents' attitudes, the child's sensitivity in relation to the emission of opioids
which indicates that such attitudes compensate each other and norepinephrine. Thus, they identify three regions in the

in terms of distance (blue curveiigure 124). In fact, the  parameter space that represent each an attachment pattern:
simulation of the most ambivalent case shows that the child avoidance Corresponds to h|gh sensitivity to Caiming stimuli

constantly chases the caregiver. and low to arousing ones, while ambivalence corresponds to
low sensitivity to calming stimuli and high to arousing ones. In
Simulated vs. expected dynamics the secure condition, sensitivity to both is low. Finaliy)evich

The compliance of the above results with what expected (2017 sees attachment as a complex system that generates an
according to the literature Kigure 1) is conrmed by the attachment pattern as an emergent property. Three categories
comparison of simulated need, approach, and exploration are identi ed, depending on the caregiver's response: (1) from a
trends (solid) with the expected ones (dashed; in black for the response that becomes less and less frequent, the child learns to
child, in red for the caregiver;igure 13. Both in the avoidant be avoidant, (2) from a constant response, the child learns to be
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FIGURE 11

Avoidant case: Need and action. The graphs represent characteristics for the child (black curves) and the caregiver (red curves) for levels of
avoidance (Ay) and insensitivity (In) ranging between 0.1 and 0.9 (with step 0.1). The blue curve represents the distance measured in the lab
between the child and the caregiver. The cyan curve represents the number of iterations without caregiving. In particular, as Ay and |, increase,
it is shown that: (A) The needs to receive care (felt by the child) and give care (felt by the caregiver) decrease. (B) The child and the caregiver
both increase their exploration (dashed curves) while they decrease their approaches. All these phenomena are entirely consistent with what
attachment studies describe.

secure, and (3) from an unpredictable response, the child learnsPetters and Beaudoi(2017) describe an ABM underpinned

to be ambivalent. by the CogA (Sloman 2009, an architecture developed to
(2) As Petters and Waterg2019 discuss, ABMs have implement both cognitive and a ective phenomena. Again,

demonstrated to be a valuable choice to simulate attachment.following the classical theory, attachment is seen as a system
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FIGURE 12
Ambivalent case: Need and action. The graphs represent characteristics for the child (black curves) and the caregiver (red curves) for levels of
ambivalence (An) and unresponsiveness (U,) ranging between 0.1 and 0.9 (with step 0.1). The blue curve represents the distance measured in
the lab between the child and the caregiver. The cyan curve represents the number of iterations without caregiving. In particular, as Am and Up
increase, it is shown that: (A) The need for care (felt by the child) increases while the need to give care (felt by the caregiver) decreases. (B) The
child increases their approaches and decreases their exploration (dashed curve), while the caregiver increases their exploration (dashed curve)
and decreases their approaches. All these phenomena are entirely consistent with what attachment studies describe.

whose goal is maintaining an adequate distance from the An attachment pattern is determined so that: (1) when the
secure-base caregiver. The child learns an optimal distance —caregiver's responses come frequently on time, the SRL is
de ned by a Safe Range Limit (SRL) — during interactions, large and the child secure, (2) when the caregiver's responses
depending on the caregivers response to requests for care.come frequently late, the SRL is little and the child insecure.

Frontiers in Psychology 18 frontiersin.org


https://doi.org/10.3389/fpsyg.2022.844012
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/

Gagliardi 10.3389/fpsyg.2022.844012
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FIGURE 13
Need, approach, and exploration trends: simulated vs. expected. The graphs represent the simulated need, approach, and exploration trends
(solid) compared to the expected ones (dashed; in black for the child, in red for the caregiver) in the avoidant (A-C) and ambivalent (D—F) cases.
All simulated trends match those expected.

