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Abstract: This study explored the biological autonomy and control of function in circumstances that
assessed the presumed relationship of an organism with an environmental cycle. An understanding
of this behavior appeals to the organism–environment system rather than just the organism. There-
fore, we sought to uncover the laws underlying end-directed capabilities by measuring biological
characteristics (motor synchrony) in an environmental cycle (circadian temperature). We found that
the typical elementary coordination (bimanual) stability measure varied significantly as a function of
the day–night temperature cycle. While circadian effects under artificially manipulated temperatures
were not straightforward during the day–night temperature cycle, the circadian effect divided by
the ordinary circadian rhythm remained constant during the day–night cycle. Our observation of
this direct, robust relationship between the biological characteristics (body temperature and motor
synchrony) and environmental processes (circadian temperature cycle) could mirror the adaptation
of our biological system to the environment.

Keywords: elementary coordination; circadian rhythm; symmetry breaking; context dependency

1. Introduction

The core cycles of the biological system (circadian rhythm) are influenced by 24 h
light–dark (environmental) oscillations. Biochemical, physiological, or behavioral processes
persist under constant conditions for ~24 h [1]. Presumably due to inputs from the body core
to the thermoregulatory centers [2,3], an organism’s circadian rhythm shows a minimum
temperature at 05:00 h (when the core body temperature rises most rapidly) but has a more
clearly defined maximum temperature at about 17:00 h (when the core body temperature
falls most rapidly) in a day–night cycle [4,5] (see Figure 1).

This circadian change (core temperature) is most likely due to rhythmic input from the
suprachiasmatic nuclei (SCN) acting on the hypothalamic thermoregulatory centers and
altering the thresholds of cutaneous vasodilatation and sweating [6]. Specifically, melatonin
appears to contribute to this change; its secretion rate increases in the evening, promoting a
decrease in body temperature via cutaneous vasodilatation [7]. Most people are familiar
with the amount by which such a process can fluctuate, and how such fluctuations relate to
interactions between internal (biological) and external (environmental) circumstances [8].
There is ample evidence of the effects of ecological climate on flora and fauna [9]. Heat
exchanged with the environment via convection and radiation influences the gradient
between the body core and the temperature [10]. The rhythm in the core temperature
produced by this change is normally promoted by other rhythms, including the body clock,
sleep, and physical and mental activity, raising the possibility that the disruption of the
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circadian rhythm could have adverse health consequences [1]. Changes in the body’s
interior temperature (not its peripheral or core temperature) are mainly due to circadian
rhythmic changes in the rates of ecological impact in animals, including humans [9].
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Figure 1. Representation of the circadian rhythm: (a) circadian process oscillation, (b) temperature (◦C)
process oscillation between the circadian temperature (horizontal axis) and the body temperature
(vertical axis). Note: This is a normalized rhythm, although not all rhythms are identical. Our core
body temperature is roughly linked to this cycle, with various hormones released at specific stages in
the rhythm because our energy levels are reflected in our body temperature.

However, we do not yet fully understand the precise control of the internal substance
(i.e., SCN) as a generator of the biological circadian rhythm. The circadian rhythm of the
core body temperature appears to be generated by periodic variations in heat production
and loss [11]. For instance, changes in heat loss via convection and radiation are primarily
caused by variations in skin blood flow with consequent changes in skin temperature [5].
In particular, when people are performing mild activities, their decreased temperature is
not matched by their thermal load; we can use this observation to describe the thermal
responses to activities conducted at different times of the day [12]. Aldemir et al. (2000)
found that the submaximal activity changes following the same amount of moderate exer-
cise differed depending on the time of day—that is, the point in the circadian rhythm [13].
The mechanisms responsible for such variations in the core and musculature temperatures
during daylight cycles, as a result of normal or non-normal ambient temperatures, alter a
range of performance factors, including the thermoregulatory response to activity. These
results support the hypothesis that the circadian rhythm influences thermoregulatory re-
sponses, and indicate that this hypothesis applies to biological intelligence about certain
ecological variables.

1.1. Modeling Thermoregulatory Symmetry Breaking

This study investigated the intact movement of a limb oscillator [14] in terms of
elementary variations characterized by a pendulum’s dimension [15,16] to harmonize the
effects of environmental influence on a well-suited biological model. We consider basic human
actions as prime examples of defining complex behavior with simple underlying mechanisms,
where different body segments (fingers, arms, legs, head, etc.) are moved, and many of these
modes possess some degree of symmetry [17] (Collins and Stewart, 1993).

θ2–θ1 ≈ 0, θ2–θ1 ≈ π (1)

where θ2–θ1 ≈ 0 denotes a condition of nearly synchronized in-phase, and θ2–θ1 ≈ π in-
dicates this in an anti-phase. The property of these dynamics is the oscillation coordination
characteristic of our fundamental motor behavior, and constitutes the basis for explaining
the regular locomotion of the limbs [18] (Kay et al., 1987). The observed phase relationship
(φ) between the two oscillators at φ ≈ 0◦ (in-phase) or φ ≈ 180◦ (anti-phase) has been
modeled as a point attractor in the limb system, as they are purely stable patterns [19]. This
is because routine coordination (e.g., grasping, twisting, and manipulating) involves our
limbs, and occurs in various ways owing to the voluntary (or imposed implementation
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of) numerous interactions [20] (Park, 2022). Moreover, in the observed relative rhythmic
segment patterns, the in-phase φ = 0 condition was more stable than the anti-phase
φ = π condition [21]. Hence, we applied the elementary synchrony (in-phase) pattern
as a reference for a biological system inspired by many studies on 1:1 frequency locking;
the difference of the phase (φ) in both sides (i.e., θ2 = right limb, θ1 = left limb) right (R)
and left (L) helped identify important invariant human movements, muscles, and neural
network features [22,23].

V(φ) = −α cos(φ)− b cos(2φ) (2)

The model described in Equation (1) has been adapted in various coupled and uncou-
pled frequencies in terms of their difference, taking inspiration from the complement of the
circadian influences, as given below.

c = circadian temperature cycle, d = core body temperature cycle (3)

where d is the preferred rhythmic frequency of homeostasis, and is the circadian cycle of the
individual. While −α cos(φ)− b cos(2φ) denotes the strength of the elementary relative
phase equilibration (see Section S1 for details), small values of c and d could break the
symmetry of the elementary coordination dynamics, excluding their essential coupling
characteristics.

|c and d| > 0, |c and d| ≈ 0 (4)

In the proposed assumption, the coefficient of d must hold more importance than c to
produce the empirically observed perturbation in the equilibrium phase state, and c should
be set to zero without loss of generality, considering that the environmental circadian cycle
cannot be manipulated. If the coupling between d and c is strong (|c and d| ≈ 0), we
would expect this pattern to be perfectly symmetrical for environmental requirements.
However, in this case, the in-phase rhythmic oscillations in the preferred condition change
(|c and d| > 0), and the expected stability or variability of the rhythmical component of
oscillation dynamics increases. Therefore, the coordination of the synchrony stability can
be extended with a novel symmetry-breaking process, leading to the available effects of
bimanual dynamics on circadian temperatures.

