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Abstract 

This research explored the biological autonomy and control of function according to their 

circumstances that the purported relationship to the environmental cycle. For understanding this 

directed behavior as a call for the organism-environment system rather than simply the organism, 

the present study sought to expose the laws that underlie intelligent capabilities measuring 

biological characteristic (internal source) in circadian temperature (external source) context.  

Participants (n = 32) at the University of Connecticut (Storrs, USA) and the Seoul 

National University (Seoul, Korea) served in the study. For inspecting the internal features 

(motor synchrony) depending on external context (environmental cycles), relative phase of two 

handheld pendulums was obtained along four different circadian points, thus day-night 

temperature effects were compared. Specifically, the in-phase of bi-manual coordination was 

observed in two experimental design: one design is normal circadian process [temperature 

embedded in 24 hours light-dark cycles (5:00, 12:00, 17:00, and 24:00)], the other design is 

normal [temperature embedded in light-dark cycles (5:00 am, 5:00 pm)] verses abnormal 

[artificially decreasing or increasing temperature (5:00 am, 5:00 pm)] circadian process.   

The experimental model with a typical bi-manual stability measure shows that the 

dependent variable significantly vary in accordance to day-night temperature cycle. While (i) 

circadian effect under the artificially perturbed temperature manipulation seems not constant to 

be along the day-night temperature cycle, (ii) circadian effect divided by the ordinary circadian 

seems to be constant along the day-night temperature cycle.  
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The discovery of direct and robust relation between the biological aspects (body 

temperature and motor synchrony) over a broad range of environmental process, might mirror 

the unique adaptation of our biological system to the environment. Thus, the organism (X) and 

the environment (Y) should be considered as integrated system (hence, X-Y system) in which 

biological (or physical) dynamics takes place as a mutual factor. 

 

Keyword : Physical intelligence, bi-manual coordination, circadian rhythm, thermodynamics, 

context dependency. 

Student Number : 2011-30460  
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Introduction 

The focus of intelligence from ‘outside-the-head’ of the organism and environment was 

invoked in how J. J. Gibson (1950) considered the achievements of perceiving and acting as 

continuous. Men, earthworms, single-cell organisms, and even plants are aware of their 

perceived meaning and organize actions according to their circumstances (Reed, 1996). Exhibits 

of autonomy and control of functions has been the goal in contemporary research to explain 

agency more scientifically (Shaw & Kinsella-Shaw, 1988). The key idea of why there are 

multiple behavioral modes, and why switching among the modes must be simple (Iberall and 

Soodak, 1987). To understand this directed behavior as a call for the organism-environment 

system rather than as simply pertaining to the organism (Turvey & Carello, 2012), the present 

study sought to expose the laws that underlie intelligent capabilities.  

 

Physical intelligence 

In nature, (a) trees providing dark sectors and the tropical vine Monstera gi-gantea 

(Engler) are shown to grow directly toward the darkest sector of the horizon. It can imply either 

growth away from the light or growth toward darkness (skototropism). It is most likely produced 

by the modification of the molecular and cellular mechanisms, emphasizing the adaptive nature 

of negative phototropism (Strong & Ray, 1975). (b) In the 1950’s Pask’s electrochemical 

assemblages system could evolve its own sensitivity, tuned its elements could act in concert, 

although the system could not be completely well-defined, no explicit specification would be 

given for its parts either. The element could proliferate by virtue of its rewarding conductance 
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changes associated with a particular type of environmental disturbance (Cariani, 1993). (c) Cells 

can build homes for themselves, can repair themselves after being damaged, even by abrupt 

changes in temperature or pH (the negative log of the activity of the hydrogen ion in an aqueous 

solution); they can take decisions, adapt to situations, and work out what to do when a problem 

arises. This refers to a single cell and not to a multicellular organism. We know of no cement 

organelles, no systems for assembly, no grasping limbs or sensory mechanisms by which the cell 

could detect its raw materials – let alone position them so precisely. These single-celled 

organisms must exhibit considerable ingenuity in adapting their behavior to suit widely varying 

circumstances (Ford, 2008).  

Definitions of intelligence vary, but most include the concept of general adaptability to 

new problems faced in life and adjustment to the environment in changing circumstances. If 

theses repair mechanisms are to succeed over an evolutionary timescale, the controlled sequence 

of events could be computer-modelled clearly, and the mechanisms can be explained. However, 

not everything is amenable to this examination, including nearly invisible mechanisms. A 

consensus labeled these types of things as deserved to be called intelligent, classifying them as 

having a nervous system is not necessary condition (Turvey & Carello, 2012). It denies any 

strategy to explain behavioral adjustments, instead imputing a natural law concerning the nesting 

of environmental properties. Organisms must perceive both the nested environmental properties 

and their own nested behaviors as a union of the internal structure and the external structure 

(Turvey, Shaw, Reed, & Mace, 1981). The emphasis on this characterization is acknowledging 

intelligence as physical rather than borrowing satisfying as a means to explain intelligence.  
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This inclination of agency that the coordination of organisms and environment must be 

physically grounded understanding, as in the following concept: “The engineering of systems 

that spontaneously evolve intelligent behavior (Defense Advanced Research Projects Agency: 

DARPA, 2009).” It will be a reduction of physical principles inspired by the physics of 

emergence (Iberall, 1977), but the inquiry engaging physical intelligence is challenging because 

the layout and schedule of resource availabilities can vary. With the natural sciences and the 

laws that underlie this approach, how may one address intelligence not as human-centric but as 

physically generic in terms of how organisms make their way? The resent study may expect to 

find that approximations under certain conditions serving these self-potentials. 

