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Abstract. The use of computational models to understand psycholog-
ical phenomena, including suicidal behavior and outcomes, has become
more common. Here we extend a formal computational model of suicide
with social and state-dependent dynamics enabled by ABM architecture
to evaluate their effects on suicidal thought and aversive internal state.
The proposed model implements the General Escape Theory of Suicide
[34], combined with aspects of the Interpersonal Theory of Suicide [33],
particularly burdensomeness and connectedness. It is based on a sys-
tem of differential equations proposed by Wang et al. [34] and extended
by Engels [11]. The prevalence of suicidal thoughts and aversive inter-
nal states was compared in three conditions: a baseline model, a model
that included sleep deprivation, and a model that included both state-
dependent and social dynamics. We found that sleep deprivation signif-
icantly increased both outcomes, while the addition of social dynamics
reduced them and increased resistance to suicidal thought. These dy-
namics qualitatively align with contemporary suicide research showing
the protective effects of sleep and socializing. The results demonstrate
the utility of ABMs in representing the interactions of internal, social,
and state-dependent processes. The model may support simulation of
group-level interventions, although future work is needed for quantita-
tive validation and refinement.

Keywords: Agent Based Model - Suicide - General Escape Theory -
Sleep

1 Introduction

Suicide is a major cause of death worldwide. Although global deaths from suicide
have decreased over the past several decades, the rate remains high [30,26]. How-
ever, the rate of suicide attempts is much higher, ranging from 30 [31] to more
than 900 [28] per death by suicide in the United States, with many attempts
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not recorded. Despite decades of research, there was no significant improve-
ment in suicide prediction as assessed in 2014 [12]. Since then, smart-technology
and wearables have allowed progress in the implementation of interventions and
early identification of factors associated with suicidality [1]. However, due to the
complex nature of suicidal ideation and suicide attempts, it remains difficult to
determine exactly which factors are indicative of them. There are many potential
paths to suicide and they vary between individuals.

Studies of complex systems increasingly involve computational modeling. The
strength of the approach is that it allows for analysis of nonlinear relationships
and their outcomes. There is an increasing body of work that shows that suicidal
ideation and attempts can fluctuate greatly during small time frames [9,20], and
be dependent on many factors [4,3], both of which are identifiers of parameters
in a complex system. The field of computational psychology has begun to utilize
computational models to analyze suicide as a complex system. Agent Based
Models (ABMs) are known to be useful in modeling dynamic social environments
with autonomous agents that have their own state-dependent interactions and
exhibit varying behaviors. Despite that, the use of ABMs in suicide research
remains limited. This paper attempts to answer the following research questions.
1) How does a combination of state-dependent and social effects within an ABM
alter the dynamics of suicidality compared to a baseline mathematical model?
2) How do the effects of sleep alter the dynamics of suicidality within an ABM
compared to a baseline mathematical model?

1.1 Related Work

The model proposed in this study is largely based on a formal theory of suicide
proposed by Wang et al. [34], and extended by Engels [11]. Wang et al. proposed
a mathematical model based on the General Escape Theory proposed by Millner
et al., which is still in preparation. This theory, in turn, is based on Baumeister’s
Escape Theory [2], which frames suicidal outcomes as the result of wanting to
escape an aversive internal state formed by stress, discomfort, and failure, among
others. The mathematical model [34] is made up of 7 differential equations that
represent the evolution of stress, aversive internal state, urge to escape, suicidal
thought, escape behavior, and external and internal strategies to reduce harm.
The model serves as a good foundation for simulation based on the General
Escape Theory.

Engels [11] extended the model [34] with social interactions. Many other the-
ories of suicide, such as the Interpersonal Theory of suicide (IPT) by Van Orden
et al. [33] and the Integrated Motivational-Volitional model (IMV) by O’Connor
and Kirtley [25], consider social effects such as burdensomeness and thwarted
belongingness to be significant. Engels’ key additions were a social burden pa-
rameter, a connectedness parameter, and a clustering coefficient. The relation-
ships between parameters are maintained largely. With the model proposed in
this article, we advance the extended model [34,11] by adding key features of
suicidality such as memory [5,18] and time-dependent interactions.
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2 Model

The agents’ update rules are largely based on the formal theory of suicide [34]
and Engels’ extension [11], which was modified and extended based on expert
opinion and literature. The ABM was developed in Python using the Mesa li-
brary [16], a standard choice for the development of ABMs. The Python libraries
NumPy [15], Matplotlib [17] and Pandas [32] were used for efficient computation,
plotting, and data handling, respectively. The code for the model is available at
the author’s github repository. The following subsections will motivate the de-
sign of the model.

2.1 Agent States

The model includes a daily routine for all agents. A high-level overview of the
routine is shown in figure 1.
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Fig.1: Graphical representations of states and state-dependent effects in the
ABM. Left: The daily schedule of an agent in the ABM. The agent sleeps (1),
wakes up (2), commutes (3), works (4), commutes back (5), and is at home
(6), before going to sleep again. Right: A sleep duration of less than 8 hours
negatively affects stress and suicidal thought. Commutes are distributed so that
short commutes are more likely, but long commutes are possible.

