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A B S T R A C T

We are introducing a novel thermodynamic model of emotion. In this model, emotions are regarded as deviations 
from equilibrium, akin to fluctuations in body temperature. This bipolar regulation maintains bodily and psy
chological homeostasis while spurring mental development. Emotional regulation typically occurs through 
expanding one’s perception of time. Positive, low-information content emotions can reduce action drive, but 
stressful, information-rich conditions can heighten it. Therefore, time perception can potentiate the capacity of 
emotions to motivate. However, time perception accelerates to facilitate fluid action performance, with the state 
of flow representing a unique state of contentment and challenge. By anchoring psychological processes to the 
principles of energy and entropy, our model offers a comprehensive bipolar foundation for understanding 
motivation and behavior. Beyond its theoretical implications, this model also lays the groundwork for addressing 
mental health conditions resulting from the dysregulation of emotions. It can inspire potential interventions to 
harness the mind-body connections elucidated by our thermodynamic perspective.

1. Introduction

The global rise in stress disorders highlights the urgent need to un
derstand emotional resilience and its role in the development of mental 
diseases (Nestler & Russo, 2024). Traditional approaches have treated 
emotions as separate domains, failing to capture their intricate in
terdependencies. For example, cognitive theories have focused primar
ily on the mental processes underlying emotions (Barrett, 2017). At the 
same time, physiological research has investigated bodily responses, 
such as heart rate and facial expressions, largely independently of 
motivational and subjective factors. This compartmentalized view has 
limited our ability to explain the complex relationships and paradoxes 
observed across these realms of human experience. Understanding how 
emotions relate to subjective experiences (i.e., feelings), motivation, and 
disease progression has remained elusive.

This article proposes a novel thermodynamic model that integrates 

emotions, motivation, and associated physiological mechanisms within 
a unified framework. The brain keeps bodily and psychological equi
librium by intertwining every regulatory system with emotions. 
Nevertheless, the multifaceted nature of the relationship encourages 
further study. This work examines how emotions serve temperature 
regulation and psychological homeostasis. By conceptualizing the 
brain’s functioning through thermodynamic principles of energy and 
entropy, we offer a cohesive perspective to resolve longstanding ques
tions and paradoxes surrounding these interrelated processes.

1.1. Thermo-emotional covariations from a thermodynamic lens

Experimental research confirms the phylogenetically ancient rela
tionship between emotions and temperature regulation across various 
species, including reptiles, foxes, pigs, rabbits, rats, mice, and humans 
(Briese, 1995; Briese & Cabanac, 1991; Cabanac, 1999; Frosini et al., 
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2000; Groenink et al., 1995; Moe & Bakken, 1997; Parrott et al., 1995; 
Terlouw et al., 1996; van der Heyden et al., 1997). Although thermo
regulation exists to some degree in most animals, the endothermic 
phenotype—characteristic of humans and other mammals—depends on 
complex metabolic networks and multiple internal feedback loops 
(Grigg et al., 2021; Seebacher, 2020). For example, embryo incubation 
drives the evolution of endothermy (Farmer, 2020), which is phyloge
netically predicated on thermoregulation (Clavijo-Baque & Bozinovic, 
2012). Endotherms maintain a stable core temperature with the aid of 
crucial mechanisms, including vasoconstriction, shivering, and sweating 
(Madden & Morrison, 2019; Nowack et al., 2017). The brain’s high 
energy use ensures optimal information processing while maintaining 
physical and psychological equilibrium (Dempsey et al., 2022; Huang, 
Zhang, Wu, Mashour, & Hudetz, 2020). Thermal control is a vital 
component of an overarching regulatory system, exerting downstream 
effects on action motivation and behavioral adaptations (Inagaki et al., 
2019; Kataoka et al., 2020; Nashiro, Min, & Yoo, 2022).