.
φ = ∆ω−

[
α sin(φ) + 2b sin(2φ)]− [c sin

(
φ°C

)
+ 2d sin

(
2φ°C

)]
+
√

$ξt (5)

In Equation (2), the symmetric coupling coefficients differ because the bimanual
1:1 rhythmic coordination is performed at different coupled frequencies. This reflects the
attractor strengths at 0 and π decreasing instead of the detuning (∆ω) increasing. At the
same time, the question arises as to what can be expected regarding the apparently similar
symmetry temperature case (∆ω = 0: core body and circadian cycle parameters). The final
estimation between the relative phases of the two oscillators (

.
φ) is captured mainly by the

parameter of the asymmetric thermoregulatory coupling [c sin(φ°C) + 2d sin(2φ°C)] with
noise (

√
$ξt).

From this dynamic, we can estimate the different noise types of the underlying sub-
systems (neural, muscular, and vascular) around an equilibrium point. This suggests
that breaking symmetry can be another remarkable feature of the coordinative system.
Furthermore, there is no basis for predicting the deviation produced by detuning between
thermal manipulation (biological and environmental temperature cycles). Therefore, when
devising operational definitions of categories, we must consider the thermal variables of
the relative phase frequencies to conceptualize a model.

This request to have the experimental condition of in-phase (φ = 0) oscillation identi-
cal at 1:1 frequency locking (same tempo) can also be fulfilled using the functional symmetry
dynamics of different effectors influenced by breaking the asymmetric thermal regulation
symmetry through both the circadian temperature cycles. This implies that the effect
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of one contralateral homologous relative limb phase might not be identical to the oth-
ers. The expected stability pattern from intuition, given a different motor, suggests an
understanding of biological symmetry dynamics in a systemic context of the circadian
temperature property.

1.2. Purpose and Hypotheses

We aimed to develop an interacting cyclic process for new emergence entities to deter-
mine whether something akin to unintentional coordination—an environmental rhythm
within an individual’s field of view—would be influenced by a temporal structure irrelevant
to the task. We proposed the following hypotheses:

Hypothesis 1 (H1). The synchronous coordination between contralateral limbs is captured simi-
larly according to the changes during the circadian temperature cycles.

Hypothesis 2 (H2). The synchronous coordination between contralateral limbs is captured differ-
ently according to changes in the thermal (temperature) symmetry breaking between the core body
and the circadian state.

A variety of measures (e.g., phase shift, synchrony, variability, and correlation) will be
used to test the influence of environmental conditions and perturbations on the embedding
rhythm. We are interested in the main effect of circadian rhythm (α), thermal manipulation
(perturbation) (β), and the interaction between the two (α × β) on the dependent variables,
namely, the rate of motoric coordination. These relationships will create a specific type of
agency guided by what is physically possible. They provide a signpost that addresses the
self-potential of the emergence of systems dynamics, suggesting a broader hypothesis for
further research on the effects of organism–environment dynamics.

2. Experiment I

We designed Experiment I to verify whether ecology influenced the biological scale.
To determine the rate of motor synchrony depending on environmental cycles, we con-
ducted an analysis of variance (ANOVA) test comparing normal day–night temperature
effects (four circadian rhythm levels: 05:00, 12:00, 17:00, and 00:00) (see Table 1). This ad-
dresses the question of whether our system is influenced by an ecological feature. In-phase
bimanual coordination synchrony served as a dependent variable, according to the inde-
pendent variable of normal circadian temperature cycles. This study had eight participants
(men = six, women = two, ages 25 ± 3 years).

Table 1. Data collection for Experiment 1: eight participants, four circadian points, six trials at each
circadian point.

Condition Participants (N) Circadian
Points

Trials at Each
Circadian Task/Rest (min)

Normal 8

5:00
12:00
17:00
00:00

6 1/5

Note: We asked the participants to swing their limbs in-phase at different anatomy points (192 datasets (3 levels:
wrist, elbow, and shoulder)), but we only used the wrist joint data (64 sets) in our analyses. The duration of each
trial was 1 min, with 5 min rest intervals between trials.

2.1. Experiment I Apparatus and Procedure

We performed the in-phase coordination assessment without detuning with the partic-
ipants seated in chairs and holding the pendulums vertically, without vision occlusion. Our
pendulums were two standard wooden rods (weight 85 g, length 1 m, diameter 1.2 cm),
each with a DC potentiometer attached at the top and a 200 g weight attached 30 cm from
the bottom. We asked each participant to firmly grasp the pendulums at a point 60 cm
from the bottom, asking them not to let the pendulums slip and not to rotate their finger
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joints. We fixed their forearms voluntarily to restrict the pendulum motion to the sagittal
parallel plane and the joint vertical axes (i.e., each oscillation pertained to only one joint,
with the other joints immobile). We conducted the experiment sessions by tapping into an
ongoing circadian rhythm, focusing on the thermal structure, at four temperature (normal)
embedding cycles (05:00, 12:00, 17:00, and 00:00). Each participant completed four sessions
with six trials per session (1 participant, 1 min, 24 trials = 6 trials × 4 circadian point
sessions). Each trial block lasted 1 min, with a rest period of 5 min. We gave the participants
instructions about the preferred pendulum.

2.2. Experiment I Proposed Analyses

Research tells us that the in-phase φ = 0 is more stable than the anti-phase φ = π,
leading to the identification of important invariant human system features. We analyzed
the in-phase bimanual coordination according to the natural period of a pendulum system
in all experiments (see Section S2: Calculating Relative Phase Coordination Dynamics).

2.3. Experiment I Statistical Data Testing for the Hypotheses

We analyzed a statistical measurement of the F distribution for the first potential of
circadian embedding in biological cycles, estimating the values of “φave− φ0” (fixed-point shift),
“SDφ(rad)” (variability as a function of frequency competition), and “H(x)” (see Section S3:
Entropy Production for more details) in the following null and alternative hypotheses.