A step beyond the ABM is the robotic implementation, where relationship through a 3D simulation tool, implementing an
the agents are enhanced with some kind of physical features.SSP-room populated by a robotic mother and child. In this case,
Likhachev and Arkin(2000Q pioneered this eld by making the author simulates the classical secure pattern by endowing
a robot explore an open environment with the constraint of the mother with xed behaviors and leaving the child free
feeling uncomfortable when beyond a given distance from to attach and explore according to their perceived safety.
an object. Amengual (2009 modeled then the attachment Finally, experiments have also been made concerning a ective
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FIGURE 14
More accurate avoidant implementation. When variable  Cgaay @and coc:ay are considered, simulation performance improves in terms of ~ (A) needs
and (B) action (approaches and explorations).

bonds in human-robot interaction, which can be considered Overall, these works have remarkably contributed to
indispensable for integrating a robot in a human environment attachment modeling and provided a valuable basis for our
(Kaplan 200). Canamero et al.(2009 implemented a model. However, our review allows for identifying two features
perception-action architecture able to make a robot-child attach that such models generally share and — we suggest — may
to a speci ¢ human-caregiver, thereby establishing the necessaryhave hindered their e cacy. (1) Most models refer to the
connection for subsequent dimensional acquisitisinlle et al. early conceptualization of attachment that represents it as a
(2019 have investigated a more complex scenario where the categorical phenomenon (as opposed to dimensional). As a
robot-child explores a play mat guided by the responses of their result, avoidance and ambivalence are considered aspects of
human-caregiver, implementing a secure-base dynamics. the same dimension, which derive from the same caregiving
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feature. In contrast, as discussed above, the most recent explore can be seen by the child as a sign of her active

research shows that they are independent dimensions, which rejection — evolutionarily, a sign of her unwillingness to
should be modeled as corresponding to di erent caregiving invest in her o spring Chisholm 199 Chisholm and
features. Therefore, a model that considers avoidant and Sie , 2019.

ambivalent patterns as generated by the same caregiving feature 2. In the ambivalent case, the caregiver's distanaif)g-the
is expected to miss capturing some relevant characteristics distance between the caregiver and the child (behavioral) —

of the relationship. (2) Most models focus on the behavioral is considered. From this measure of the caregiver's
(as opposed to representational) aspects of attachment. As a unresponsive attitude, the child extracts a level of perceived
result, proximity is taken as the set-goal that drives action. In distance Dp; psychological). The idea is that a mother's
contrast, if, as discussed above, attachment has a dimensional distance can be seen by the child as a sign of her
(i.e., representational) nature, dimensions should be the control impossibility to attend in case of need — evolutionarily, a
parameters that drive action. In this case, a model that sign of her inability to invest in her o springChisholm
focuses on behavior and does not explicitly consider the 1996 Chisholm and Sie, 2019.

multiple dimensions involved is expected to su er from related
limitations. Therefore, the early categorical-behavioral approach Therefore, from two behavioral variables, two
seems incompatible with the dimensional-representational one. corresponding psychological variables are derived (Equations
Since, as we demonstrate here, the DP is implementableg, 9) — through a formula that is expected to depend on
and leads to simulations compliant with available attachment the agents and interaction context. The attacher uses these
data, adopting an earlier theoretical perspective may limit psychological variables¥, Dp) as dimensional levels to be
modeling e ectiveness. compared with the corresponding stored dimensional set-goals
(Tg, Tp) and select an action. Therefore, attachment works
as a multidimensional control system (representations are
Contribution of our model compared to drive action).

Starting from theoretical considerations, we implemented Motivational dynamics

the Dimensional Attachment Model (DAM), an ABM that, In our model, the agents are driven by intrinsic
following the most recentlimensional perspectifBP; (Fraley motivations — the child by attachment and exploration,
and Spieker 2003 Gagliardj 2027, separately reproduces the mother by caregiving and exploration. Moreover, each
the avoidant and ambivalent patterns generated by a child- agent's need is in uenced by the other's (coupled Equations
caregiver dyad. Compared to the models that implement a 1-2 and 3-4), thereby creating an intertwined dynamics
categorical-behavioral perspective, the DAM diers by: (1) between the motivational systems. In this respect, a relevant
Considering independent attachment dimensions (avoidance role is played by the time spent without giving care —
and ambivalence) related to specic caregiving features implemented by an iteration counterK) — which is the
(insensitivity and unresponsiveness, respectively); (2) Making main determinant of cycles of attachment and caregiving
the system work as a controller whose set-goals are the storedactivations alternated by exploration. In fact, the interplay
levels of such dimensions. The consistency of the simulations between attachment and exploration is central to the infant's
with what attachment literature allows us to expect supports the attachment patterns{owlby, 1969/1982Ainsworth et al, 197§