Physical or mental instability prompts a wide range of protective 
mechanisms. Emotions are paramount in this regulatory hierarchy as 
they intertwine with other regulatory processes. Moreover, the distinct 
physiological signatures of emotions represent specific energy configu
rations of the brain (Hesp et al., 2021; Kao et al., 2015; Sadowski et al., 
2020), and, like temperature, they oscillate around a neutral position, 
forming an emotional set-point (Northoff & Tumati, 2019). Recent work 
utilizes temperature as a means of characterizing emotions (Escobar 
et al., 2020). Contentment promotes rest and recovery (Brown & 
Thorsteinsson, 2020) by reducing metabolic rate and body temperature, 
thereby conserving energy through parasympathetic restorative pro
cesses (Seebacher, 2009). In contrast, stress is a highly demanding 
condition (Keller et al., 2019; Meeusen, Van Cutsem, & Roelands, 2020), 
where noradrenaline initiates the fight-or-flight response within seconds 
(O’Connor, Thayer, & Vedhara, 2020). Furthermore, the varied effects 
of stress depend on personal, environmental, and other situational fac
tors. However, its adverse health effects in anxiety, dissociation in 
trauma, or even depression (Comtesse et al., 2019; Mason et al., 2024) 
warrant a deeper thermodynamic investigation.

Emotional expressions are fundamentally linked to physiological 
changes regulated by the autonomic nervous system. At the same time, 
their feedback representation reflects motivational aspects (Quadt et al., 
2022). Moreover, emotion and temperature may be under thermody
namic control (Déli and Kisvarday, 2020; Grigg et al., 2021; Seebacher, 
2020). This perspective posits that the brain’s mechanisms for heat and 
work transfer play a crucial role in regulating emotional states, and 
conversely, that emotional states can influence thermoregulation. In 
support of this, psychological stress, known to elevate blood pressure, 
heart rate, and heart function—even during sleep (Hall et al., 2004)— 
increases core temperature, a phenomenon referred to as psychogenic 
fever (Oka et al., 2001). This psychogenic fever results from a temporary 
elevation in the thermoregulatory set point, mediated by both prosta
glandin E2-dependent and independent mechanisms (An & Kim, 2011; 
Fossat et al., 2015; Kluger et al., 1987; Morimoto et al., 1991).

Heat stress can lead to impulsivity (Fredericks et al., 2018; Wittmann 
& Paulus, 2008; Paasche et al., 2019), drug-seeking behavior, and 
criminal activity (Corcoran & Zahnow, 2022). Inversely, fear triggers 
thermoregulation disturbances in substance abusers (Lowry et al., 2009; 
Raison et al., 2015). People with depression have higher body temper
atures (Mason et al., 2024), and median raphe stimulation, which affects 
temperature regulation, can produce depressive-like behaviors (Fazekas 
et al., 2021). These and other findings suggest a neurological link be
tween emotion and temperature (WILLIAMS & Bargh, 2008). To gain a 
deeper understanding of this relationship, we explore the mechanisms of 
thermodynamic regulation in more detail.

1.2. Variations of time judgment

Understanding the mechanisms underlying time perception requires 

distinguishing between different types of temporal judgments. A key 
theoretical distinction exists between the perceptions of short durations 
(e.g., milliseconds to seconds), typically measured through reproduction 
or estimation tasks and the subjective awareness of time’s passage often 
referred to as passage-of-time (PoT) judgments. These two aspects are 
functionally dissociable: while short-duration judgments are closely 
linked to internal pacemaker mechanisms and are modulated by arousal 
and attention (Gibbon et al., 1984; Wittmann, 2009), PoT judgments 
rely more on self-reflective and interoceptive processes, such as 
emotional state and bodily awareness (Droit-Volet, & Fayolle, 2024; 
Martinelli & Droit-Volet, 2022).

Incorporating this distinction into our thermodynamic framework, 
we conceptualize duration estimation as a dynamic process modulated 
by arousal-driven shifts in entropy and energy. High-arousal states, 
whether positively or negatively valenced, have been shown to accel
erate internal clock processes, resulting in time overestimation (Cui 
et al., 2023). An expansion of subjective time is useful for 
decision-making, while contraction of subjective time drives action 
(D’Agostino et al., 2023). In contrast, low-arousal emotions, including 
contentment or mild joy, do not produce consistent distortions in 
short-duration estimates. These findings challenge earlier claims of a 
general "positivity effect" on temporal expansion and underscore the 
primacy of arousal, rather than valence, in modulating temporal 
metrics.