H0 : θC = θB, H1 : θC 6= θB (6)

Because this is a typical strategy of estimating whether a certain hypothesis is true,
we could use statistics to prove the nonexistence (θC = θB) or existence (θC 6= θB) of a
relationship. This was a generalization that the circadian component would affect the
biological component by dividing the difference between the circadian time point means
(variance between) by the difference between the participants within the circadian time
point (variance within), as follows:

F =
MCbetween
MCwithin

(7)

2.4. Experiment I Results

This study’s main objective was to provide an explicit demonstration of how parameter
dynamics might affect how much information decays. Specifically, we used empirical
methods pertaining to how thermodynamic variables (temperature) affect the emergence
of order and collective behavior (relative phase) in systems, analyzing the data from the
perspective of stability (including the maximal entropy production rate) during the order–
disorder transition of a biophysical system. To achieve this, we asked the participants
to swing the pendulums with in-phase oscillations at different joint points (three levels)
following a metronome beep (in-phase 1:1 frequency locking at 1.21 s), but we only gathered
the wrist joint data for the analysis (see Section S4 for details). Each participant completed
four sessions with six trials (1 participant, 1 min, 24 trials = 6 trials× 4 circadian temperature
sessions) (see Table 2 and Figure 2).

Figure 2 shows the participants’ average performance tendencies in the ordinary
circadian cycle, indicating the differences in each parameter. It shows that the main effect
of variability [SDφ(rad)] was not significant (F(1, 3) = 1.233, (p < 0.316)), nor was the
fixed-point shift (φave− φ0) (F(1, 3) = 1.226, (p < 0.319)). However, normalization revealed
differences in the circadian cycle widths, especially in the variability of the circadian
5:00 and 17:00 points (t = 2.043, p < 0.060) (see Table 3 and Figure 3).
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Table 2. Raw values for Experiment 1.

Participants
(Index)

Circadian 5:00 Circadian 12:00 Circadian 17:00 Circadian 00:00

φave− φ0 SDφ φave− φ0 SDφ φave− φ0 SDφ φave− φ0 SDφ

P1_IW 1.16 0.604 0.89 0.529 1.58 0.676 6.02 4.314
P2_IW 4.08 4.318 2.88 1.080 5.01 0.625 3.82 1.604
P3_IW 1.22 0.67 4.04 0.604 1.55 0.540 3.91 0.770
P4_IW 2.67 7.739 1.76 8.378 6.67 1.01 7.67 0.679
P5_IW 6.18 4.079 3.06 1.367 2.72 1.134 4.68 2.061
P6_IW 1.95 3.801 5.68 5.971 5.81 3.331 4.625 4.114
P7_IW 3.52 4.013 4.47 2.096 0.84 0.617 3.87 5.525
P8_IW 4.25 1.738 5.57 4.004 1.96 3.598 7.16 4.413

Note: Participants are denoted by the arbitrary labeling 1–8; W denotes the wrist data actually used from three
different joint datasets. φave− φ0(rad) = fixed-point shift, SDφ(rad) = variability as a function of the frequency
competition. We derived the value of I from the execution of each trial (w1, w2), with the values of these two trials
divided by 2.

Int. J. Environ. Res. Public Health 2023, 19, x FOR PEER REVIEW  6  of  16 
 

 

Table 2. Raw values for Experiment 1. 

Participants 

(Index) 

Circadian 5:00  Circadian 12:00  Circadian 17:00  Circadian 00:00 

𝝓𝒂𝒗𝒆  𝝓𝟎  𝑺𝑫𝝓  𝝓𝒂𝒗𝒆  𝝓𝟎  𝑺𝑫𝝓  𝝓𝒂𝒗𝒆  𝝓𝟎  𝑺𝑫𝝓  𝝓𝒂𝒗𝒆  𝝓𝟎  𝑺𝑫𝝓 
P1_IW  1.16  0.604  0.89  0.529  1.58  0.676  6.02  4.314 

P2_ IW  4.08  4.318  2.88  1.080  5.01  0.625  3.82  1.604 

P3_ IW  1.22  0.67  4.04  0.604  1.55  0.540  3.91  0.770 

P4_ IW  2.67  7.739  1.76  8.378  6.67  1.01  7.67  0.679 

P5_ IW  6.18  4.079  3.06  1.367  2.72  1.134  4.68  2.061 

P6_ IW  1.95  3.801  5.68  5.971  5.81  3.331  4.625  4.114 

P7_ IW  3.52  4.013  4.47  2.096  0.84  0.617  3.87  5.525 

P8_ IW  4.25  1.738  5.57  4.004  1.96  3.598  7.16  4.413 

Note: Participants are denoted by the arbitrary labeling 1–8; W denotes the wrist data actually used 

from three different joint datasets. 𝜙   𝜙 𝑟𝑎𝑑   = fixed‐point shift,  𝑆𝐷𝜙 𝑟𝑎𝑑   = variability as a 
function of the frequency competition. We derived the value of I from the execution of each trial 

(𝑤 , 𝑤 ), with the values of these two trials divided by 2. 

 

 

Figure 2. Tendency of the performance parameters in the normal circadian condition (P1–P4 = arbi‐

trary number  for  assigning  an order):  𝜙   𝜙 𝑟𝑎𝑑   =  fixed‐point  shift,  𝑆𝐷𝜙  = variability  as  a 
function of the frequency competition with an arbitrary unit (a.u.) and density function (cumula‐

tive). 

Figure 2 shows the participants’ average performance tendencies in the ordinary cir‐

cadian cycle, indicating the differences in each parameter. It shows that the main effect of 

variability [𝑆𝐷𝜙 𝑟𝑎𝑑 ] was not significant (F(1, 3) = 1.233, (p < 0.316)), nor was the fixed‐

point shift (𝜙   𝜙 ) (F(1, 3) = 1.226, (p < 0.319)). However, normalization revealed differ‐

ences in the circadian cycle widths, especially in the variability of the circadian 5:00 and 

17:00 points (t = 2.043, p < 0.060) (see Table 3 and Figure 3). 

   

Figure 2. Tendency of the performance parameters in the normal circadian condition (P1–P4 = arbitrary
number for assigning an order): φave− φ0(rad) = fixed-point shift, SDφ = variability as a function of the
frequency competition with an arbitrary unit (a.u.) and density function (cumulative).

Table 3. Averaged variables from the normal day–night temperature values.