 

Circadian rhythm of temperature (external source) 

The core cycles of biological system are influenced by temperature, with 24 hour light-

dark oscillation (called circadian rhythm), as well as by biochemical, physiological, or 

behavioral processes that persist under constant conditions with a period length of ~24 hours 

(Maury, Ramsey, & Bass, 2010). Presumably due to inputs to the thermoregulatory centers from 

the body core (Refinetti and Menaker, 1992; Moore, 1995), biology’s circadian rhythm shows a 

minimum at 05:00 h (when core body temperature is rising most rapidly) but has a more clearly 

defined maximum at about 17:00 h (when core body temperature is falling most rapidly) in day-

light cycle (Aschoff, 1983; Krauchi and Wirz-Justice, 1994).  
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Figure 1. Representation of the circadian rhythm. Left = circadian process oscillation, right = 

temperature (℃) process oscillation (from Johnson et al., 1992) between the circadian 

temperature (x-axis) and the body temperature (y-axis). Note: This is a normalized rhythm 

despite the fact that not all rhythms are identical. Our core body temperature is roughly linked to 

this cycle, with various hormones being released at certain stages in the rhythm because energy 

levels are reflected by our body temperature. 

 

This circadian change (core temperature) is most likely due to the rhythmic input from 

the suprachiasmatic nuclei (SCN) acting upon the hypothalamic thermoregulatory centers and 

altering the thresholds of cutaneous vasodilatation and sweating (Refinetti and Menaker, 1992; 

Moore, 1995; Aizawa and Cabanac, 2002). Specifically, melatonin appears to make a 

contribution to this change, as its rate of secretion increase in the evening, and this increase 

promotes a fall in body temperature via cutaneous vasodilatation (Cagnacci, Kräuchi, Wirz-

Justice, & Volpe, 1997).   

The accessible information makes people are all familiar with how such process can 

fluctuate and how it can be explained by the interaction between the internal (homeostatic) and 

the external (circadian) situations (Borbély & Achermann, 1999). There is ample evidence of the 

effect of the ecological climate on various aspects (Walther, Post, Convey, Menzel, Parmesan, 

Beebee., … & Bairlein, 2002). Heat exchanged with the environment by means of convection 

and radiation allows the gradient between the body core and temperature (Edholm, Fox, & Wolf, 
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1973). 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 circadian rhythm can contribute to complications in the human 

system (Maury et al., 2010). These change of the interior temperature in the body as opposed to 

the peripheral (core temperature) not only in animals but also humans are mainly due to 

circadian rhythmic changes in the rates of ecological impacts (Waterhouse, Drust, Weinert, 

Edwards, Gregson, Atkinson, G., ... & Reilly, 2005).  

However, given that precise control of the internal substance (SCN) as a generator of 

biological circadian rhythm is unclear, circadian rhythm of the core body temperature appears to 

be generated by periodic variation in heat production and heat loss (Aschoff & Heise, 1972). 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 (Krauchi & Wirz-Justice, 1994). 

In particular, when the subject is performing mild activities, where a decreased temperature is 

not matched by a thermal load, it has been shown to be very effective in describing the thermal 

responses to activity taken at different times of the day (Waterhouse et al., 2005).  

When the submaximal activity changes following a brief bout of certain environmental 

climates are considered (Aldemir, Atkinson, Cable, Edwards, Waterhouse, & Reilly, 2000), it 

may show initially that the response to the same amount of moderate activity in the minimum 

differed from that in the maximum circadian rhythm. The mechanisms responsible for these 

different temperatures of the core and musculature during day-light cycles, as a result of normal 

or non-normal ambient temperatures, will alter a range of performance factors, including the 

thermoregulatory response to activity. These results fully substantiate the predictions based upon 
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the hypothesis describing a circadian rhythm in thermoregulatory responses and indicate that this 

hypothesis applies to biological intelligence in terms of certain ecological variables. 

 

Bimanual coordination dynamics (internal source) 

 Formation and retention refers to propriospecific information about the states of the 

muscular-articular links, and the patterns or characteristic are constrained by the dynamical 

criteria of stability pattern. To be specific, let us consider a qualitative physical system such as 

stiffness, damping, and position over time in a dynamical mass spring system as given.  

 f(t) = 𝑚𝑥′′ + 𝑏𝑥′ + 𝑘𝑥 (1-1) 

Here, m is mass, b is friction, and k denotes the stiffness. The variable t is time, χ denotes 

the position, χ′ is velocity, and χ′′ represents acceleration. In physics, because a damping is 

produced by a process that dissipates the energy stored in the oscillations, the interplay between 

input and damping approaches a stationary fixed point in the long time limit.  

 𝑚𝑥′′ + 𝑏𝑥′ + 𝑘𝑥 = 0 (1-2) 

Such systems possess a static equilibrium point, which is called a point attractor (Kugler, 

Kelso, & Turvey, 1980).  
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Figure 2. Simulation of the different mass 

spring attractors. Damped exponential 

decay of the dotted equals 

cos(2𝜋𝑡) exp(−𝑡), and for the solid line it 

is cos(8𝜋𝑡) exp(−𝑡). Log lines indicate an 

embedded invariant property in terms of 

the relation between systems’ attractor 

(solid blue line) and damping potential 

(dotted red line). V = volts, a.u. = arbitrary 

unit. Note: Inserted plot denotes an un-

damped case. 

 

 

The property of this dynamic has been applied not only to a physical system but also to 

descriptions of the human neuromuscular level (Kay, Kelso, Saltzman, and Schoner, 1987). This 

function involves an investigation of the intact movement of a limb oscillator in terms of 

muscle-joint kinematic variations (kinematic position, velocity, acceleration) over time. As it is, 

when we are asked to swing two limbs comfortably, it can be characterized by the pendulum’s 

dimension (Kugler & Turvey, 1987; Turvey, 1990), simplifying the point attractor while 

restricting it to certain domains of phase space.  