Moreover, our model emphasizes that PoT judgments, i.e., feelings 
that time is dragging or flying, are not reducible to clock-speed effects. 
Instead, they emerge from higher-order awareness of emotional and 
cognitive change (Wittmann, 2015). For instance, the emotion of awe 
leads to underestimation of duration in attention-based timing tasks, 
likely due to perceptual overload (Droit-Volet et al., 2024). Simulta
neously, awe may induce a metacognitive experience of timelessness, a 
distinct subjective effect more closely tied to interoceptive processes and 
self-transcendence. We propose to map these dual effects thermody
namically: attentional overload decreases timing accuracy, while 
self-transcendent states can stabilize entropy.

Early work investigated the effect of increases in body temperature 
on time estimates (Hoagland, 1933). Increases in body temperature 
shortened the intervals produced, but lengthened duration estimates 
(Francois, 1927; Wearden & Penton-Voak, 1995). More recent studies 
support the stress-induced slowing of time perception (Ogden et al., 
2019); however, the repeated anticipation of holidays can actually speed 
up time perception (Ogden et al., 2024).

To situate our approach within broader theoretical debates, we 
briefly compare our framework with several established models of time 
perception. The dual klepsydra model (Wackermann & Ehm, 2006) 
posits that interval timing arises from the gradual discharge of a leaky 
integrator, an analogy to fluid flowing through a clepsydra or water 
clock. In contrast, the DOIT (Dynamic Occupation in Time) model ex
amines how the experience of time varies based on the qualities of ac
tivities and their context (Larson, 2004). Although our model differs in 
its thermodynamic formulation, these approaches recognize the irre
versibility of time and the influence of dissipative processes.

Physical movement across species and tasks hastens time perception, 
improving timing accuracy (Robbe, 2023). The time perception rate is 
greatest in flow, a unique state where the balance of action, motivation, 
and confidence optimizes performance through spontaneous, coherent 
action flow (Failing & Theeuwes, 2016; Rutrecht, Wittmann, Khosh
noud, & Igarzábal, 2021). Similarly, Csikszentmihalyi’s flow model 
describes the distortion of time during immersive tasks, wherein atten
tional focus and action-feedback loops yield an altered experience of 
time (Csikszentmihalyi, 1990). Our thermodynamic view reframes this 
by suggesting that flow arises at an equilibrium point between arousal 
(energy) and confidence (stability), facilitating seamless temporal 
integration.

As physical time is relative to spatial motion, psychological time is 
also relative to imaginary motion (Allingham et al., 2021; Spapé et al., 
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2021). Imagining accelerating movement resulted in a relative over
estimation of time, or time dilation, while decelerating movement eli
cited a relative underestimation, or time compression (Hallez et al., 
2023). Our model posits that perceived time is regulated by energetic 
and informational constraints, offering a physicalist grounding through 
entropy and thermoregulation.

1.3. The role of entropy

Thermodynamic regulation is crucial for efficient brain functioning. 
Because the energy needs of neurons during intrinsic activities are or
ders of magnitude larger than during stimulation for all levels of 
cognition (de Lara, 2020; Raichle, 2010), rapid shifts from the brain’s 
high-dimensional resting state to lower-dimensional evoked activities 
(Singer, 2021) facilitate optimal information transfer. Nevertheless, 
stable intrinsic activities expedite spontaneous recovery of the resting 
state. In this simplified view, intellect generation is based on informa
tion exchange with the external environment (Ahissar & Assa, 2016; Déli 
et al., 2017; Llinás and Paré, 1996; Northoff, 2018), with sensory and 
motor processing forming a thermodynamic cycle.