Circadian 5:00 Circadian 12:00 Circadian 17:00 Circadian 00:00

φave− φ0 SDφ φave− φ0 SDφ φave− φ0 SDφ φave− φ0 SDφ

N(I) 8 8 8 8 8 8 8 8
AVER 4.382 3.370 3.546 3.003 3.269 1.441 5.221 2.935

STDEV 3.165 2.351 1.717 2.872 2.229 1.267 1.536 1.870
SES 1.119 0.831 0.607 1.015 0.788 0.448 0.543 0.661

Temp
(◦C) 36.607 36.834 37.023 36.681

Note: N(I) = number of cases indexed by the calculation of (w1 + w2/2); AVER = averaged fixed-point shift;
STDEV = averaged variability from the standard deviation; SES = standard error score; and Temp = core
body temperature (Celsius). Because we collected these data at Seoul National University in Seoul, Korea, the
temperature is shown in degrees Celsius.
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Figure 3. General tendencies in the normal condition: Normalized = standard score (Z calculation);
a.u. = arbitrary unit; φave− φ0 = fixed-point shift; SDφ = variability as a function of the frequency
competition; Temp = temperature (Celsius); 5 = 5:00 h, 12 = 12:00 h, 17 = 17:00 h, and 00 = 00:00 h. Note:
The core body temperature rhythm was at a minimum at 05:00 h and at a maximum at approximately
17:00 h; behavioral performance (variability) was at a maximum at 05:00 h but its minimum was more
clearly defined at approximately 17:00 h.

The opposite directions between the temperature and parameter (see note in Figure 3)
suggest that our core body temperature cycles are influenced by the surrounding environ-
mental temperature cycles with a 24 h light–dark oscillation, whereas behavioral processes
persist under ordinary conditions with a period length of ~24 h.

3. Experiment II

For Experiment II, in-phase bimanual coordination synchrony served as a dependent
variable to two independent variables: two levels of circadian rhythm and two levels of
thermal variable manipulation. Regarding the irregular thermal structure, we examined
the temperature-perturbed day–night circadian effects at dawn (05:00) and dusk (17:00),
considering that our core temperature reaches its maximum at approximately these times [4]
(see Table 4).

Table 4. Data collection for Experiment 2: two conditions, eight participants, two circadian points,
and six trials at each circadian point.

Condition Participants (N) Circadian
Points

Trials at Each
Circadian Point Task/Rest (min)

Normal 8 5:00
17:00 6 1/5

Abnormal
(heat-based) 8 5:00

17:00 6 1/5

Note: We asked the participants to swing their limbs in-phase at different anatomy points (192 dataset (3 levels:
wrist, elbow, and shoulder)), but we only used the wrist joint data (64 sets) in our analyses. The duration of each
trial was 1 min, with 5 min rest intervals between trials.

3.1. Experiment II Apparatus and Procedure

We performed in-phase coordination without detuning with the participants seated
in chairs and holding the pendulums vertically without vision occlusion, as in Experiment
I. The sessions were introduced for short-term thermal variable manipulation involving
two conditions (normal and abnormal), with two temperature embedding cycles (5:00 h
and 17:00 h, the lowest/highest peak of the circadian rhythm of the core temperature
with skin capacitance). Each trial block lasted 1 min, followed by a 5 min rest. The trial
and rest times were related to the maintenance of the thermal capacity of the body [24].
In the natural session (normal temperature), the participants received instructions regarding
the preferred pendulum movements, as in Experiment I. For the perturbed condition
(abnormal temperature; artificially increasing temperature), the participants wore heat
vests that increased their core temperatures for 30 min. We checked their core temperatures
using two sensors, a HuBDIC HFS-100 noncontact temperature sensing device and a CORE
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body temperature monitoring device, neither of which was impacted by environmental
thermal influences, and thus provided medical-grade accuracy according to ISO_80601-
2-56 (both devices were purchased from CORE Co., Ltd.). After 30 min, we verified the
temperature change and collected the data for each trial in the same manner used in the
natural condition setup. Because we had concerns about body temperature changes, we
checked the participants’ temperature during each rest period. To prevent any additional
effects from motion during the trial, we chose intermittent movements for a short time,
considering the participants’ body temperature capacities, which were lowered using an
ice vest and exogenous temperature (within 30 min) [25]. The entire session for each block
lasted a maximum of 30 min (see Section S5 for details).

3.2. Experiment II Proposed Analyses

Our analysis, conducted as in Experiment I, raised the question of whether our systems
can adapt to a regular or irregular thermal structure. The measurement identified several
ways this might be possible. For example, energy can be distributed in a different system,
and we can estimate the value of “φave− φ0” (fixed-point shift), “SDφ(rad)” (variation), and
“H(x)” (system disorder) using the following null and alternative hypotheses.

H0 : θA = θB, Ha : θA 6= θB (8)

The statistical test of the experimental condition with components of θA and θB in-
volves monotonic mapping onto the measurement variable

.
φ. We established a hypothesis

in which different experimental conditions of the external source (circadian temperatures)
have a significant effect on the internal source or source of force (bimanual motor variable)
of

.
φ. Specifically, different external components of the circadian processes or temperature

have a significant effect on the degree of internal stability. The internal perturbation from
an external source will have a significant effect on the biological entropy of “H”.

Fα =
MSα

MSbetween
, Fβ =

MSβ

MSbetween
, Fα×β =

MSα×β

MSbetween
(9)

At this point in the study, we calculated the statistical F by dividing the difference
between groups (MSbetween) by the difference between subjects within the group under
investigation (MS). We observed a main effect of circadian rhythm (α), thermal variable
manipulation (temperature perturbation) (β), and the interaction between circadian rhythm
and thermal variable manipulation (α× β) on the dependent variable of entropy production.
Thus, we performed statistical testing to compare the F distribution associated with each
item of interest to the error variance to determine whether each effect was meaningful.

3.3. Experiment II Results

We used data collected from the participants (men = six, women = two, ages 25 ± 3 years)
for the abnormal (heat-based) day–night circadian temperature effects. However, we
collected only the wrist joint data in terms of entropy production. We analyzed each
participant’s data four times, with six trials each time. Considering that the body’s core
temperature reaches its maximum at approximately 17:00 h and minimum at approxi-
mately 05:00 h [4], we compared the day–night circadian temperature effects from the
dawn (05:00 h) and dusk (17:00 h) data, including the (ab)normal temperature effects. In
the perturbed condition, prior to actual data collection, the participants (n = 8) wore heat
vests for 30 min to increase their core temperatures. This additional data collection enabled
us to compare the perturbed data with the previous normal data (1 participant, 1 min,
24 trials = 6 trials × 2 circadian point sessions (normal dataset) × 2 (temperature pertur-
bation dataset) to account for core body temperature increase due to the heat vest) (see
Table 5 and Figure 4).
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Table 5. Normalized entropy production from normal and abnormal (heat-based) day–night temper-
ature effects.