     

Figure 3: Synchronous diagrams of the possible point attractors: Left = synchronized 

almost in-phase, with a phase difference x2 − x1 ≈ 0 and in the anti-phase condition = middle, 

when x2 − x1 ≈ π, or it does not match the x2_initail input 0.5, x1_initial input 0.0 = right. 
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 𝜃2 − 𝜃1 ≈ 0 (2-1) 

 𝜃2 − 𝜃1 ≈ π (2-1) 

In this equation, with the phase difference, 𝜃2 − 𝜃1 ≈ 0 denotes a condition of nearly 

synchronized in-phase, and 𝜃2 − 𝜃1 ≈ π indicates this in an anti-phase. The observed relative 

phase or phase relation (ϕ) between two oscillators at ϕ ≈ 0 deg (in-phase), or ϕ ≈ 180 deg 

(anti-phase) have been modeled as the point attractors in our limbs system, as they are purely 

stable patterns (Pikovsky, Rosenblum, & Kurths, 2001).  

In the observed relative rhythmic segments patterns, the in-phase ϕ = 0 condition is 

more stable than anti-phase ϕ = π condition (Kelso, 1984). Inspired by a number of studies on 

the 1:1 frequency locking of the left and right hand phase defined as ϕ = (𝜃𝐿 − 𝜃𝑅) -- the 

difference between the left (L) and right (R) phase angles (ϕ) -- has led to the identification of 

important invariant human system features (Kelso, 1994; Turvey & Schmidt, 1994).  

 

 

Figure 4. Reflection of the Haken, kelso, and 

Bunz, 1985 (HKB) model. The y-axis denotes 

the energy of the function at each averaged 

relative phase. The x-axis indicates averaged 

relative phase between two limbs from in-

phase 0 to anti-phase 180 (-180). At local point 

of 0 and 180 (-180), the function close to those 

minima (attractors = black balls) and at local 

point around 90 (-90), the state is close to 

maxima (repellors = red balls). 

 V(ϕ) = −𝛼𝑐𝑜𝑠(ϕ) − bcos(2ϕ) (3) 
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In this equation, ϕ is the phase angle of the individual oscillator. In addition, 𝛼and bare 

coefficients which denote the strength of the coupling between the two oscillators. The relevant 

regions of the parameter space allow the potential V(ϕ), the negative signs in front of the 

coefficients simplify of the equation of motion. A relative 1:1 frequency-locked coordination 

phase is [V(ϕ)] determined by the differences between the two component oscillator’s 

continuous phase angle [−𝛼𝑐𝑜𝑠(ϕ) − bcos(2ϕ)], the stability of the point attractor can be 

varied by varying the pendulum’s dimensions (Kugler & Turvey, 1987). 

 

                    
Figure 5. Reflection of a potential function (HKB model). Blue line = the y-axis denotes the 

energy of the function at each averaged relative phase. The x-axis indicates averaged relative 

phase between two limbs from in-phase 0 to the anti-phase 3.14 = 180 (-3.14 = -180). At local 

point of 0 and 180 (-180), the function close to those minima (attractors; black balls) and at local 

point around 90 (-90), the state is close to maxima (repellors: red balls). The red and green lines 

denote the variation of the potential functions. Depending on two components’ preferred 

frequencies [−𝛼𝑐𝑜𝑠(ϕ) − bcos(2ϕ)], the intrinsic dynamics of the potential function of V is 

determined. Black balls symbolize stable states (attractors) and red balls correspond to unstable 

states (repellors). While all states of the systems become less stable due to a higher energy level, 

the balls at the relative phase point of 0 (in-phase) remain; these balls in the anti-phase condition 

disappear because  the system is shallower.  
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This function indicates that the minima of the potential are located at ϕ=0, and ϕ = ±π 

(Haken, Kelso, & Bunz, 1985). Given this scenario, the function can be estimated in how the 

potential will change in shape as the control parameter (energy cost) increase. Based on the 

observed mechanism for the point attractor with a simple function, the present study proposes 

the in-phase bimanual rhythmic coordination synchrony pattern as a particularly well-suited 

physical model. This allows a useful reference of system stability coordination tasks in which 

this functional pattern can be applied to all human movement, muscles, and even a neural 

network. An actual intersegmental coordination, however, is additionally shaped by the 

contingencies of adjusting to environmental vagaries. How these extrospecific requirements and 

information types are incorporated into the physical stability patterns can be issued by the level 

of symmetry coordination (Amazen, Amazeen, & Turvey, 1998). In order to harmonize the 

effects of motor stability toward environmental symmetry, this study investigates the following 

elaboration. 

 

Symmetry breaking in bimanual coordination dynamics  

The potential [V(ϕ)] extends the described assumption in terms of the difference 

between the uncoupled frequencies of bimanual rhythmic components; 

 Δ𝜔 = (𝜔𝐿 − 𝜔𝑅) (4) 

Where, 𝜔 is the preferred movement frequency of the left (𝜔𝐿), right (𝜔𝑅) individual. If 

the relative phase between 𝜔𝐿 and 𝜔𝑅 were equal (Δ𝜔 = 0), this pattern would be assumed as a 
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perfectly identical symmetry. However, the preferred movement frequencies of the individual 

oscillators in in-phase are large (i.e., function: b/a=0.5, detuning=-0.5, or detuning=-1.5), the 

expected stability of the rhythmical limb oscillation dynamics become greater than equal.  

 

Figure 6. Preferred movement 

frequencies of the individual 

oscillators: Blue line denotes 

the identical symmetry. Green 

line denotes the large different 

symmetry (function: b/a=0.5, 

detuning=-0.5). Red line is 

even larger different symmetry 

(function: b/a=0.5, detuning=-

1.5). 