1) Sleep: Disrupted or inconsistent sleep is believed to be detrimental to a
variety of physiological processes, including mental health. Correlations have
specifically been found between disrupted sleep and suicidal ideation [27]. Later
sleep timing and greater variability in sleep duration are generally associated
with worse health outcomes [7]. The assumption is made that sleep always ends
at 7:00 in the morning and that a healthy sleep duration is 8 hours. A sleep
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deficit is defined as the number of hours slept less than 8. Sleep longer than 8
hours has no explicit negative effect.

2) Morning: After sleeping, the effects of potentially poor sleep are applied to
the update equations of stress and suicidal thought during the "morning" state.
The duration of this state depends on the length of the agent’s commute; it ends
such that it is 9:00, the start of work, after commuting.

3) Commute: Commuting is known to be a stressful event, and stress during
commutes depends on various factors, including duration of commute [29]. The
duration of the commute is drawn from a lognormal distribution with a mean
and standard deviation specific to each agent type.

4) Work: In the "work" state, the effect of the urge to escape on other param-
eters increases. The workday starts at 9:00 in the morning and its duration is
standardized to 8 hours for all agents.

5) Home: According to expert opinion, suicidal ideation is more likely to orig-
inate and sustain at home [35,21]. Escape behavior becomes easier to engage
in when the daily work schedule is completed. The duration of the home state
equals the amount of time between the commute back from work and the start
of the sleep state.

2.2 Social network

Engels [11] modeled the social connections between agents according to a Newman-
Watts-Strogatz small world graph [24]. In such a graph, the edges between nodes
are initialized in a circle formation, after which the nodes are connected accord-
ing to the mean degree of connectivity, with a probability of reassignment of
edges. This effectively models a closed social network. For small numbers of
nodes, such networks may be sufficiently realistic. According to Dunbar et al.
[10], the average size of an individuals social network is 150 people, among which
there are delimitations in closeness to the individual. One such delimitation is
classified as “best friends”, which consist of roughly 15 people who are either best
friends or closer to the individual. A best friends network will form the basis of
the analysis performed in the current project. All agents are connected to all
other agents, with weights ranging between 0.99 and 1.

2.3 Parameters

A high-level overview of all parameters, coefficients, and agent states is shown
in figure 2. In this figure, self-feedback relationships are omitted. All model pa-
rameters described in this section are functions of time. For all main parameters
denoted with capital letters, the time dependency is omitted in writing for clar-
ity, e.g. S(t) — S. For visualization of a parameter’s trajectory, refer to figure
3.

Stress. Within the field of psychology, stressors are understood to be systemic or
chronic, as well as acute, with the existing literature advocating the consideration
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Fig.2: Model schematic showing the relationships between parameters and
states. The original model [34] is shown on the gray background. Engels’ contri-
butions [11] are shown on the blue background. New model extensions made by
this paper are shown on the green background.

of both types in psychological research [14,22]. Empirical data show a high spike
in cortisol levels at wake-up and a series of work-related cortisol spikes. The
wake-up spike is believed to occur in preparation for stressful events later in the
day [13,6].

Informed by these observations, stress is modeled as a series of spikes of uni-
form size, the occurrence of which is dictated by a Poisson process. A noise term
is added to model minor short-term fluctuations. This allows for a baseline stress
level, i.e., chronic stress, with spikes that decay to the baseline at a specified
rate, i.e., acute stress. Stress is affected by the external strategy parameter, as
was the case in model [34]. This yields the stress equation

S(t+dt)=Lg+e (S~ Lg)+ > P-(1— fi,E) +dWo (1)

Ls = Lg(0) — f12F (2)
As = Ag(0) + fi3E,

where Lg is the baseline stress value, A\g is the decay rate of the cortisol spikes,
P is an impulse that occurs at time ¢, and dW is a stochastic noise term ~
N(0, \/%), which is multiplied by o to control the strength of the stochastic
fluctuations. E is the external strategy parameter at time ¢, f; ; the strength of
its effect on the size of impulses, fi o the strength of its effect on the baseline
stress and f; 3 the strength of its effect on the decay rate.
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Impulses come from 2 different sources: morning impulses P,,, and day im-
pulses P;(t). From the morning commute to the next sleep state, impulses Py
are determined with a Poisson process, such that the time between spikes is
distributed exponentially with a given event rate r

Pd(t) =apN, (3)

with ap = strength of impulse, N(¢) ~ Poisson(rdt). When commuting, the
baseline stress increases by 0.2.

The morning impulse P, is a single impulse after awakening at 7:00, its size
being dependent on the length of sleep. The assumption is made that the increase
in cortisol in the morning in anticipation of stressful situations is correlated with
poor sleep, as there is evidence that poor sleep correlates with high stress [19].
The equation for the size of the spike is

deficit
P, = 1 — . 4
ar ( +exp (healthy sleep)> )

Urge to Escape & Past Suicidal Thought. As in model [34], urge to escape
is modeled as a linear combination of itself and the aversive internal state. How-
ever, this model does not account for past suicidal ideation as a factor in escape
behavior, even though there is evidence that it has an effect [5,18]. To model the
effect that past suicidal behavior has on escape behavior past suicidal thought
is added as a factor. This is modeled in the form of a memory component that
increases with suicidal thought, and can decay more slowly than suicidal thought
itself:

T, ifT >=M (5)

| M + dt(—hgM), otherwise.