Circadian 5:00 Circadian 12:00 Circadian 17:00 Circadian 00:00

N(I) 8 8 8 8
Norm (H) 0.410 −0.165 0.564 −0.809
Vari (H) 0.651 0.664 0.627 0.745

SES 0.230 0.235 0.222 0.264
Note: N(I) = number of cases indexed by the calculation of (w1 + w2/2); Norm = normalized entropy production;
Vari = averaged variability from the entropy production; SES = standard error score (see Section S6 for details on
the data).
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Figure 4 shows the bimanual coordination stability of the circadian time point, includ-
ing the temperature perturbation (artificially increased core body temperature due to the
heat vest). As shown in Table 5, the main effect of the circadian rhythm was F(1, 3) = 20.531
(p < 0.001); the temperature perturbation’s main effect was F(1, 3) = 1.301 (p < 0.258); and
the temperature perturbation by the circadian rhythm was F(1, 3) = 3.453 (p < 0.068). These
results indicate that although the participants exhibited significantly greater entropy levels
at 05:00 h than at 17:00 h in both conditions (circadian effect), the system disorder measured
by the entropy production between the morning and afternoon was exaggerated when we
artificially increased the participants’ body temperature (interaction effect).

4. Experiment III

For Experiment 3, the sessions were introduced for short-term thermal variable manip-
ulation involving two conditions (normal and abnormal), with two temperature embedding
cycles (05:00 h and 17:00 h, the lowest/highest peak of the circadian rhythm of core temper-
ature with skin capacitance). As in Experiment 2, we examined the data from dawn (05:00 h)
and dusk (17:00 h) because our core temperature reaches its maximum at approximately
17:00 h and minimum at approximately 05:00 h (see Table 6).

Again, in-phase bimanual coordination synchrony served as a dependent variable to
two independent variables: two levels of circadian rhythm × two levels of thermal variable
manipulation (normal and decreasing).
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Table 6. Data collection for Experiment 3: two conditions, eight participants, two circadian points,
and six trials at each circadian point.

Condition Participants (N) Circadian
Points

Trials at Each
Circadian Point Task/Rest (min)

Normal 8 5:00
17:00 6 1/5

Abnormal
(ice-based) 8 5:00

17:00 6 1/5

Note: We asked the participants to swing their limbs in-phase at different anatomy points (192 dataset (3 levels:
wrist, elbow, and shoulder)), but we only used the wrist joint data (64 set) for our analyses. The duration of each
trial was 1 min, with 5 min rest intervals between trials.

4.1. Experiment III Apparatus and Procedure

We used the same procedures and apparatus as in Experiment II. However, for the
perturbed condition, the participants wore ice vests that decreased their core temperatures
for 30 min (see Experiment II Apparatus and Procedure and Section S5 for details).

4.2. Experiment III Proposed Analyses

We performed the same statistical testing and analysis as in Experiments I and II (see
their respective Proposed Analysis sections).

4.3. Experiment III Results

For the abnormal (ice-based) day–night circadian temperature effects, we collected
data collected from the participants (men = five, women = three, ages 25 ± 3 years).
However, we only calculated the wrist joint data with regard to entropy production. We
analyzed each participant’s data four times, with six trials each time. We used data collected
at dawn (05:00 h) and dusk (17:00 h) for the circadian temperature effect, considering that
our core temperature reaches its maximum at those times [4]. In the perturbed condi-
tion, prior to actual data collection, the participants (n = 8) donned ice vests for 30 min
to increase their temperature by a few degrees. This additional data collection enabled
us to compare the perturbed data with the previous normal data (1 participant, 1 min,
24 trials = 6 trials × 2 circadian point sessions (normal dataset) × 2 (temperature perturba-
tion dataset) to account for core body temperature decrease due to the ice vest) (see Table 7
and Figure 5).

Table 7. Normalized entropy production from normal and abnormal (ice-based) day–night tempera-
ture effects.

Circadian 5:00 Circadian 12:00 Circadian 17:00 Circadian 00:00

N(I) 8 8 8 8
Norm (H) 0.404 −0.172 0.608 −0.840
Vari (H) 0.446 1.031 0.518 0.993

SES 0.158 0.365 0.183 0.351
Note: N(I) = number of cases indexed by the calculation of (w1 + w2/2); Norm = normalized Entropy production;
Vari = averaged variability from the entropy production; SES = standard error score (see Section S5 for details on
the data).

Figure 5 shows that the significant circadian main effect was F(1, 3) = 23.041 (p < 0.001);
the temperature perturbations effect was F(1, 3) = 1.211 (p < 0.275); and the temperature
perturbation by the circadian cycle was F(1, 3) = 4.264 (p < 0.043). These results also
indicate (as in Figure 4) that although the participants exhibited significantly greater levels
of entropy levels at 05:00 h than at 17:00 h in both conditions (circadian effect), the system
stability associated with temperature between the morning and afternoon was exaggerated
when the body temperature was artificially decreased (interaction effect).
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5. Discussion

The present study measured the biological properties of circadian rhythms. After
determining the most relevant internal source (pilot test: see Section S4 for details) as a
typical dependent variable, we derived the in-phase coordination of the two pendulums
(relative phase φ = 0◦) (Experiment I (n = 8)) with no detuning (i.e., the two pendulums had
the same eigenfrequency). In Experiment I, participants performed bimanual coordination
at a fixed-paced metronome rhythm. We examined a variety of measures (e.g., fixed-
phase shift, variability, and entropy) for evidence of entrainment or any influence of the
embedding rhythm on stability or attractor location. The results show differences between
the embedded effects of the light and dark portions of the cycle, revealing that our biological
system follows a temperature-embedded day/night environmental system.

Experiments II and III focused on the thermal structure of circadian rhythm. At dawn
(05:00 h) and dusk (17:00 h), we performed in-phase coordination without detuning in
a short-term thermodynamic manipulation condition. We used a metronome to set an
oscillation interval that reflected the natural period of the pendulum system. Consistent
with the standard body temperature cycle presented in the results, the core temperatures
of the participants were higher at 17:00 h than at 05:00 h. In addition, the ice/heat vests
affected the temperature more at 05:00 h than at 17:00 h. We estimated the dynamics of the
relative phase between the two limbs (oscillating at the wrists) for system disorder (i.e.,
entropy production). The influence of the vests was negatively exaggerated (increasing
uncertainty) at dawn and positively exaggerated (decreasing uncertainty) in the evening.
The results from this biological scale correspond to the theoretical suggestion that the
dynamics of the relative phase between the two oscillating limbs were affected by the
temporal locus during the circadian cycle; the nonequilibrium phase transition rate of
entropy production varied corresponding to the new energy source involved [26]. This
indicates that access differed as a function of the circadian cycle, and it can be manipulated
using temporary thermal interventions (e.g., ice/heat vests).