 

Such phenomena of the symmetry breaking must be another fundamental feature of the 

coordinative system (Amazeen et al., 1998). From this dynamic, a different noise of the 

underlying subsystems (neural, muscular, and vascular) can be estimated around an equilibrium 

point, and it might conceptualize the model when it comes to making operational definitions of 

the each categories which model has to consider variability of the relative phase frequencies 

between two limbs; 

 ϕ̇ = Δ𝜔 − 𝛼𝑐𝑜𝑠(ϕ) − bcos(2ϕ) + √𝜚𝜉𝑡 
(5) 

The estimation between two oscillator’s relative phase (ϕ̇) is captured by the parameter 

(Δ𝜔) of preferred movement frequency of the individual segment [𝛼𝑐𝑜𝑠(ϕ) − bcos(2ϕ)] with 
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the noise (√𝜚𝜉𝑡). Given the equation of the preceding model (grouped as the kinematics of 

motor stability according to the coordination task of synchronization), such a term has been used 

to capture purely functional dynamics regarding the equilibria and confirmed usually as in the 

time and temporal difference between an oscillating limb (Treffner & Turvey, 1996).  

According to Treffner and Turvey (1995) experimenting handedness, the elementary 

coordination dynamics of Eq. 5 advanced. They added two add (sine) terms of the coefficients 

whose signs and magnitudes determine the degree and direction of asymmetry as follows; 

 ϕ̇ = Δ𝜔 − [𝛼𝑠𝑖𝑛(ϕ) + 2𝑏sin(2ϕ)] − [𝑐𝑠𝑖𝑛(ϕ) + 2𝑑sin(2ϕ)] + √𝜚𝜉𝑡 (6) 

Here, ϕ̇ indicates a coordination change. Δ𝜔 refers a symmetry breaking through 

frequency competition between two limb. [𝛼𝑠𝑖𝑛(ϕ) + 2𝑏sin(2ϕ)] denotes a symmetric 

coupling defined by relative phase of 0 and π attractors (this form of the term could be derived 

as the negative gradient potential V with respect to ϕ), and the [𝑐𝑠𝑖𝑛(ϕ) + 2𝑑sin(2ϕ)] terms 

means added asymmetric coupling attractors with the stochastic noise √𝜚𝜉𝑡. This extended 

equation refers that the emergent elementary dynamics between limbs or limb segments was 

governed by a slightly asymmetric potential of the [𝑐𝑠𝑖𝑛(ϕ) + 2𝑑sin(2ϕ)]. That suggests 

extended collective dynamics of inter segmental rhythmic coordination of the periodic 

components. 

 

Modeling of thermoregulatory symmetry breaking in bimanual coordination  
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Inspiring the complement of symmetric and asymmetric influences, the described model 

was applied in terms of the difference between the coupled or uncoupled frequencies of 

temperature-rhythmic components between the core body and circadian cycles.  

𝑐 = 𝑐𝑖𝑟𝑐𝑎𝑑𝑖𝑎𝑛temperaturecycle 

𝑑 = 𝑐𝑜𝑟𝑒𝑏𝑜𝑑𝑦temperaturecycle 

Where d is the preferred rhythmic frequency of one (the homeostasis cycle), and the 

other (c = circadian cycle) individual. Whereas b/a determines the relative strengths of the 

fundamental in-phase equilibria, small values of 𝑐 and 𝑑 break the symmetry of the elementary 

coordination dynamics while leaving their essential coupling characteristics.  

|𝑐𝑎𝑛𝑑𝑑| > 0 

|𝑐𝑎𝑛𝑑𝑑| ≈ 0 

In this proposed assumption, coefficient of the d should be more important, producing 

the empirically observed perturbation in the equilibrium phase state, and then the c should be set 

to zero without loss of generality considering the fact about we cannot manipulate the 

environmental circadian cycle. As you can see, if the coupling between d and c is strong 

(|𝑐𝑎𝑛𝑑𝑑| ≈ 0), the potential would be expected this pattern as a perfectly corresponding 

symmetry into environmental requirement. However, the preferred rhythmic coupling of 

individual oscillators in an in-phase condition becomes difference (|𝑐𝑎𝑛𝑑𝑑| > 0), and thus the 

expected stability or variability of the rhythmical-component oscillation dynamics will become 

greater than equal (see Figure 6). Given the preceding assumption (grouped as the kinematics of 
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motor stability according to the coordination task of synchronization), the equation was extended 

to a novel task in which there are different source of symmetry breaking through thermal 

variables, as there has not yet been made available information about the effects of bi-manual 

dynamic in instruction on circadian temperatures.  

 ϕ̇ = Δ𝜔 − [𝛼𝑠𝑖𝑛(ϕ) + 2𝑏sin(2ϕ)] − [𝑐𝑠𝑖𝑛(ϕ℃) + 2𝑑sin(2ϕ℃)] + √𝜚𝜉𝑡 
(7) 

In this equation, the bimanual 1:1 rhythmic coordination performed at different coupled 

frequencies, the symmetric coupling coefficients will be not the same. It means an increase in 

detuning (Δ𝜔), decrease the relative strengths of the attractors at 0 and π. However, when it 

comes to our limiting case of Δ𝜔 = 0 on the approximately identical symmetry temperature 

parameters (core body and circadian cycle), what should we be expected? The final estimation 

between the relative phases of two oscillator (ϕ̇) will be captured mainly by the parameter of the 

asymmetric thermoregulatory coupling [𝑐𝑠𝑖𝑛(ϕ℃) + 2𝑑sin(2ϕ℃)] with the noise (√𝜚𝜉𝑡).  

From this dynamic, different noise types of the underlying subsystems (neural, muscular, 

and vascular) around an equilibrium point could be estimated, and suggest that such phenomena 

of the symmetry breaking can be another remarkable feature of the coordinative system. 