Adding this to Engels’ update equation for urge to escape with an added effect
of social connectivity [11] yields

U(t+dt> =U 4+ dt x (—C3U+b3A+hg:\[—ZJC), (6)
with Engels’ additions to the model [11] highlighted in blue, and the new memory
term highlighted in green.

Suicidal Thought. The update equation for suicidal thought follows [34]:

1

T(t+dt)=T+dt ( dsT + T+ oxp (—eaa (U = c472))) , (7)
where c4,; controls the steepness of the sigmoid and c4,2 controls the threshold.
The equation includes a sigmoid function to allow for a steep increase in value
when a certain threshold is reached. ¢4 2 is reduced proportional to the lack of
sleep in the morning state to make agents more susceptible to suicidal thought
after poor sleep: ¢4 2 = c4,2—0.1-deficit/healthy sleep. dy4 is reduced by 0.1 in the
home state, so suicidal thought decays less quickly. This reflects susceptibility
to suicidal thoughts at home.
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Escape Behavior. Escape behaviors other than suicidal thought, such as al-
cohol use and non-suicidal self-injury, are generalized as "escape behavior" in
[34]. Escape behavior is modeled the same as suicidal thought, but with a lower
threshold for the sigmoid function:

1
X(t+dt =X—|—dt<—eX+ ), 8
( ) 5 1 +6Xp (—6511(U —C5’2)) ( )
where the constants have the same meaning as in equation 7, but ¢ 2 has a lower
value than cy .

External & Internal Strategies. External strategies are aimed at reduc-
ing stressors, whereas internal strategies are directly aimed at reducing aversive
internal state. The update equations for external and internal strategies are
adapted directly from [34]:

E(t+dt) = E+dt(f6E(KE —E) +b6A—CﬁU) (9)
[(t+dt) = T+ dt(grI (K1 — ) + brA — caU). (10)

The term agE(Kgp — E) models logistic growth: the strategies are naturally
capped by K unless motivated by aversive internal state or discouraged by urge
to escape. At work, cg and c; increase to reflect a stronger effect of existing urge
to escape when spending a long time in a closed-off office space.

Social Burden. The social burden parameter is directly adapted from Engels,
who describes its purpose as "captur[ing] anxiety contagion present in social
networks" [11]. The parameter is governed by a weighted sum of the aversive in-
ternal states of an agent’s connections, internal strategy to reduce social burden,
and a feedback term:

B+ dt(—joB; — gol + by S0 wnAy), if N; >0

. (11)
B + dt(Pionety), ifN; = 0.

B(t+dt)_{

Aversive Internal State. Wang et al. [34] conceptualized aversive internal
state as a linear combination of suicidal thought, escape behavior, internal strate-
gies, and stress, with an additional logistic growth term representing an individ-
ual’s natural propensity towards an aversive internal state. Engels [11] added
the social burden term and an effect of the agent’s clustering coefficient within
its social network. This yields the following update equation:

A(t + dt) =A+ dt(bQA(KA — A) +a2S —doT —es X — gol + joB — Ii), (12)

where K 4 is the carrying capacity (maximum) of the logistic growth term, and
% the weighted clustering coefficient of the agent.
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3 Methods and experimental design

For all simulations, the simulated time was 40 days in the model with no data
collected for the first 20 days, which served as a warm-up period, unless spec-
ified. This warm-up period was chosen on the basis of visual inspection of the
model dynamics to identify when they settled. The baseline coefficient values
were chosen so that suicidal thought emerged as spikes a couple times in the
defined time period, partially influenced by values suggested in section 8.1 of
Engels [11]. Unless specified, these coefficient values were kept constant for all
simulations, subject to potential modifications from state-dependent dynamics.
The model was initially run with three different parameter settings: one with
only the parameters as proposed in model [34], one where memory of suicide
was introduced, and one in which all proposed extensions were included. The
parameter values were tracked for each setting for high-level analysis of system
dynamics.

An experiment was set up to evaluate whether the added effect of sleep depri-
vation on stress and suicidal thought has a significant impact on the emergence
of aversive internal state and suicidal thought within the model. To compare the
effect with a baseline, social effects and memory of suicidal thought were removed
for this experiment, so that the only included modifications to the original model
[34] were state-dependent effects.

Two types of agents were defined, the only difference being that one always
sleeps 8 hours (good sleep agent), and the other always sleeps 6 hours (bad sleep
agent). The commute duration was made the same for both types of agents.
With that, the only differences in model output between agents would be due to
the effects of sleep deprivation and stochasticity in the stress term. The stress
term was kept heterogeneous due to the significant effect of sleep deprivation on
stress [13].