Researchers have studied the intelligence from “outside the head” of an organism and
the environment, considering the achievements of perceiving and acting as continuous
processes [27]. This is an active and autonomous regulation process even in single-cell
organisms [28]. Contemporary research has examined exhibitions of autonomy and func-
tion control to explain agencies scientifically [29,30]. The key reasons for the existence of
multiple behavioral modes and the simplicity of switching among the modes have been
established [31]. However, resource availability makes investigation challenging. There-
fore, our results from empirical evidence might answer the following question: how can
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we define behavior in terms of how organisms function? We sought to understand this
directed behavior as a result of the workings of the organism–environment system rather
than as simply pertaining to the organism [32]. Therefore, we sought to expose the laws
that underlie homeostatic regulation; these might be both cyclic and adaptive, supporting
the finding that access differs as a function of the circadian cycle and can be manipulated
by temporary thermal interventions.

5.1. Practical Implications

Some research has suggested that people generally perform better at tasks such as
mental arithmetic in the early morning [33,34]. However, another study found an evening
peak for this type of performance in highly practiced young adults [35]. With a low working
memory load, performance is positively correlated with the circadian rhythm of body
temperature [36]. The majority of performance-related components (e.g., flexibility, muscle
strength, and short-term memory) vary depending on the time of day. Contemporary
models of subjective alertness and performance efficiency view these variables as being
determined both by a homeostatic process (number of hours since waking) and by inputs
from the circadian timing system [37]. Much more research is required for us to understand
which performance tasks exhibit different time-of-day effects.

In line with previous evidence related to performance quality dependent on organism–
environment interactions, the present study determined the impact of circadian misalign-
ment on biological functions. It also raised the possibility that disrupting circadian systems
might induce physical complications. The self-attunement mechanism of current perfor-
mance affects many nested and interconnected scales, not just a single component. These
interdependencies in different physical object phases suggest a context-dependent expla-
nation for goal-oriented movements and the emergent assumption of the principle of
organisms embedded in their environmental contexts while considering the infinite distinct
representations of the system’s productivities.

5.2. Limitations and Suggestions for Future Study

The present study had several limitations that should be addressed in future studies
to strengthen the findings’ applicability. First, our study used data collected during one
season, which limits its generalizability; the findings might not apply to all seasons. For
instance, the moderating effect of biological variability might be more (or less) marked in
indoor (or outdoor) environments that closely resemble (differ from) the body’s normal
temperatures. Thus, the present study should be replicated across different conditions
(different seasons, indoor/outdoor, different altitudes, etc.) to ensure generalizability.

Second, although we considered the experimental group as an identical population in
terms of general demographic characteristics (i.e., all were university students of similar
ages), the independence and individualistic tasks were independent of the moderating
effect of temperature cycle variability. Hence, these factors could still be substantially
mediated by individual lifestyle tendencies in creating a biological measurement scale.
Moreover, the study did not consider other potential individual effects; future studies
should consider key boundary conditions for controlling individual effects of biologi-
cal stability on the relationships between external levels and internal behaviors. For
instance, working hours and sleeping habits (i.e., how long participants worked and
slept before participating in the experiment) could have interfered with the relationship
between the temperature level and biological performance by themselves or in conjunc-
tion with the environmental cycle. The uniqueness of the moderating effect of individ-
ual tendency variability could be confirmed by examining the effects of the potentially
confounding variables.

Third, we controlled the clarity of the temperature perturbation scale items in Experi-
ments II and III. True biological stability is distinct from the device noise caused by vague
experimental conditions. If the devices used to present perturbations (the heat and ice
vests) can be understood in qualitatively different ways because of their unclear operations,
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the biological stability of these items can be over- or underestimated, skewing the results.
Thus, caution is required in the interpretation and generalization of the results related
to Hypothesis 2.

Finally, objective outcome variables related to stability, such as neural/chemical func-
tions and microstate severity, could be used as dependent variables to examine the variant
and invariant effects of the temperature cycle instead of behavioral performance-based
measurements from participants. We would better understand the practical importance
of systematically managing biological adaptations to environmental cycles if we obtained
similar findings with these objective neurochemical outcome variables. Future studies
should examine the moderating effect of neurological significance on the environmental
temperature context level.

6. Conclusions

Inquiry into the possibility of relating perception and action to dynamics began in the
1970s with the problem of coordination: could a principled dynamical account be given of
fundamental rhythmic capabilities involving multiple joints, muscle scores, and millions of
cells? Efforts to address this question invoked the concepts and tools of nonlinear dynamics
(e.g., [16]). One useful approach is homeokinetics, the study of complex self-organizing
systems [38]. Homeokinetics looks for cycles at all time scales to show how interacting
cyclic processes account for the emergence of new entities, many of which are similarly
cyclic. The central idea is that cycles interact to create self-replicating living systems that
abide by particular cyclicities [39]. Following these cycles is integral to life. Circadian
rhythms are cycles of particular prominence in contemporary research on living organisms.
Rather than crediting rhythms to “clock genes”, the dynamic approach considers them an
emergent system property.

Circadian rhythms are found in most living organisms, including humans, although
they must not be confused with biological systems. However, these two factors control
biological rhythms interacting in coordination. This has been an influential research topic
because humans are a collection of physical, emotional, and performance systems [37]. Con-
temporary models of subjective alertness and performance efficiency view the variations
between systems as being determined both by the homeostatic process (number of hours
since waking) and input from the circadian timing system [40]. However, we need more
research to understand which performance tasks show different time-of-day effects with
various environmental variables and the mechanisms underlying those differences. Corre-
sponding to a theoretical study on the rate of stability of a system and how it can vary when
a new energy source is accessed via a nonequilibrium phase transition process [26], our
study’s results reconfirm that access differs as a function of circadian temperature [41,42].
This might reflect that the mechanism of the system’s state is not a specific component of
special properties, but a general co-activity encompassing all components [31,43].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijerph20010166/s1. Section S1: Bimanual Coordination and Symmetry-breaking Modeling
Dynamics; Section S2: Calculating Relative Phase Coordination Dynamics; Section S3: Calculating
Entropy Production; Section S4: Finding a Relevant In-phase Bimanual Synchrony Variable, Section S5:
Normal and Abnormal Day–Night Circadian Temperature Perturbations, Section S6: Collected Dataset
for Entropy Production.