Renyi’s informational entropy generalizes entropy by forming scalar 
exponent alpha (Jizba & Arimitsu, 2001). Baez (2011) demonstrated a 
direct relationship between Renyi’s exponent alpha and inverse tem
perature beta (i.e., coldness). Intelligent information processing often 
involves a type of information erasure, inducing a sense of "coldness" 
while increasing overall neural organization (O’Neill and Schoth, 2022).

Rényi and Shannon’s informational entropy can describe psycho
logical and cognitive states, and predict task performance and mental 
well-being (Ince et al., 2017; Shannon, 1993). For instance, higher 
variability at rest (i.e., high entropic states) correlates with fluid intel
ligence (Wang et al., 2018; Yang et al., 2019) and openness (Zmigrod 
et al., 2019), but decreases in brain entropy are seen in compromised 
states of consciousness (Varley et al., 2020). For example, stress is 
analogous to time pressure, the inability to cope with the pace or in
tensity of sensory influx (Déli et al., 2018, 2021, 2022), demonstrating 
emotions’ interconnection with the brain’s energy and information 
processing. The following section will proceed to a discussion of time 
perception in motivation.

1.4. The thermodynamics of time perception

Studies on behavioral activation systems have revealed over
estimation bias scores for both positive (Lehockey et al., 2018; Simen & 
Matell, 2016; van Hedger et al., 2017) and stress-inducing situations 
(Remmers & Zander, 2018; Wise et al., 2017). For instance, novel stimuli 
or rewards can dilate time perception through what is known as the 
’oddball effect’ (Failing & Theeuwes, 2016; Ma et al., 2024), with sur
prising or emotionally charged moments feeling as if time ‘froze.’ A 
similar sense of permanence occurs during stress (Hollis et al., 2015; 
Robbe, 2023). However, the psychology of these experiences contrasts 
dramatically. In a stressful context, dilated time perception evokes an 
unbearable sense of permanence, which triggers desperate escape 
behavior through impatience and sympathetic arousal (Gladhill et al., 
2022; Hosseini Houripasand et al., 2023).

The dilation of time perception in both positive and negative states 
correlates with emotional intensity (Biderman et al., 2020; Déli & Kis
varday, 2020; Zanin et al., 2019), hinting at an underlying energy 
relationship (Toso et al., 2020). We want to note that some studies 
suggest that positive emotions do not influence time perception (Ogden 
et al., 2019). However, drug-induced expansion of time perception is 
indeed linked to elation. This correlation is significant as it suggests that 
the sense of spaciousness experienced during elation can lead to mental 
expansion, potentially giving rise to new ideas and creative insights 
(Green, Kavanagh, & Young, 2003). These findings underscore the 
connection between the expansion of time perception and elation, 
whether drug induced or arising from positive states.

Due to its mental energy boosting ability, musicians and artists have 
turned to cannabis to enhance creativity, supporting our original claim 
(Kowal et al., 2015). Moreover, the most pronounced alterations in time 
perception occur during emotional polarities, such as awe (Rudd et al., 
2012) and depression (Stanghellini et al., 2016; Thönes & Oberfeld, 
2015), when time appears to stand still (Fig. 1). These results inspired 
some scientists to suggest that depression is analogous to a positive 
spacetime curvature, even a black hole state (Déli, 2024; Kent, 2023).

The connection between emotions and energy is also evident in the 
fact that the perception of time slows down more significantly during the 
transition to negative states than during the states themselves (Gable & 
Poole, 2012; Wang & Lapate, 2024). Likewise, the cognitive challenge of 
withdrawal (Di Lernia et al., 2018; Gable et al., 2022) and sleep depri
vation (Şen et al., 2023) dilate time perception. Our argument defines 
time perception as an even function, represented by a graph that re
mains unchanged under reflection in the y-axis (Fig. 1). Interestingly, 
our time perception curve is analogous to the upside-down U-shaped 
curve of the Yerkes-Dodson law, which relates performance to circu
lating levels of stress hormones (Beerendonk et al., 2024; Yerkes & 
Dodson, 1908; Lupien, Maheu, Mt, Fiocco, & Schramek, 2007). This 
similarity underscores the thermodynamic foundation of emotions’ po
tential for motivation.