The model was run 1000 times with one agent of each type, the output vari-
able being the Area Under the Curve AUC(X) = 220 Xdt of the suicidal thought
parameter T and of the aversive internal state A. Means tests were performed
to assess the significance of difference. The means of both agent types were then
compared to the means of a baseline agent with no state-dependent effects, i.e.
one with update rules as described in [34]. The type of means test chosen de-
pended on the distribution of the data: a two-sample t-test was performed if its
assumption of normality was satisfied, and a Mann-Whitney test was performed
if not.

4 Results

Figure 3 shows the dynamics of a randomly chosen agent in a best friends social
network subject to social burden and state-dependent effects, i.e. the dynamics
of the extended model, as well as the dynamics of a baseline agent with no
social influences and no state-dependent effects, i.e. an agent with dynamics
approximately as described in [34]. Figure 4 provides a comparison between the
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dynamics of the baseline agent and the dynamics of an agent with an added
parameter that represents memory of suicidal thought.

Target Variable Comparison between
1 Ostandard Agent (Extended Model) 10 Baseline Agent 0.30 Baseline and Extended Model

0.8
0.6
0.4

0.2

Value

)

7 ‘\\“,"MW,\( \N“\N\ / \

S
0.0 40 00 20 25 30 35 40 0.00 20 25 30 35 40

20 25 30 35
Time (Days) Time (Days) Time (Days)
—— Stress —— External-Focused Change —— Suicidal Thought (Standard Agent (Extended Model), p=0.01, 0=0.01)
Aversive Internal State Internal-Focused Change —-==Suicidal Thought (Baseline Agent, u=0.00, 0=0.01)
—— Urge to Escape —— Social Burden —— Escape Behavior (Standard Agent (Extended Model), u=0.12, 0=0.05)
—— Suicidal Thought Memory of Suicidal Thought --- Escape Behavior (Baseline Agent, p=0.12, 0=0.06)

—— Escape Behavior

Fig. 3: Comparison of system dynamics for a random agent from the extended
model (left) and an agent from the baseline model (middle). The rightmost plot
shows a comparison between the suicidal thought and escape behavior parame-
ters of each agent over time.

Figure 5 shows the dynamics of a random simulation of both the good sleep
agent and the bad sleep agent, as described in section 3.

Figure 6 shows the distributions of the AUC of suicidal thought and aversive
internal state for each agent type over 1000 simulations. The mean AUC of the
aversive internal state of the good sleep agent p5°°% is 8.55. p&°° is 0.16. p52d
is 8.98 and p52d is 1.05. phdse is 8.22 and pb2° is 0.09.

Two-sample t-tests and Mann-Whitney tests were performed to compare 4
and pr between the good sleep, bad sleep, and baseline groups. All tests yielded
p-values much lower than o = 0.05 (in the order of 1071%), demonstrating highly
significant differences between the means of the three groups.

5 Discussion

System Dynamics. In figure 3, the most notable differences between baseline
dynamics and extended system dynamics seem to be related to escape behavior
and suicidal thought. In the plot representing the baseline agent, the trajectory
of escape behavior is smoother and never reaches 0. Despite that, there are only
a couple of minor increases in suicidal thought. One could argue that never-
ending escape behavior is unlikely, even in people with suicidal tendencies. In
the extended model’s dynamics, escape behavior fluctuates at a smaller ampli-
tude but a higher frequency. Increases in suicidal thought are also higher. These
dynamics most likely arise from the daily schedule the agent experiences, which
causes fluctuations in parameter values by design. The short-term fluctuation of
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Target Variable Comparison between
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Fig. 4: Comparison of system dynamics for an agent with the memory of suicidal
thought parameter added (left) and an agent from the baseline model (middle).
The rightmost plot shows a comparison between the suicidal thought and escape
behavior parameters of each agent.

Target Variable Comparison between
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— Aversive Internal State ~ —— External-Focused Change - Suicidal Thought (Bad Sleep, p=0.04, 0=0.03)
—— Urge to Escape Internal-Focused Change —— Aversive Internal State (Good Sleep, p=0.44, 0=0.04)
—— Suicidal Thought Aversive Internal State (Bad Sleep, u=0.44, 0=0.04)

Fig.5: Comparison of system dynamics for a good sleep agent (left) and a bad
sleep agent (middle). The rightmost plot shows a comparison between the suici-
dal thought and aversive internal state variables of each agent.

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:
DOIJ 10.1007/978-3-032-29924-6_16 |



https://dx.doi.org/10.1007/978-3-032-29924-6_16
https://dx.doi.org/10.1007/978-3-032-29924-6_16

An ABM of Effects of Sleep Deprivation on Suicidality 11

AUC of Aversive State (A) - All Agents AUC of Suicidal Thought (T) - All Agents
200 H 600 ]
! X I
1
150 [l
g | & 400
S 100 / E
o o
£ \ o
w w

! b

8.00 825 850 875 09.00 9.25

2.0
AUC(A)
Good Sleep (u=8.55, 0=0.10) Good Sleep (u=0.16, 0=0.08)
Bad Sleep (u=8.98, 0=0.11) Bad Sleep (u=1.05, 0=0.24)
—— Baseline (u=8.22, 0=0.13) —— Baseline (u=0.09, 0=0.07)

(a) All agents” AUC(A) value distributions (b) All agents’ AUC(T) value distributions

Fig. 6: Distribution of AUC values for aversive internal state A and suicidal
thought T over 1000 simulations across three agent types: sufficient sleep, sleep
deprived, and a baseline agent with dynamics as described in [34]. The mean is
shown as a dashed line, and a fitted normal distribution is shown as a solid line.

escape behavior and the sudden onset of suicidal thought resemble the dynamics
of suicidal thought in real life more closely [9,20].