Furthermore, because there is no basis upon which to predict the deviation produced by detuning 

in between thermal manipulation (biological and environmental temperature cycles), this 

assumption may conceptualize a model when it comes to devising operational definitions of the 

categories for which we must consider the thermal variables of the relative phase frequencies 

between two limbs. 
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In sum, this experiment was required to have a condition of in-phase (ϕ = 0) oscillated 

simultaneously at the 1;1 frequency locking (same tempo). The same goal using different 

effectors’ functional symmetry dynamics will be influenced by the asymmetric thermal 

regulation symmetry breaking through the both circadian temperature cycles. That is, that the 

effect of one contralateral homologous relative limbs phase might be not identical to the effect of 

the others. The expected stability pattern from intuition given a different motor appears to allow 

understanding of biological symmetry dynamic on ecological context. This attunement to the 

circadian temperature approach implies an emergent property of the system. 

 

Purpose and hypotheses 

The research reported in this paper will be an attempt to develop an analytical approach 

to show how interacting cyclic processes account for the emergence of new entities. 

Investigation was inquired into whether something akin to the attunement to the environmental 

cycles may be apparent in an experimental setting of bimanual coordination, a setting that has 

been used to examine self-organization in biological systems. This is a seeking unintentional 

coordination providing an environmental rhythm within an individual’s field of view, and it will 

assess whether the dynamics of bimanual coordination is influenced by an overarching temporal 

structure that is irrelevant to the task. 

This study does so in two principal ways in order to determine the physical 

characteristics in an effort to find that approximations under certain conditions serve these self-

potentials. The first involves an increase in the capability to self-generate forces along the lines 
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of the roles of the fundamental dimensions of environments (temperature embedding in light-

dark cycles). The second tied to observe availability of an internally based source (coordination) 

or sources of force (stability and entropy) within dynamical boundaries (thermal variables) in 

systematic ways. Based on this line of reasoning, the following hypotheses could be drawn: 

 

Hypothesis 1: With regard to the first potential, the synchronous coordination between 

contralateral limbs will be captured similarly according to the changes during the circadian 

temperature cycles. 

 

Hypothesis 2: With regard to the second potential, the synchronous coordination between 

contralateral limbs will be captured differently by the change over the thermal (temperature) 

symmetry breaking between core body and circadian state. 

 

These relations of both inner (bi-manual coordination) and outer (circadian temperature 

cycles) sources will create a specific type of agency guided by affordances, and a specific form 

of intelligence guided by what is physically possible. They provide a sign post with address 

intelligence as a natural consequence of the principles pertaining to the emergence of functional 

systems, suggesting a broader hypothesis for further research into the effects of organism-

environment dynamics.  
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Method 

Participants 

 For this study, in-phase bi-manual coordination synchrony embedding in circadian 

temperature context data used which was collected from students (n = 32) at the University of 

Connecticut (n = 24) and the Seoul National University (n = 8). They participated in this study in 

order to fulfill of course requirements. None were compensated for volunteering. They 

participated in three experiments in by three groups and were confirmed to have no physical or 

psychological problems. All of them provided written informed consent to the study approved by 

the local ethics committee (SNUIRB No.1509/002-002), and conformed to the ethical standards 

of the 1964 Declaration of Helsinki. 

 

Experimental Designs 

 The present experiment was designed to verify whether the ecology influences physical 

systems. For experiment 1, in order to find a relevant in-phase bi-manual synchrony variable, the 

collected data was calculated to compare different characteristics between one joint performance 

and several different joint performances. Although the wrist point is properly used compared to 

other possible bi-manual pendulum areas such as elbow or shoulder, whether this value is 

representative of the overall characteristics of a system must be assessed. Moreover, repeating 

the assessment for only one position under several different conditions and several trials is likely 

to be associated with learning (or fatigue) effects.  
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Group Participants (N) Body joint Trials Task/rest (min) 

G1 8 Wrist 6 1 m / 5 m 

G2 8 

Wrist 

Elbow 

Shoulder 

2 

2 

2 

1 m / 5 m 

1 m / 5 m 

1 m / 5 m 

Table 1: Data collection for experiment 1: Group one = 8 participants 6 trials at wrist (total data 

set = 48). Group 2 = 8 participants, 3 joints, and 2 trials at each joint with random sequences 

(total data set = 48). Duration of each trial is 1 minute and 5 minute rest interval between trials. 

 

Based on these results, a way of data collection (excluding trial effects) was created as a 

relevant dependent variable which can be used to measure the internal source of stability. This 

implies a demonstration of the question of whether the data which was from only one joint in 

many trials can be represented as the well-defined characteristic of the system.  

In experiment 2, for the rate of motor synchrony depending on environmental cycles, the 

data was subjected to an analysis of variance comparing normal day-night temperature effects 

(four levels of circadian rhythm: 12:00 am, 5:00 am, 12:00 pm ,5:00 pm).  

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 

Table 2: Data collection for the experiment 2. 8 participants, 4 circadian points, 6 trials at each 

circadian points. Note: Participants were asked to swing in-phase of their limbs in different 

anatomy points [192 data set (3-level: wrist, elbow, and shoulder)], but used only wrist joint data 

(64 set) for analysis. Duration of each trial is 1 minute and 5 minute rest interval between trials. 

 

It refers to response of a question “Is our system influenced by an ecological feature?” 

In-phase bi-manual coordination synchrony serves as a dependent variable according to 

independent variable of the normal circadian temperature cycles. 
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In experiments 3 and 4, when it comes to “How does our system adapt to a regular or an 

irregular thermal structures?” normal and abnormal day-night circadian temperature effects were 

compared at dawn (5 a.m.) and dusk (5 p.m.) considering our core temperature reaches its 

maximum at around 5 p.m. and its minimum at approximately 5 a.m. (Aschoff, 1983).  