An intriguing question remains of why diverse experiences – from 
intense states of anxiety to the calmness inspired by awe or nature – 
dilate time perception (Bannister & Eerola, 2021; Davydenko & Peetz, 
2017; Failing & Theeuwes, 2016; Mitchell et al., 2015; Rudd et al., 
2012). For example, information overload during stressful states can 
cause difficulty concentrating and purposeful behavior (Nutt, 1999). 
Anxious people usually resort to impulsivity and meaningless, arbitrary 
actions until action motivation is halted in depression (Stanghellini 
et al., 2016; Wittmann & Paulus, 2008), implying an inverse relationship 
between mental adversity and the ability to change it.

In contrast, the low action motivation of positive mental states in
dicates energy frugality, which may explain their connection to para
sympathetic restorative processes in long-term psychological well-being 
(Table I). A muted action motivation might represent some form of 
minimum energy path, analogous to the principle of stationary action in 
physics. At the curve’s left minimum (Fig. 1), awe slows or pauses the 
subjective time. Contentment is an uncluttered, information-scarce 
experience that represents confidence in self-agency but lacks internal 
motivation.

Stress and contentment lie at opposite ends of an information- 
processing and action-motivation spectrum. It is a contradiction; those 
with the capacity to institute change (contentment) lack the desire, and 

Fig. 1. The Psychology of Contentment and Stress Movement speeds up time 
perception (vertical arrow). In positive experiences, time perception reduces 
action motivation, culminating in awe. The pain of stress motivates action but 
weakens self-confidence. Anxiety can progress to depression when action 
motivation halts. A unique point of action, motivation, and confidence is flow.
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those having the desire (stress) lack the agency. Gordon et al. (2023)
confirmed the connection between decision-making and bodily func
tions and movement control: better body control (resulting in less stress) 
permits greater agency, and vice versa. In the following, we investigate 
the regulatory framework of motivation in more detail.

1.5. The binary regulation of higher cognitive functions

The timing of the giant fiber descending neuron spike determines 
whether a Drosophila evades a predator via a short or long takeoff (Ache 
et al., 2019). Bifurcations from geometric principles can elucidate 
behavior and decision-making across various species and ecological 
scenarios (Sridhar et al., 2021), and temperature and emotion regulation 
in mammals (Hesp et al., 2021; Kao et al., 2015; Sadowski et al., 2020). 
These spontaneous and abrupt "critical" transitions are linked with 
specific geometrical relationships. A shift from averaging vectorial in
formation among options abruptly excludes one among the remaining 
choices. The brain repeatedly breaks down multi-choice decisions into a 
sequence of binary decisions. Binary regulation is an "on-off regulation," 
in systems with only two possible states, referring to "dichotomous 
thinking in psychology.

In mammals, stimulation of the PAG can induce relaxation or escape 
behavior. Frontal PAG stimulation inspires a relaxed, immobile posture 
due to the sense of excess time. However, lateral PAG stimulation also 
produces two typical behavioral responses. When there is sufficient 
time, increased blood pressure and heightened pain sensitivity facilitate 
escape and defensive responses (Zelena et al., 2018). An immediate 
threat, when escape is no longer possible, mutes pain sensitivity and 
triggers immobile freezing behavior. In people, anxiety can induce 
aggravation or an emotional collapse into depression, where both time 
perception and action motivation appear to halt (Stanghellini et al., 
2016), providing further support for our thermodynamic argument.

Binary choices can generate multifaceted behavior regulation 
(summarized in Table 1), such as (1) dilation of time perception to 
accelerate or mute motivation, (2) contraction of time perception to 
mediate action toward completion, and (3) halting of action motivation 
or sudden cognitive changes. This regulation is based on psychological 
spin, utilizing the reversible perception cycle (Déli, 2023), which 
automatically restores psychological equilibrium, thereby forming a 
new balance. This model can explain regulatory complexity as a series of 
binary choices ad infinitum. Dopaminergic mechanisms, which can 
amplify the motivational power of emotions through subjective time 
perception, highlight how internal and external factors influence the 
multifaceted nature of experiences (Soares et al., 2016).