Author Contributions: Design—C.P.; writing and original draft preparation—C.P.; review and
editing—C.P.; validation—J.H.; submission—J.W.A. and Y.J.P. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National Re-
search Foundation of Korea, funded by the Ministry of Education (Grant Number: 2020R1l1A1A01056967)
(PI: Chulwook Park).

https://www.mdpi.com/article/10.3390/ijerph20010166/s1
https://www.mdpi.com/article/10.3390/ijerph20010166/s1


Int. J. Environ. Res. Public Health 2023, 20, 166 14 of 15

Institutional Review Board Statement: The study provided written informed consent approved by
the local ethics committee (SNUIRB No. 1509/002-002) conforming to the ethical standards of the
1964 Declaration of Helsinki (Collaborative Institutional Training Initiative Program, Report ID 20481572).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data and materials are our own. The materials and data used to
support findings of this study are included in the Supplementary Materials File.

Acknowledgments: The authors sincerely thank the members of the Center for the Ecological Study
of Perception and Action (CESPA) at the University of Connecticut (UCONN), and Seoul National
University Motor Behavior Lab for their valuable support during the development of this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maury, E.; Ramsey, K.M.; Bass, J. Circadian rhythms and metabolic syndrome: From experimental genetics to human disease.

Circ. Res. 2010, 106, 447–462. [CrossRef] [PubMed]
2. Refinetti, R.; Menaker, M. The circadian rhythm of body temperature. Physiol. Behav. 1992, 51, 613–637. [CrossRef] [PubMed]
3. Moore, R.Y. Organization of the mammalian circadian system. In Ciba Foundation Symposium 183: Circadian Clocks and Their

Adjustment; Chadwick, D.J., Ackrill, K., Eds.; John Wiley & Sons: Chichester, UK, 2007; p. 88.
4. Aschoff, J. Circadian control of body temperature. J. Therm. Biol. 1983, 8, 143–147. [CrossRef]
5. Krauchi, K.; Wirz-Justice, A. Circadian rhythm of heat production, heart rate, and skin and core temperature under unmasking

conditions in men. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1994, 267, R819–R829. [CrossRef] [PubMed]
6. Aizawa, S.; Cabanac, M. The influence of temporary semi-supine and supine postures on temperature regulation in humans.

J. Therm. Biol. 2002, 27, 109–114. [CrossRef]
7. Cagnacci, A.; Kräuchi, K.; Wirz-Justice, A.; Volpe, A. Homeostatic versus circadian effects of melatonin on core body temperature

in humans. J. Biol. Rhythms 1997, 12, 509–517. [CrossRef]
8. Borb, A.A.; Achermann, P. Sleep homeostasis and models of sleep regulation. J. Biol. Rhythms 1999, 14, 559–570. [CrossRef]
9. Walther, G.-R.; Post, E.; Convey, P.; Menzel, A.; Parmesan, C.; Beebee, T.J.C.; Fromentin, J.-M.; Hoegh-Guldberg, O.; Bairlein, F.

Ecological responses to recent climate change. Nature 2002, 416, 389–395. [CrossRef]
10. Edholm, O.G.; Fox, R.H.; Wolf, H.S. Body temperature during exercise and rest in cold and hot climates. Arch. Sci. Physiol. 1973,

27, A339–A355.
11. Aschoff, J.; Heise, A.; Itoh, S.; Ogata, K.; Yoshimura, H. Thermal Conductance in Man: Its Dependence on Time of Day and on Ambient

Temperature; Igaku Shoin Limited: Tokyo, Japan, 1972; pp. 334–348.
12. Waterhouse, J.; Drust, B.; Weinert, D.; Edwards, B.; Gregson, W.; Atkinson, G.; Kao, S.; Aizawa, S.; Reilly, T. The circadian rhythm

of core temperature: Origin and some implications for exercise performance. Chronobiol. Int. 2005, 22, 207–225. [CrossRef]
13. Aldemir, H.; Atkinson, G.; Cable, T.; Edwards, B.; Waterhouse, J.; Reilly, T. A comparison of the immediate effects of moderate

exercise in the early morning and late afternoon on core temperature and cutaneous thermoregulatory mechanisms. Chronobiol.
Int. 2000, 17, 197–207. [CrossRef]

14. Kay, B.A.; Kelso, J.A.; Saltzman, E.L.; Schöner, G. Space–time behavior of single and bimanual rhythmical movements: Data and
limit cycle model. J. Exp. Psychol. 1987, 13, 178–192. [CrossRef]

15. Turvey, M.T. Coordination. Am. Psychol. 1990, 45, 938–953. [CrossRef]
16. Kugler, P.N.; Turvey, M.T. Information, Natural Law, and the Self-Assembly of Rhythmic Movement. Routledge: London, UK, 2015.
17. Collins, J.J.; Stewart, I.N. Coupled nonlinear oscillators and the symmetries of animal gaits. J. Nonlinear Sci. 1993, 3, 349–392.

[CrossRef]
18. Mottet, D.; Bootsma, R.J. The dynamics of goal-directed rhythmical aiming. Biol. Cybern. 1999, 80, 235–245. [CrossRef]
19. Pikovsky, A.; Rosenblum, M.; Kurths, J. Synchronization: A universal concept in nonlinear sciences. Am. J. Phys. 2002, 70, 655.

[CrossRef]
20. Park, C. Eigenproperties of perception (dynamic touch) and action (phase dynamic) out of diversities. Hum. Mov. Sci. 2022, 85, 102999.

[CrossRef]
21. Kelso, J.S.; Tuller, B.; Vatikiotis-Bateson, E.; Fowler, C.A. Functionally specific articulatory cooperation following jaw perturbations

during speech: Evidence for coordinative structures. J. Exp. Psychol. 1984, 10, 812–832. [CrossRef]
22. Zanone, P.-G.; Kelso, J.A.S. The coordination dynamics of learning: Theoretical structure and experimental agenda. In Interlimb

Coordination; Swinnen, S.P., Heuer, H., Massion, J., Casaer, P., Eds.; Academic Press: San Diego, CA, USA, 1994; pp. 461–490.
23. Turvey, M.T.; Schmidt, R.C. A low-dimensional nonlinear dynamic governing interlimb rhythmic coordination. In Interlimb

Coordination; Swinnen, S.P., Heuer, H., Massion, J., Casaer, P., Eds.; Academic Press: San Diego, CA, USA, 1994; pp. 277–300.
24. Weinert, D.; Waterhouse, J. Diurnally changing effects of locomotor activity on body temperature in laboratory mice. Physiol.