validity of the DP. Hessg2009.
Psychological and behavioral variables Results
In the DAM, psychological variables — in the mind of the Simulations show that the DAM reproduces the quality

agents — and behavioral variables — observable in the lab — areexpected by real avoidant and ambivalent relationships.
distinguished. From the basic setting of two autonomous dot- Increasing the dimensional levels, children go from being
like agents moving in a limited space, two measurable features“anti-avoidant” or ‘'anti-ambivalent’ to secure to highly
that can be interpreted by the child as cues for the construction avoidant or ambivalent Higures § 9). The DAM covers

of dimensional levels (i.e., psychological representations) area broader range of cases compared to the standard theory

selected: (Ainsworth et al, 1978 Main and Solomon 199G Hesse
2009, suggesting that extremely low dimensional levels
1. In the avoidant case, the caregiver's indi erende<the (Ay D 0:1, Ap, D 0:1) may correspond to rare instantiations

proportion of explorations of the caregiver (behavioral) —is of dysfunctional conditions — such as particular cases of
considered. From this measure of the caregiver's insensitive compulsive dependence or self-relianée\(/lby 1973 Fonagy
attitude, the child extracts a level of emotional separation et al, 2007 Beck et al. 2015 — usually not considered for
(S; psychological). The idea is that a mother's decision to attachment classi cation. On the other hand, mid-levels
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(AyD 05, Am D 0:4) correspond to secure attachment, child (smaller caay) and smaller for a more ambivalent
which is taken as the healthy standard, re ected in an child (greater coa:am). Therefore, choosing appropriately
optimal balance between attachment and exploration, where variable coe cients is expected to further improve modeling
the child explores while being taken care of from time performance. In fact, in the avoidant case, the following simple

to time. Finally, the highest dimensional levela, © 0:9, linear relationships:

Am D 0:9) strikingly represent the quality of the extreme

avoidant and ambivalent relationships. The essence of Coaav D 0:30A, C 0:60
these patterns is visually emphasized by the childs and Cocay D 0:30A, C 0:59

mother's trajectories in the labFgure 10, which re ect

the avoidant dyad's independence and the ambivalent — that implement the predicted kind of variability — enhance
attacher's over-involvement in the relationship related to the system's capacity to reproduce avoidance, as proven by
their mother's lack of care Hessg 200§ Mikulincer and the corresponding augmented range of needs, approaches, and
Shavey 2016 cf. attached video clips, see text footnote 9). explorations figure 14) compared to the above-illustrated case
The adherence of the DAM to attachment phenomena is of constanttysay andcocay (Figure 17).

further illustrated by the agents' need as a function of the In conclusion, the presented DAM provides rst
stored dimensional levelFgures 114 12A) and by the computational support to the DP, suggesting it to be
corresponding approach and exploration ratésg(ires 115 a convenient theoretical standpoint for attachment

12B). When the level raises, the attacher's need for care computational modeling. Adopting this perspective
decreases in the case of avoidance and increases in the case should help solve the limitations inherent to the
ambivalence. At the same time, the avoidant explorations and early theory. This model also conrms the adequacy
the ambivalent approaches surge. Attacher's and caregiver'sof the ABMs for the investigation of attachment
curves show matching trends, which entirely correspond to (Petters and Watey2019.
those expected(gure 13.

The compliance of the DAM — in terms of need, approach,
and exploration trends — with the expected attachment | imitations and future work
patterns demonstrates that such patterns can be generated
by dierent dimensions. For each dimension, a specic We want to stress that, since the DAM is the rst
conguration of agents' goals needs to be considered. In computational model to aim at implementing the above-
particular, the high rate of child's exploration in the avoidant discussed DP, further studies in this direction are essential to
case is the consequence of similar goals of high emotional con rm the presented results. Given this necessary premise, we

separations. On the other hand, the high rate of childs can nally discuss six limitations of our work, which suggest
approaches in the ambivalent case is the consequence ofyture upgrades.

opposite goals in terms of perceived distance. In other
words, these outcomes can involve dierent areas of

the relationship rather than be produced by opposite

levels of the same dimension, as assumed by the early
attachment theory.