We must note that emotional and cognitive processes can trigger 
physiological symptoms, such as shivering, chills, sweating, and changes 

in body temperature (Schoeller & Perlovsky, 2016). In this context, 
physiological symptoms can be both tools and consequences of the 
brain’s energy regulation.

2. Discussion

Decision-making from fruit flies to humans often boils down to bi
nary choices based on geometric principles and critical transitions. The 
brain’s cognitive cycle can maintain a bodily and psychological equi
librium through simple bifurcation stemming from geometric principles. 
Binary options can refine cognitive and intellectual evolution through 
learning, beliefs, and individual capabilities. Moreover, emotion, tem
perature, and physiological symptom regulation recover and maintain 
constant resting entropy. Therefore, as the thermodynamic cycle stabi
lizes the psyche around a new equilibrium after every decision-making, 
it increases or decreases synaptic complexity, confidence, and mental 
health.

Time perception can lead to contrasting behavioral outcomes during 
stress (information overload) or contentment (information scarcity). 
Negative emotions inspire arbitrary and chaotic performance, corre
sponding to wasteful energy use, which can accumulate and lead to 
adverse health effects associated with stress. In positive conditions, 
frugality of action motivation reflects a minimal energy path, allowing 
contentment and creativity. In contrast, faster time perception can 
manage ongoing action by inspiring cognitive coherence. Intrinsically 
motivating activities lead to deep engagement and enjoyment, a state 
known as flow, characterized by the intersection of motivational chal
lenge, confidence, and passion (Csikszentmihalyi, 1990, 1997, p. 31). 
This is congruent to our hypothesis that ongoing action accelerates time 
perception. The time perception curve also overlaps Yerkes-Dodson law, 
providing further support to our thermodynamic foundation of emo
tions’ potential for motivation. Emotions can be viewed as the funda
mental forces of motivation.

By conceptualizing psychological processes through energy dy
namics, we outlined how emotions can affect motivation through dis
torted time perception. Moreover, our thermodynamic model can 
explain how action motivation during stress can produce wasteful 
cognitive processes. The relationship between low entropy and 
compromised consciousness states (Varley et al., 2020), and depression 
(Wise et al., 2017) underlines the role of stress in mental problems.

Our model provides a framework for designing interventions and 
strategies that leverage the interconnections between emotions, moti
vation, and physiology. While our thermodynamic model focuses on the 
fundamental structural motivations underlying behavior, we acknowl
edge the importance of cultural norms, social expectations, and envi
ronmental factors in shaping emotional and motivational experiences. 

Table 1 
Binary choices supporting bodily and psychological equilibrium.
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Integrating these contextual factors is crucial to understanding the 
complex interplay between emotions, motivation, physiology, and 
subjective experiences across diverse cultural and environmental 
settings.

2.1. Limitations and future directions

We would like to acknowledge the lack of empirical validation and 
experimental testing of the proposed framework. Additionally, the 
generalizability of the model across diverse populations remains unex
plored. This limitation is particularly salient in clinical populations, such 
as individuals with post-traumatic stress disorder (PTSD) or major 
depressive disorder, where disruptions in bodily awareness and 
emotional regulation may offer critical tests of the model’s assumptions.

Our framework also does not yet account for the role of time 
perception for proprioceptive awareness—two domains that are 
increasingly recognized as central to embodied cognition and affective 
experience. Future empirical works in this area can further our under
standing of the mind-body interaction.

While our thermodynamic model provides a novel framework for 
integrating emotions, motivation, and time perception, it remains 
theoretical and is subject to several significant limitations. Foremost, the 
model relies heavily on analogies between thermodynamic princi
ples—such as entropy, temperature, and energy—and psychological 
processes. While conceptually illuminating, these analogies are not al
ways supported by direct empirical evidence, which may limit their 
explanatory power. The complexity of human emotional and cognitive 
systems likely exceeds the reach of simplified energetic metaphors, 
especially when such models are extended to subjective constructs like 
time perception.