Condition Participants (N) Circadian points Trials at each circadian Task/rest (min) 

Normal 8 
5:00 

17:00 
6 1/5 

Abnormal 

(heat based) 
8 

5:00 

17:00 
6 1/5 

Table 3: Data collection for the experiment 3. 2 conditions, 8 participants, 2 circadian points, 6 

trials at each circadian points. Note: Participants were asked to swing in-phase of their limbs in 

different anatomy points [192 data set (3-level: wrist, elbow, and shoulder)], but used only wrist 

joint data (64 set) for analysis. Duration of each trial is 1 minute and 5 minute rest interval 

between trials. 

 

Condition Participants (N) Circadian points Trials at each circadian Task/rest (min) 

Normal 8 
5:00 

17:00 
6 1/5 

Abnormal 

(ice based) 
8 

5:00 

17:00 
6 1/5 

Table 4: Data collection for the experiment 4. 2 conditions, 8participants, 2 circadian points, 6 

trials at each circadian points. Note: Participants were asked to swing in-phase of their limbs in 

different anatomy points [192 data set (3-level: wrist, elbow, and shoulder)], but used only wrist 

joint data (64 set) for analysis. Duration of each trial is 1 minute and 5 minute rest interval 

between trials. 

 

Hence, in-phase bi-manual coordination synchrony serves as a dependent variable 

according to two independent variables, as follows: two levels of circadian rhythm * two levels 

of thermal variable manipulation (experiment 3 = increasing, experiment 4 = decreasing). 
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Apparatus and Procedure 

In-phase coordination without detuning were performed while having the subjects seated 

in a chair holding pendulums vertically without vision occluding. The pendulums used here two 

standard wooden rods (85 g, 1 m in length, 1.2 cm in diameter) with DC potentiometers attached. 

A 200 g weight is positioned 30 cm from the bottom of the rods. Each participant were asked to 

grasp the pendulums firmly while it is positioned 60 cm from the bottom, to protect the 

pendulum for slipping out of the palms, and not to rotate the finger joints. Their forearms were 

fixed voluntarily so that the pendulum motion is restricted to the sagittal parallel plane and the 

joint vertical axes (i.e. each oscillating only pertains to one joint, with the other joints immobile).  

For experiment 1: the sessions were distinguished into two conditions (one joint = group 

1, and different joint = group 2) with only one normal-temperature embedding cycles (5:00 pm - 

highest peak circadian rhythm of the core temperature with skin capacitance). Each trial block 

lasts 1 min with a rest for 5 min. During the one joint session (wrist), participants received 

instruction about the preferred pendulum movements to establish in-phase 1:1 frequency locking 

at a 1.21 s metronome beat ( this period was chosen because it corresponded to the natural period 

of the pendulum system: Amazeen, Amazeen, Trffner, & Turvey, 1997) without concern over 

amplitude or frequency. In the different joint session (wrist, elbow, and shoulder), the 

participants received instruction about the preferred pendulum, as in the single-joint session, but 

with the additional instruction of keeping different joints voluntarily fixed. A small amount of 

experience were provided to help avoid trouble in complying with the session requirements with 

instruction beforehand. During the actual trial, no feedback were given, and the participants were 

not to report except when a problem arises. If the participants accidentally move a joint that was 
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supposed to be fixed voluntarily, the data from that trial were not analyzed, and the trial were 

repeated at a later time. The three different oscillation joints were used in random order.  

For experiment 2: the sessions were tapped into the ongoing circadian rhythm, focusing 

on its thermal structure. This was involved four temperature (normal) embedding cycles (12:00 

am, 5:00 am, 5:00 pm, 12:00 pm). Participants had to present four times with six trials each time 

[one participant, 1 minute, 24 trials = 6 (trials) *4 (circadian points)]. Each trial block was lasted 

for 1 min with a rest of 5 min, and the participants were received instruction about the preferred 

pendulum, as in the previous procedure.  

For experiment 3 and 4: the sessions were introduced for short-term thermal variable 

manipulation involving two conditions (normal and abnormal), two temperature-embedding 

cycles (5:00 am and 5:00 pm – the lowest / highest peak of the circadian rhythm of core 

temperature with skin capacitance). Each trial block was lasted for 1 min with a rest for 5 min. 

This trial and rest time are related to maintenance of the thermal capacity of the body (Weinert 

and Waterhouse, 1998). In the natural session (normal temperature), participants were received 

instruction about the preferred pendulum movements, as in the previous design procedure. For 

the perturbed condition (abnormal temperature: artificially decreasing/increasing temperature), 

participants donned a heat (or an ice) vest for 30 min that increase/decrease their core 

temperature. Their core temperature were checked using a thermometer (HuBDIC HFS-100, 

Non-Contact Core Body Temperature Measurement Thermometer. HuBDIC Co. Ltd). After 30 

min, after verifying their abrupt temperature change, the data was collected for each trial the 

same manner used in the natural condition setup. Being concerned about body temperature 

change, the participants’ temperature was checked during each of the rest periods. In order to 
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prevent an additional effect due to the motion during trial, intermittent movement was chosen in 

a short time considering the participant’s body temperature capacities which were lowered by 

pre-heating (and raised by pre-heating for design 4) exogenous temperature (within 30 min; 

Krauchi & Wirz-Justice, 2001). The entire session for each block did not last for more than 30 

min.  

 

Proposed Analyses 

From the literature, because it is known that the in-phase ϕ = 0 is more stable than the 

anti-phase ϕ = π (Kelso, 1994) - leading to the identification of important invariant human 

system features (Turvey & Schmidt, 1994) - the in-phase bimanual coordination according to the 

natural period of a pendulum system were analyzed in all experiments.  

 

Calculating relative phase coordination dynamics: The mechanism of oscillation on 

two different (left pendulum and right pendulum) but nearly identical process phase was defined 

by the following dynamic; 

 𝜙 = 𝜃𝐿 − 𝜃𝑅 (8) 

Here, 𝜙 is the phase of the strength between the left hand (𝜃𝐿) and the right hand (𝜃𝑅). 