Behav. 1998, 63, 837–843. [CrossRef]
25. Kräuchi, K.; Wirz-Justice, A. Circadian clues to sleep onset mechanisms. Neuropsychopharmacology 2001, 25, S92–S96. [CrossRef]

http://doi.org/10.1161/CIRCRESAHA.109.208355
http://www.ncbi.nlm.nih.gov/pubmed/20167942
http://doi.org/10.1016/0031-9384(92)90188-8
http://www.ncbi.nlm.nih.gov/pubmed/1523238
http://doi.org/10.1016/0306-4565(83)90094-3
http://doi.org/10.1152/ajpregu.1994.267.3.R819
http://www.ncbi.nlm.nih.gov/pubmed/8092328
http://doi.org/10.1016/S0306-4565(01)00023-7
http://doi.org/10.1177/074873049701200604
http://doi.org/10.1177/074873099129000894
http://doi.org/10.1038/416389a
http://doi.org/10.1081/CBI-200053477
http://doi.org/10.1081/CBI-100101043
http://doi.org/10.1037/0096-1523.13.2.178
http://doi.org/10.1037/0003-066X.45.8.938
http://doi.org/10.1007/BF02429870
http://doi.org/10.1007/s004220050521
http://doi.org/10.1119/1.1475332
http://doi.org/10.1016/j.humov.2022.102999
http://doi.org/10.1037/0096-1523.10.6.812
http://doi.org/10.1016/S0031-9384(97)00546-5
http://doi.org/10.1016/S0893-133X(01)00315-3


Int. J. Environ. Res. Public Health 2023, 20, 166 15 of 15

26. Frank, T.D. Collective behavior of biophysical systems with thermodynamic feedback loops: A case study for a nonlinear Markov
model—The Takatsuji system. Mod. Phys. Lett. B 2011, 25, 551–568. [CrossRef]

27. Gibson, J.J. The perception of visual surfaces. Am. J. Psychol. 1950, 63, 367–384. [CrossRef] [PubMed]
28. Reed, E.S. Encountering the World: Toward an Ecological Psychology; Oxford University Press: Oxford, UK, 1996.
29. Shaw, R.; Kinsella-Shaw, J. Ecological mechanics: A physical geometry for intentional constraints. Hum. Mov. Sci. 1988, 7, 155–200.

[CrossRef]
30. Yadlapalli, S.; Jiang, C.; Bahle, A.; Reddy, P.; Meyhofer, E.; Shafer, O.T. Circadian clock neurons constantly monitor environmental

temperature to set sleep timing. Nature 2018, 555, 98–102. [CrossRef] [PubMed]
31. Iberall, A.S.; Soodak, H. A physics for complex systems. In Self-Organizing Systems: The Emergence of Order; Yates, F.E., Ed.; Plenum

Press: New York, NY, USA, 1987; pp. 499–520.
32. Turvey, M.T.; Carello, C. On intelligence from first principles: Guidelines for inquiry into the hypothesis of physical intelligence

(PI). Ecol. Psychol. 2012, 24, 3–32. [CrossRef]
33. Folkard, S. Diurnal variation. In Stress and Fatigue in Human Performance; Hockey, R., Ed.; Wiley: New York, NY, USA, 1983;

pp. 245–272.
34. Rutenfranz, J.; Hellbrügge, T. Über Tagesschwankungen der Rechengeschwindigkeit bei 11jÄhrigen Kindern. Z. Kinderheilk. 1957,

80, 65–82. [CrossRef]
35. Blake, M.J.F. Time of day effects on performance in a range of tasks. Psychon. Sci. 1967, 9, 349–350. [CrossRef]
36. Folkard, S.; Knauth, P.; Monk, T.H.; Rutenfranz, J. The effect of memory load on the circadian variation in performance efficiency

under a rapidly rotating shift system. Ergonomics 1976, 19, 479–488. [CrossRef]
37. Monk, T.H.; Weitzman, E.D.; Fookson, J.E.; Moline, M.L.; Kronauer, R.E.; Gander, P.H. Task variables determine which biological

clock controls circadian rhythms in human performance. Nature 1983, 304, 543–545. [CrossRef]
38. Soodak, H.; Iberall, A. Homeokinetics: A physical science for complex systems. Science 1978, 201, 579–582. [CrossRef]
39. Iberall, A.S. The physics, chemical physics, and biological physics of the origin of life on earth. Ecol. Psychol. 2001, 13, 315–327.

[CrossRef]
40. Johnson, M.P.; Duffy, J.F.; Dijk, D.J.; Ronda, J.M.; Dyal, C.M.; Czeisler, C.A. Short-term memory, alertness, and performance:

A reappraisal of their relationship to body temperature. J. Sleep Res. 1992, 1, 24–29. [CrossRef]
41. Shaw, R. Processes, acts, and experiences: Three stances on the problem of intentionality. Ecol. Psychol. 2001, 13, 275–314.

[CrossRef]
42. Mahner, M.; Bunge, M. Foundations of Biophilosophy; Springer: Berlin/Heidelberg, Germany, 1997.
43. Gottlieb, G. Environmental and behavioral influences on gene activity. Curr. Dir. Psychol. Sci. 2000, 9, 93–97. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1142/S0217984911025845
http://doi.org/10.2307/1418003
http://www.ncbi.nlm.nih.gov/pubmed/15432778
http://doi.org/10.1016/0167-9457(88)90011-5
http://doi.org/10.1038/nature25740
http://www.ncbi.nlm.nih.gov/pubmed/29466329
http://doi.org/10.1080/10407413.2012.645757
http://doi.org/10.1007/BF00448904
http://doi.org/10.3758/BF03327842
http://doi.org/10.1080/00140137608931559
http://doi.org/10.1038/304543a0
http://doi.org/10.1126/science.201.4356.579
http://doi.org/10.1207/S15326969ECO1304_03
http://doi.org/10.1111/j.1365-2869.1992.tb00004.x
http://doi.org/10.1207/S15326969ECO1304_02
http://doi.org/10.1111/1467-8721.00068

	Introduction 
	Modeling Thermoregulatory Symmetry Breaking 
	Purpose and Hypotheses 

	Experiment I 
	Experiment I Apparatus and Procedure 
	Experiment I Proposed Analyses 
	Experiment I Statistical Data Testing for the Hypotheses 
	Experiment I Results 

	Experiment II 
	Experiment II Apparatus and Procedure 
	Experiment II Proposed Analyses 
	Experiment II Results 

	Experiment III 
	Experiment III Apparatus and Procedure 
	Experiment III Proposed Analyses 
	Experiment III Results 

	Discussion 
	Practical Implications 
	Limitations and Suggestions for Future Study 

	Conclusions 
	References