Social burden is consistent throughout the simulation of the extension agent.
The agent is connected in a best friends network, meaning social connections
are strong, and agents are well-connected. This may explain a lack of suicidal
thought despite social burden: connectivity reduces aversive internal state and
urge to escape.

In figure 4, no meaningful differences can be observed between the agent
with the memory of suicide parameter added and the baseline agent, apart from
the presence of that parameter. The reason for this lack of effect is most likely
due to the relatively low amounts of suicidal thought exhibited in the performed
simulations, as well as the parameter tuning; it only slightly extends the duration
of suicidal thought’s effect on urge to escape. Decreasing the parameter’s decay
so that it persists longer could allow it to exercise its influence on the system in
a more pronounced way. More research will have to be performed to justify such
changes.

Sleep Deprivation. By visually inspecting the baseline dynamics in figure 3
and the dynamics of both agents in figure 5, one can already deduce that both
ur and p 4 differ between all agent types. The good sleep agent has slightly more
suicidal thoughts than both the baseline agent and the agent with all extensions
applied, as shown in figure 3. This is in line with the observation made in section
5 and in Engels [11] that a certain range of social burden is indicative of a healthy
amount of social connections to other agents, which reduces suicidality.

The simulated values of AUC(A) are roughly normally distributed for all
agents, as shown with the overlaid normal distributions in figure 6. The distri-
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butions satisfy the assumption of normality of the t-test. The AUC(T) distri-
butions of the good sleep agent and the baseline agent are skewed, which is a
boundary effect due to the low occurrence of suicidal thought during the sim-
ulated period. As such, the non-parametric Mann-Whitney test was employed
to means-test the AUC(T) distributions. The results of the means tests sup-
port the intuition obtained in figure 6: the AUC means are significantly different
between all agent types. Thus, the conclusion can be drawn that consistently
shorter sleep, i.e. chronic sleep deprivation, increases aversive internal state and
suicidal thought prevalence in the model. The significant difference in both aver-
sive internal state and suicidal thought between an agent who sleeps 8 hours a
day and one who sleeps 6 hours a day qualitatively agrees with research findings
on the relationship between poor sleep quality and mental health [7,27].

Future Research Due to the inherent complexity of suicidality, there are many
avenues for future research and improvement of the model. The model has been
validated qualitatively, but should still be validated quantitatively. Although
many of the parameters are based on subjective metrics, such as social bur-
den, the dynamics can be directly compared to data obtained from ecological
momentary assessment studies.

The parameter update rules can be expanded to make the model more spe-
cific. Stress, for example, is known to be caused by a wide variety of events,
with some having a greater impact than others [8]. Instead of the intensity of
the stressors being dependent only on the local context, stressor impulses could
be expanded with different types that lose intensity based on prior encounters.

Another area of improvement is agent interaction. Currently, agents have
very minimal social interactions in the form of a constantly active social burden.
Agents could be made to have social interactions at work dependent on their
job or on cohesion within their team. The influence of social media is of great
relevance as well, so any extension involving online social networks would be
insightful.

Finally, the state-dependent effects could be refined and expanded. For ex-
ample, social burden persists during sleep, which does not make much sense
intuitively. Agents go to work every day, thus not accounting for weekends, the
inclusion of which could change long-term dynamics and statistics. Work breaks
could be introduced to mitigate the negative effects of being at work within the
model. In future work, such additions can be introduced based on data obtained
from smartphones [23] containing information about movement, location, and
phone-based social interactions.

6 Conclusion

We demonstrate the utility of the ABM architecture to model interacting in-
ternal, social, and state-dependent processes in suicidality. The inclusion of so-
cial effects altered model dynamics by increasing resistance to suicidal thought
through social connectivity, while sleep deprivation significantly increased both
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aversive internal state and suicidality compared to baseline conditions. These
findings are consistent with existing literature, supporting the conclusion that
such dynamics can be represented in an abstract yet meaningful way within
ABMs.

The proposed model produces dynamics that are closely aligned with contem-
porary suicide research, including short-term fluctuations in escape behavior and
the onset of suicidal thought. Its contribution to computational psychology lies
in integrating internal agent dynamics with social and state-dependent effects
within a unified framework. With further validation and refinement, the model
could support the simulation of group-level interventions and inform policy by
identifying societal factors that mediate suicidality.

Acknowledgments. This study was supported by the research priority area Urban
Mental Health of the University of Amsterdam.

Disclosure of Interests. The authors have no competing interests to declare that
are relevant to the content of this article.