Additionally, many of the neurophysiological correlates we invoke, 
such as neural entropy or the functional role of dopamine in timing, are 
still under active investigation, and consensus regarding their inter
pretation is far from established. The use of entropy as a measure of 
cognitive or emotional flexibility, for example, depends on methodo
logical choices that may not yet be standardized across studies. 
Furthermore, the model currently lacks specificity in distinguishing 
between clinical and non-clinical populations, and its generalizability 
across age groups, cultural settings, or neurodiverse profiles remains 
untested. Despite these constraints, the integrative potential of the 
framework may help bridge conceptual gaps between disparate findings 
in psychology, physiology, and neuroscience.

Nevertheless, our model opens several promising avenues for applied 
research and translational work. In mental health, for instance, subjec
tive distortions of time perception are commonly reported in anxiety, 
depression, and trauma-related disorders. Our framework suggests that 
such distortions may reflect dysregulated entropy states in the brain, 
which could be targeted through interventions aimed at modulating 
physiological arousal and attentional engagement. Biofeedback, neuro
feedback, or pharmacological interventions that stabilize neural entropy 
dynamics may be tested for their capacity to restore adaptive time 
perception and emotional regulation. Moreover, in performance con
texts—such as athletic training, musical improvisation, or surgical de
cision-making—the model’s emphasis on flow as a state of optimal 
energy alignment suggests practical strategies for cultivating cognitive 
and emotional balance. Future research should prioritize experimental 
designs that manipulate entropy-relevant parameters (e.g., arousal, 
cognitive load, ambient temperature) while recording physiological or 
neuroimaging data. Valuable direction would be to examine whether 
interventions known to improve well-being, such as mindfulness or 
physical activity, influence subjective time perception through 
measurable changes in brain signal complexity.

While our model identifies correlations between emotional states 
and physiological indices—such as body temperature and thermody
namic entropy—our current analysis stops short of demonstrating direct 
causal mechanisms. Establishing such causality will be the subject of 

future work, potentially using targeted experimental designs and in
terventions that modulate physiological parameters to observe down
stream effects on affective and cognitive processes.

3. Conclusion

The thermodynamic analysis of cognition points to the existence of 
binary regulation. First observed in fruit flies and fish, this regulation 
can maintain bodily and psychological equilibrium and enable abstract 
decision-making by infinitely enhancing the details of regulatory 
complexity. A decision-making process based on geometric principles 
may be universal throughout biology and even physics, such as 
electromagnetism.

Our verifiable framework shows that identical dilation of time 
perception in arousing emotional states (such as anxiety and joy) and 
calming experiences (like awe and natural environments) can give rise 
to varied motivation and offer nuanced decision-making. Time percep
tion, a function of information processing and entropic factors, poten
tiates the ability for motivation. The muting of action motivation in 
positive states represents energy frugality, or a minimum energy path, 
which might be analogous to the principle of stationary action in 
physics. In contrast, stress represents information overload, spurring 
chaotic decision-making and action motivation, which wastes effort and 
energy. Our model suggests that emotions have a thermodynamic 
foundation, rendering them the driving forces of motivation.

The implications of our model extend beyond theoretical under
standing, offering potential avenues for addressing mental health chal
lenges and optimizing well-being through interventions that leverage 
the interconnections between emotions, motivation, and physiology. 
Our thermodynamic perspective originates emotions and their long- 
term mental consequences in the energy-information dynamics of the 
brain. It opens new avenues for interdisciplinary and innovative ap
proaches to understanding and optimizing human functioning. Finally, 
it can inspire novel approaches in artificial intelligence research.
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Déli, E., Peters, J., & Kisvarday, Z. (2021). The thermodynamics of cognition: A 
mathematical treatment. Computational and Structural Biotechnology Journal, 19, 
784–793.
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