The degree of relative phases (0° ~ 180°) depends on the difference in the two oscillators. If  

each 𝜃 was defined as a sine function, as follows, 



 

23 

 

 𝜃1 = 𝜔1 −
𝛼

2
sin( 𝜃1 − 𝜃2) 

(9.1) 

 𝜃2 = 𝜔2 −
𝛼

2
sin( 𝜃2 − 𝜃1) 

(9.2) 

the logic can simply be rewritten to 𝜙 as the same dynamic function. 

 𝜃1 − 𝜃2 = 𝜙 (10) 

Then, each 𝜃 can be specified as the following equation: 


r 

x 

v 

 

�̇� = 0
�̇� = 𝜔

} → 𝜃(𝑡) = 𝜔𝑡 + 𝜃(0) 

 

𝜃1 = 𝜔1 = 𝜃1(𝑡) = 𝜔1(𝑡) + 𝜃1(0) 

𝜃2 = 𝜔2 = 𝜃2(𝑡) = 𝜔2(𝑡) + 𝜃2(0) 

 

 𝜙 = 𝜃2 − 𝜃1 = 𝜔2 − 𝜔1 = ∆𝜔(𝑡) + 𝜙(0) = 𝜙(𝑡) 
(11) 

In order to realize of the relative phase-time series of both hands as calculated with the 

above logic, it was necessary to find the maximum extensions from the 3D data collected form 

the DC potentiometers used here. Although the data were fairly regular, as the participants were 

instructed to establish in-phase 1:1 frequency locking at a 1.21 s metronome beat, these were 

calculated to a principal component analysis to collapse the 3D data values into 1D data values.  
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First, there was a transformation from both hands data into the left components and the 

right components. Next, the separated data were collapsed as each peaks point (left_peaks and 

right_peaks) in terms of a one-dimensional data set, and these peaks points were defined with 

each vector value to link each peak point according to the time series. Finally, these sets were 

analyzed using a discrete relative phase formula, as follows: 

 𝜙𝑖 = 2𝜋
𝑡𝑚𝑎𝑥𝐿𝑖 − 𝑡𝑚𝑎𝑥𝑅𝑖
𝑡𝑚𝑎𝑥𝐿𝑖+1 − 𝑡𝑚𝑎𝑥𝐿𝑖

 (12) 

In this equation, 𝑡𝑚𝑎𝑥𝐿𝑖 is the time of the ‘𝑖’th maximum extension of limb L, and 𝜙𝑖 is 

the relative phase for cycle 𝑖. The phase of relativity time series for both oscillators were 

established using a direct function of the data analyzing program (IPython Notebook).  

 

                

Figure 7. Graphical illustration of the coupled oscillations: The figure on the left denotes the 

frequency range of the amplitude (x_axis = time series and y_axis = displacement, with the 

upper figure denoting the left-hand side and the bottom denoting the right-had side). The figure 

on the left in the middle illustrates the discrete relative phase synchrony (x_axis = time series, 

y_axis = relative phase checked peaks). The figure on the right in the middle is a phase 

histogram [x_axis = relative phase (0 equal in phase, ± 180 equal ± anti phase), y_axis = 

proportion of the occurrence]. The shaded section in the figure on the right represents the 

pendulum angle degree and variance [regarding this circular function, we used 2π as the default 

value (0) and calculated x via (180 degree*x/pi). In the sample case above, the degree represents 

the degree of closeness to the in-phase (0 degree, or 360 degree) or anti-phase (±180 degree) 

conditions and the distribution of the joints’ relative phases]. Note: In order to show the 

exclusion criteria, we added the data on exclusion cases (N = 5) and compared with inclusion 

case (see Appendix A).  
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Based on these procedures, the standard location and relative stability of the stable phase 

relationships, or fixed points were measured. In these calculations, the locations of the fixed 

points were indexed as the shift of the mean relative phase from an intended phase. 

 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) 
(13) 

Here, 𝜙0 is the intended phase of the point shift as a function of the degree of frequency 

competition (Δ𝜔 = 0). Although the experimental setting was designed with a 1:1 frequency and 

in-phase locking with a metronome beat, the mean degree (𝜙𝑎𝑣𝑒−𝜙0) was considered in which 

represents the importance of the degree of closeness between the in-phase (0, 360 degree) or 

anti-phase (± 180 degree) condition with regard to detecting the different conditional phase 

relationships. For the deviation value, it was necessary to check the data sets for the degree 

(converted from radian values) of in-phase variability with the following equation: 

 𝑆𝐷𝜙(𝑟𝑎𝑑) (14) 

The locations of the fixed points are indexed as the deviation or shift of the mean 

relative phase 𝜙𝑎𝑣𝑒 from the intended phase 𝜙 of the 0. The stability here is inversely related to 

the variability with which 𝜙𝑎𝑣𝑒 is produced, as indexed by the standard deviation of relative 

phase 𝑆𝐷𝜙.  

As noted in equation 5, 𝜙 is relative phase, ∆𝜔 is a detuning paratemter, b/a is a 

frequency parameter, and the last term is a noise term (fluctuating force). When Δ𝜔 = 0, the two-

oscillator system is relatively symmetric, but when symmetry is broken, i.e., when Δ𝜔 ≠ 0, there 

are related states can be described as the difference in preferred frequencies of the two limbs. 
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 [Δ𝜔(𝑟𝑎𝑑 ∗ 𝑥−1)] (15) 

Here, the left oscillator is 𝑥 larger than right or the right oscillator is 𝑥 larger than left, 

and 𝑥 is the size difference that causes the difference relative phases between the two oscillators 

(Δ𝜔). Inspired by the traditional asymmetric coupling manipulation between the two oscillators, 

the main experimental variables of the core body temperature phase and the circadian 

temperature phase in this study was applied as the functional asymmetry expressed through the 

detuning term [𝑐𝑠𝑖𝑛(ϕ℃) + 2𝑑sin(2ϕ℃)], such application assumed that homologous but 

contralateral phase segments of both limbs will not be identical. Logically, the relativity can be 

denoted through multiplication by -1, and their solutions are linked to their relative values [-1(a) 

= (b)].  