References

1. Allen, N.B., Nelson, B.W., Brent, D., Auerbach, R.P.: Short-term prediction of
suicidal thoughts and behaviors in adolescents: Can recent developments in tech-
nology and computational science provide a breakthrough? Journal of Affective
Disorders 250, 163-169 (2019). https://doi.org/10.1016/j.jad.2019.03.044

2. Baumeister, R.F.: Suicide as escape from self. Psychological Review 97(1), 90-113
(1990). https://doi.org/10.1037/0033-295%.97.1.90

3. de Beurs, D., Bockting, C., Kerkhof, A., Scheepers, F., O’Connor, R., Penninx, B.,
van de Leemput, I.: A network perspective on suicidal behavior: Understanding
suicidality as a complex system. Suicide and Life-Threatening Behavior 51(1),
115-126 (2021). https://doi.org/10.1111/s1tb.12676

4. de Beurs, D., Giltay, E.J., Nuij, C., O’Connor, R., de Winter, R.F.P., Kerkhof,
A., van Ballegooijen, W., Riper, H.: Symptoms of a feather flock together? an
exploratory secondary dynamic time warp analysis of 11 single case time series
of suicidal ideation and related symptoms. Behaviour Research and Therapy 178,
104572 (2024). https://doi.org/10.1016/j.brat.2024.104572

5. Blacutt, M., O’Loughlin, C.M., Ammerman, B.A.: Bias toward escape responding
during reinforcement learning among those with suicidal ideation. Journal of Psy-
chiatric Research 181, 586-595 (2025). https://doi.org/10.1016/j. jpsychires.
2024.12.020

6. Brosschot, J.F., Pieper, S., Thayer, J.F.: Expanding stress theory: Prolonged acti-
vation and perseverative cognition. Psychoneuroendocrinology 30(10), 1043-1049
(2005). https://doi.org/10.1016/j.psyneuen.2005.04.008

7. Chaput, J.P., Dutil, C., Featherstone, R., Ross, R., Giangregorio, L., Saunders,
T.J., Janssen, 1., Poitras, V.J., Kho, M.E., Ross-White, A., Zankar, S., Carrier,
J.: Sleep timing, sleep consistency, and health in adults: a systematic review. Ap-
plied Physiology, Nutrition, and Metabolism 45(10 (Suppl. 2)), S232-5247 (2020),
https://cdnsciencepub.com/doi/abs/10.1139/apnm-2020-0032

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:
DOI] 10.1007/978-3-032-29924-6_16 |



https://doi.org/10.1016/j.jad.2019.03.044
https://doi.org/10.1016/j.jad.2019.03.044
https://doi.org/10.1037/0033-295x.97.1.90
https://doi.org/10.1037/0033-295x.97.1.90
https://doi.org/10.1111/sltb.12676
https://doi.org/10.1111/sltb.12676
https://doi.org/10.1016/j.brat.2024.104572
https://doi.org/10.1016/j.brat.2024.104572
https://doi.org/10.1016/j.jpsychires.2024.12.020
https://doi.org/10.1016/j.jpsychires.2024.12.020
https://doi.org/10.1016/j.jpsychires.2024.12.020
https://doi.org/10.1016/j.jpsychires.2024.12.020
https://doi.org/10.1016/j.psyneuen.2005.04.008
https://doi.org/10.1016/j.psyneuen.2005.04.008
https://cdnsciencepub.com/doi/abs/10.1139/apnm-2020-0032
https://dx.doi.org/10.1007/978-3-032-29924-6_16
https://dx.doi.org/10.1007/978-3-032-29924-6_16

14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

M. Brandon et al.

Cohodes, E.M., McCauley, S., Pierre, J.C., Hodges, H.R., Haberman, J.T., San-
tiuste, 1., Rogers, M.K., Wang, J., Mandell, J.D., Gee, D.G.: Development and
validation of the dimensional inventory of stress and trauma across the lifespan
(distal): A novel assessment tool to facilitate the dimensional study of psychobi-
ological sequelae of exposure to adversity. Developmental Psychobiology 65(4),
€22372 (2023). https://doi.org/10.1002/dev.22372

Coppersmith, D.D.L., Ryan, O., Fortgang, R.G., Millner, A.J., Kleiman, E.M.,
Nock, M.K.: Mapping the timescale of suicidal thinking. Proceedings of the Na-
tional Academy of Sciences of the United States of America 120(17), €2215434120
(2023). https://doi.org/10.1073/pnas. 2215434120

Dunbar, R.I.M.: The anatomy of friendship. Trends in Cognitive Sciences 22(1),
32-51 (2018). https://doi.org/10.1016/j.tics.2017.10.004

Engels, S.: Social Network Modeling and Machine Learning for Suicidal Ideation
Prediction. Thesis, University of Amsterdam (2025)

Franklin, J.C., Ribeiro, J.D., Fox, K.R., Bentley, K.H., Kleiman, E.M., Huang, X.,
Musacchio, K.M., Jaroszewski, A.C., Chang, B.P., Nock, M.K.: Risk factors for
suicidal thoughts and behaviors: A meta-analysis of 50 years of research. Psycho-
logical Bulletin 143(2), 187-232 (2017). https://doi.org/10.1037/bul0000084
Fries, E., Dettenborn, L., Kirschbaum, C.: The cortisol awakening response (car):
Facts and future directions. International Journal of Psychophysiology 72(1), 67—
73 (2009). https://doi.org/10.1016/j.1ijpsycho.2008.03.014