Finally, it should be noted that, in the presented model,
the drive-equations' termeoa;avs Cocavs Coa;ams Cocam Were kept
constant for simplicity. However, the form of such equations
suggests that those terms are to be expected to depend on the

(1) The DP computational implementation was pursued with
no other constraints than compliance with the theory. As
a result, the DAM's design is original, and the system
expresses a non-linear dynamics that is not trivial to
study. A programmed next step is to develop a simpli ed
continuous model — relying on the discrete version
presented here — to study its full dynamics through the

. . . . tools of dynamical systems theoryHelen and Smith
dimensional levelg, andAn,. Indeed, wher is zero (i.e., care 1994 Coleman and Watsar2000 Fraley and Brumbaugh

is provided), the equations become: 2004 van Geer2019. Moreover, many parameters of the

current version could be potentially investigated, and the
8y C 1U DGiav-1 Ngav/ SzalU Cloaav. k) performed sensitivity analysis (cf. Appendix) represents an
CawM C 1U DCt.a-1  Nray/ SechU quav_zo/ example of such an investigation. This e ort should be

extended in future work.

8amT C 1U DCr.amNe;amDpaU Ocuaam- 37 (2) Despite the advantages in terms of simplicity, a relevant

Cam C 1U DCt;am- 1 Ngaam/Dp¢hU Coogam. 47 limitation of our DAM is being a 2D-ABM with dot-
like agents. Attacher and caregiver have no physicality
and, all other things being equal (i.&\, S, Dp), the drives and, therefore, a very limited capability to express
will drop dierently for dierent levels of avoidance and attachment, caregiving, and exploration behaviors — which
ambivalence. The drop will be greater for a more avoidant can, in reality, assume numerous and sophisticated forms
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(Bowlby, 1969/1982Ainsworth et al, 1978 Sroufe 1995
Mikulincer and Shavgr2016. An upgraded version of
the model — where additional attachment, caregiving,
and explorative behaviors are implemented — could
signi cantly improve simulations. Such a model could be
a 3D-ABM or a robotic implementation.

The evaluation approach adopted for this model is
merely qualitative. And, therefore, to be considered
only preliminary. A goal for future work is being able
to compare simulations to quantitative measures in

®)

real situations — such as frequency of attachment and
exploration behaviors in a given SSP episode. While the

presented model only implement@pproachand exploré

in a squared space, this goal will require considering
speci ¢ behaviors and context features. For example,
attachment can be expressed through an approach, a cry,
or a look, only to mention evident instances (see point 2).
Moreover, the same dyad can manifest their characteristic
interaction pattern in signi cantly di erent ways, which
are nonetheless recognizable as belonging to the same
category — e.g., the patterns infant and parent produce
in an SSP room or at homeA(nsworth et al, 1979.
Therefore, although some quantitative matches could be
found even with this essential model, more complex
ones — representing a wider variety of behaviors in a
given context — will be required to perform a quantitative
evaluation.

Despite the variability ensured by multiple random
adjustments (in the direction taken, for example), this
implementation remains quite deterministic. In this

(4)

regard, we can suggest at least two ways to simulate
the observed variance more closely. First, a probabilistic

‘interest functiohfor each exploration target could be

implemented — i.e., how an object becomes more or less
appealing given the situation (the distance of the agent,

for example). This feature would add some contextual
uncertainty that the current model lacks. Second, random
object disposition and starting agents' positions could
also be added to account for the unpredictability of the
environment and initial conditions. Testing the e ects
of these factors on the simulation outcomes would be
particularly interesting. For exampl@getiers and Waters
(2019 suggested the initial con guration may be crucial

for the attachment learning process, which seems to
contradict the expected caregiver's capacity to compensate

for possible unpredictable factors.

Attachment relationships are part of our life, which,
of course, can involve any motivation. This DAM
only considers exploration as a non-attachment and
non-caregiving motivational system. A more detailed
model of attachment should implement a higher
number of situations and corresponding motivations.

®)
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Interesting cases to model would be dysfunctional
child-mother interactions with, for example, inversion
of attachment (where child and mother invert their
motivational systems) or dominant/submissive behaviors
(where the child uses the ranking motivational system;
Hennighausen and Lyons Rytk005 Crittenden 2008
Lyons-Ruth and Jacobvit2008§ Liotti, 201J).