Hammen, C., Kim, E.Y., Eberhart, N.K., Brennan, P.A.: Chronic and acute stress
and the prediction of major depression in women. Depression and Anxiety 26(8),
718-23 (2009). https://doi.org/10.1002/da.20571

Harris, C.R., Millman, K.J., van der Walt, S.J., Gommers, R., Virtanen, P., Cour-
napeau, D., Wieser, E., Taylor, J., Berg, S., Smith, N.J., Kern, R., Picus, M.,
Hoyer, S., van Kerkwijk, M.H., Brett, M., Haldane, A., del Rio, J.F., Wiebe, M.,
Peterson, P., Gérard-Marchant, P., Sheppard, K., Reddy, T., Weckesser, W., Ab-
basi, H., Gohlke, C., Oliphant, T.E.: Array programming with NumPy. Nature
585(7825), 357-362 (Sep 2020). https://doi.org/10.1038/s41586-020-2649-2
ter Hoeven, E., Kwakkel, J., Hess, V., Pike, T., Wang, B., rht, Kazil, J.: Mesa
3: Agent-based modeling with python in 2025. Journal of Open Source Software
10(107), 7668 (2025). https://doi.org/10.21105/joss.07668

Hunter, J.D.: Matplotlib: A 2d graphics environment. Computing in Science &
Engineering 9(3), 90-95 (2007). https://doi.org/10.1109/MCSE.2007 .55
Jaroszewski, A.C., Millner, A.J., Gershman, S.J., Franz, P.J., Bentley, K.H.,
Kleiman, E.M., Nock, M.K.: Past suicide attempt is associated with a weaker
decision-making bias to actively escape from suicide-related stimuli. Journal of
Psychopathology and Clinical Science 134(5), 503-519 (2025). https://doi.org/
10.1037/abn0000989

Kim, E.J., Dimsdale, J.E.: The effect of psychosocial stress on sleep: A review
of polysomnographic evidence. Behavioral Sleep Medicine 5(4), 256-278 (2007).
https://doi.org/10.1080/15402000701557383, doi: 10.1080,/15402000701557383
Kiveld, L.: Dynamics of despair: examining suicidal ideation using real-time
methodologies. Phd dissertation, University of Leiden (2025), https://hdl.
handle.net/1887/4175271

Machell, K.A.) Rallis, B.A., Esposito-Smythers, C.: Family environment as a mod-
erator of the association between anxiety and suicidal ideation. J Anxiety Dis-
ord 40, 1-7 (2016). https://doi.org/10.1016/j.janxdis.2016.03.002, 1873-
7897 Machell, Kyla A Rallis, Bethany A Esposito-Smythers, Christianne RO1

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:
DOI] 10.1007/978-3-032-29924-6_16 |



https://doi.org/10.1002/dev.22372
https://doi.org/10.1002/dev.22372
https://doi.org/10.1073/pnas.2215434120
https://doi.org/10.1073/pnas.2215434120
https://doi.org/10.1016/j.tics.2017.10.004
https://doi.org/10.1016/j.tics.2017.10.004
https://doi.org/10.1037/bul0000084
https://doi.org/10.1037/bul0000084
https://doi.org/10.1016/j.ijpsycho.2008.03.014
https://doi.org/10.1016/j.ijpsycho.2008.03.014
https://doi.org/10.1002/da.20571
https://doi.org/10.1002/da.20571
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.21105/joss.07668
https://doi.org/10.21105/joss.07668
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1037/abn0000989
https://doi.org/10.1037/abn0000989
https://doi.org/10.1037/abn0000989
https://doi.org/10.1037/abn0000989
https://doi.org/10.1080/15402000701557383
https://doi.org/10.1080/15402000701557383
https://hdl.handle.net/1887/4175271
https://hdl.handle.net/1887/4175271
https://doi.org/10.1016/j.janxdis.2016.03.002
https://doi.org/10.1016/j.janxdis.2016.03.002
https://dx.doi.org/10.1007/978-3-032-29924-6_16
https://dx.doi.org/10.1007/978-3-032-29924-6_16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

An ABM of Effects of Sleep Deprivation on Suicidality 15

MHO065885/MH/NIMH NIH HHS /United States Journal Article Research Support,
N.I.H., Extramural Netherlands 2016/04/02 J Anxiety Disord. 2016 May;40:1-7.
doi: 10.1016/j.janxdis.2016.03.002. Epub 2016 Mar 14.

McGonagle, K.A., Kessler, R.C.: Chronic stress, acute stress, and depressive
symptoms. American Journal of Community Psychology 18(5), 681-706 (1990).
https://doi.org/10.1007/b£00931237

National Institute for Mental Health: Brighten study. https://www.synapse.org/
Synapse:syn10848316 (2018)

Newman, M., Watts, D.: Renormalization group analysis of the small-world net-
work model. Physics Letters A 263(4-6), 341-346 (Dec 1999). https://doi.org/
10.1016/s0375-9601(99)00757-4

O’Connor, R.C., Kirtley, O.J.: The integrated motivational-volitional model of
suicidal behaviour. Philosophical Transactions of the Royal Society B: Biological
Sciences 373(1754) (2018). https://doi.org/10.1098/rstb.2017.0268
Organization, W.H.: Suicide rates (2025), https://www.who.int/data/gho/data/
themes/mental-health/suicide-rates

Pigeon, W.R., Bishop, T.M., Titus, C.E.: The relationship between sleep distur-
bance, suicidal ideation, suicide attempts, and suicide among adults: A system-
atic review. Psychiatric Annals 46(3), 177-186 (2016). https://doi.org/doi:
10.3928/00485713-20160128-01

Singleton, M.D., Frey, L.M., Webb, A., Cerel, J.: Public health surveillance of youth
suicide attempts: Challenges and opportunities. Suicide and Life-Threatening Be-
havior 50(1), 42-55 (2020). https://doi.org/10.1111/s1tb.12572

Sposato, R.G., Réderer, K., Cervinka, R.: The influence of control and related vari-
ables on commuting stress. Transportation Research Part F: Traffic Psychology and
Behaviour 15(5), 581-587 (2012). https://doi.org/10.1016/j.trf.2012.05.003
voor de Statistiek, C.B.: Zelfdodingen, 1970-2024 (2025), https://www.cbs.nl/
nl-nl/maatwerk/2025/21/zelfdodingen-1970-2024

Stone, D.M., Jones, C.M., Mack, K.A.: Changes in suicide rates - united states,
2018-2019. MMWR Morbidity and Mortality Weekly Report 70(8), 261-268
(2021). https://doi.org/10.15585/mmwr .mm7008a1l

pandas development team, T.: pandas-dev/pandas: Pandas (Feb 2020). https:
//doi.org/10.5281/zenodo.3509134

Van Orden, K.A., Witte, T.K., Cukrowicz, K.C., Braithwaite, S.R., Selby, E.A.,
Joiner Jr, T.E.: The interpersonal theory of suicide. Psychological Review 117(2),
575-600 (2010). https://doi.org/10.1037/20018697

Wang, S., Robinaugh, D., Millner, A., Fortgang, R., Nock, M.: Mathematical
and Computational Modeling of Suicide as a Complex Dynamical System (2023).
https://doi.org/10.31234/0sf.i0/b29cs

Yang, Q., Hu, Y.Q., Zeng, Z.H., Liu, S.J., Wu, T., Zhang, G.H.: The relationship
of family functioning and suicidal ideation among adolescents: The mediating role
of defeat and the moderating role of meaning in life. Int J Environ Res Public
Health 19(23) (2022). https://doi.org/10.3390/ijerph192315895

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:
DOI] 10.1007/978-3-032-29924-6_16 |



https://doi.org/10.1007/bf00931237
https://doi.org/10.1007/bf00931237
https://www.synapse.org/Synapse:syn10848316
https://www.synapse.org/Synapse:syn10848316
https://doi.org/10.1016/s0375-9601(99)00757-4
https://doi.org/10.1016/s0375-9601(99)00757-4
https://doi.org/10.1016/s0375-9601(99)00757-4
https://doi.org/10.1016/s0375-9601(99)00757-4
https://doi.org/10.1098/rstb.2017.0268
https://doi.org/10.1098/rstb.2017.0268
https://www.who.int/data/gho/data/themes/mental-health/suicide-rates
https://www.who.int/data/gho/data/themes/mental-health/suicide-rates
https://doi.org/doi:10.3928/00485713-20160128-01
https://doi.org/doi:10.3928/00485713-20160128-01
https://doi.org/doi:10.3928/00485713-20160128-01
https://doi.org/doi:10.3928/00485713-20160128-01
https://doi.org/10.1111/sltb.12572
https://doi.org/10.1111/sltb.12572
https://doi.org/10.1016/j.trf.2012.05.003
https://doi.org/10.1016/j.trf.2012.05.003
https://www.cbs.nl/nl-nl/maatwerk/2025/21/zelfdodingen-1970-2024
https://www.cbs.nl/nl-nl/maatwerk/2025/21/zelfdodingen-1970-2024
https://doi.org/10.15585/mmwr.mm7008a1
https://doi.org/10.15585/mmwr.mm7008a1
https://doi.org/10.5281/zenodo.3509134
https://doi.org/10.5281/zenodo.3509134
https://doi.org/10.5281/zenodo.3509134
https://doi.org/10.5281/zenodo.3509134
https://doi.org/10.1037/a0018697
https://doi.org/10.1037/a0018697
https://doi.org/10.31234/osf.io/b29cs
https://doi.org/10.31234/osf.io/b29cs
https://doi.org/10.3390/ijerph192315895
https://doi.org/10.3390/ijerph192315895
https://dx.doi.org/10.1007/978-3-032-29924-6_16
https://dx.doi.org/10.1007/978-3-032-29924-6_16