Finally, it is important to note that there is reason
to hypothesize attachment dimensionality to be higher
than three (agliard] 202), and multiple dimensions
could theoretically be active simultaneously (or, more
probably, in a rapid sequence). Therefore, the DAM
should be extended to implement these c#sd3espite
this implementation not aiming to combine avoidance

(6)

and ambivalence, the model can relatively easily be
tweaked to allow for experimenting with the coexistence
of multiple dimensions. In fact, as discussed above,
avoidance and ambivalence are incompatible — since they
have opposing e ects in terms of attachment activation
(deactivation vs. hyper-activatio®).But, extending the
number of dimensions, concurrent activations could be
considered. In particular, the presented framework allows
for implementing the dimension phobicity Gagliard]

2027 see text footnote 10), and its interaction with

avoidance or ambivalence could be simulated. In this
regard, it is worth noting that — to support such an

interaction — an adequate activation mechanism should
also be implemented.

Conclusion

Attachment is as essential to our socio-psychological
life as it is dicult to conceptualize and model. Following
the latest theoretical developments, we considered here a
dimensional perspecti(®P) of attachment and suggested it
to be a more convenient approach to model the phenomenon
computationally than the classical categorical perspective.
We supported our hypothesis by implementing the DAM —
a DP-informed ABM of attachment. Our simulations of
avoidance and ambivalence match the literature descriptions
of the children who develop such patterns, thereby con rming
the implementability and validity of the DP. According
to this view, attachment is primarily a multi-dimensional
control system.

10 The implementation of phobicity is included in the provided
MATLAB version (AC_Lab 1.0) fittps://github.com/marc-gglrd/AC_Lab ).
11 Interestingly, some rapid alternations between high-avoidance and
high-ambivalence appear plausible — for example, when an angry protest
(high ambivalence) seems to be expressed by a cold, rational criticism
(high avoidance).
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Appendix

C: sensitivity analysisThe model's main Equations (1-4) contain a coupling facty)(that connects each agent's need to
the other's. Here, a sensitivity analysis for such a factor, both in the avoidant (Equations 1-2) and ambivalent (Equations 3—
4) cases, is presented. The in uence of the factgr X 0) was evaluated against the case of no coupl®dgD( 0) taking into
account the trends of need and actions (approach and exploration rates) of the agents across the entire range of parameter levels
(Ay D f0:1; 0:2;:::; 0:99; An D fO:1; 0:2;:::; 0:99.12

(1) Avoidant caseThe need and action trends were analyzedGpin the rangel0:0; 8:0U In this case, following the psychological
literature, the system is considered to be compliant with the expected behavior when the need has a descending trend, which
corresponds to decreasing approach and increasing exploration rates. According to this criterion, the system showed to work even
when decoupled, but improved its performance for increasing valu€s,ofaching its best aroun@; D 4:0. At this point, the
need showed a steeper trend, which corresponded to a more marked di erence in terms of approaches and explorations between
the extremes of the parameter ranglg, © 0:1 andAy D 0:9). A further increase o€; yielded a degradation of performance,
which was completely lost faZ: D 8:0 (no monotonic trends of the curves with no approachesAQr 0:5). Therefore, the
analysis showed a qualitative performance improvement of the coupled system compared to the decoupled one.

(2) Ambivalent casé@ he need and action trends were analyzeddoin the rang€elD:0; 6:0U In this case, following the psychological
literature, the system is considered to be compliant with the expected behavior when: (1) For the child, the need has an ascending
trend, which corresponds to increasing approach and decreasing exploration rates; and (2) For the caregiver, the need has a
descending trend, which corresponds to decreasing approach and increasing exploration rates. According to this criterion, the
system showed not to work properly when decoupled (no monotonic trends of the curves with no approachgs fob:.4),
but improved its performance for increasing value<pf reaching its best aroun@; D 2:0. At this point, the need and action
rates showed the expected trends. A further increasg gielded a degradation of performance, which was completely lost for
C: D 6:0 (need practically constant, saturated at its maximumAgr 0:4). Therefore, this analysis also showed a qualitative
performance improvement of the coupled system compared to the decoupled one.

12 For space reasons, graphs could not be included here but are included in the MATLAB implementation (  https://github.com/marc-gglrd/AC_Lab/
tree/main/OUTPUT_PLOTS_stored/DAM-Manuscript- Plots/Cf- Sensitivity-Analysis ).
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