 

 

Figure 8. Predicted illustration of the relative phase dynamic calculations: 𝜙𝑎𝑣𝑒−𝜙0 = mean 

degree as a fixed point shift, 𝑆𝐷𝜙 = variability as a function of frequency competition. 

Δ𝜔(𝑟𝑎𝑑 ∗ 𝑥−1) is a intended detuning phase of the thermal variables 𝜔1 − 𝜔2 (core body and 

circadian rhythm).  
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Figure 8 shows these simulations with the observations that the fixed point shift can be 

calculated with the deviation of the average relative phase from the intended phase (𝜙𝑎𝑣𝑒−𝜙0), 

and the variability can be calculated as the standard deviation of the relative phase (𝑆𝐷𝜙). This 

provided us with a basic tool for measuring the system’s ability to remain stable in some 

circumstance (Amazeen, et al., 1997; Amazeen, et al., 1998; Treffner & Turvey, 1996). 

 

Measure of the internal source of force variables, defined by the uncertainty Shannon 

model (entropy production): In the daily life experience, many events occur without any outside 

intervention proceeding in a particular manner. Given the ecology, because they appear to be 

very natural and these may not have taken particular note of them, general assumption would 

call them spontaneous. Inquiry into the possibility of this spontaneous related perception-action 

system began in the 1970s with problems of coordination. Efforts to address this question 

invoked thermoregulatory concepts and tools from nonlinear dynamics (Kugler & Turvey, 1987). 

One useful approach to the relationship between the thermal variables and self-organization is 

whether nominal stability is empirically estimable when the form of the population distribution 

is unknown (Frank, 2011).  

If this is the case, the question arises about how one can estimate the possibility 

distribution of a population? One efficient way is to pose a question which divides the 

possibilities in half among the population, taking an abstract leap via “Yes” or “No” in order to 

simplify the quantitative measure of information (Shannon, 1948). Thus, the approach presented 

here starts with Shannon’s measure of information, which is a mathematical method of 
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calculating uncertainty given the probability distribution of objects (Ben-Naim, 2012); this can 

be applied to the distribution of locations and the moment of the objects. 

Let the one assume that there are four objects (A, B, C, and D) for which the one want to 

predict the possibilities of each object’s likely outcomes. If the one start an estimation with the 

“Is it A or B?” question, the operation will generate probabilities of 25% in each case equal to 

the four objects, as a 50% chance of A or B and a 50% chance of C or D as a first probability can 

eliminate half of the possibilities the next. However, if the one start his/her question differently, 

for instances “Is it A?” then the probability of each object’s likely outcomes changes, i.e., 50% 

for object A, 25% for object B, 12.5% for object C, and 12.5% for object D.  

 

  Yes A 50% 

Is it A?    

  No (B, C, D) 50% 
 

  

   Yes B 25% 

Is it B?    

  No (C, D) 25% 
 

 

    Yes C 12.5% 

Is it C?    

  No (D) 12.5% 
 

 

Figure 9: Likely outcomes of each object. First, asking leads to either a 50% possibility of A or a 

50% possibility of B, C, and D. Then, if the next question follows the manner of the remaining 

objects of B, C, and D, e.g., asking “is it B?,” the possibility of B or of the others (C and D) is 25% 

in each case, and the final level must then be 12.5% for both the B and C side. 

 

This is the likely outcome for each object. The first question leads to either a 50% 

possibility of A or a 50% possibility of B, C, and D. Then, if the next question is given in the 

same manner with the remained objects of B, C, and D, i.e., “Is it B?” then the possibility of B, 
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or C and D, is 25% equally and the final level must be 12.5% for both B and C. The one can 

define this operation with the concept of uncertainty per object, as shown below. 

 #Expectedquestions = 𝑝𝐴 × 1 + 𝑝𝐵 × 2+𝑝𝐶 × 3 + 𝑝𝐷 × 3 (16) 

This operation has an average amount of uncertainty, as follows: 

 #1.75 = 0.5 × 1 + 0.25× 2+0.125 × 3 + 0.125 × 3 (17) 

Thus, if the one need to guess each object from this operation, he/she can expect to ask 

1.75 questions on average to determine each object’s probability with regard to how many times 

the questions are asked. 

 #Averageuncertainty =∑𝑝𝑖 × #𝑞𝑢𝑒𝑠𝑡𝑖𝑜𝑛𝑠𝑖

𝑛

𝑖=1

 (18) 

If these numbers of questions were expressed in a more general manner considering that 

the number of questions equals the logarithm base 2 of the number of outcomes at each level, 

 #Questions = 𝑙𝑜𝑔2(#𝑜𝑢𝑡𝑐𝑜𝑚𝑒𝑠) 
(19) 

and the number of outcomes at a level is also based on the probability, where the 

number of outcomes per level equals 1 divided by the probability of that outcome, 

 #Outcomes =
1

𝑝
 (20) 
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then the number of questions in fact equals the logarithm base 2 of 1 over the probability 

of that symbol. 

 #Questions = 𝑙𝑜𝑔2 (
1

𝑝
) (21) 

Claude Shannon (1948) cleverly called this operation the average uncertainty, which is 

termed “Entropy = H” of an information source of χ with the following equation: 

 #H(χ) =∑𝑝𝑖 × 𝑙𝑜𝑔2 (
1

𝑝𝑖
)

𝑛

𝑖=1

 (22) 

Here, Σ is the Greek letter capital sigma. This indicates the summation of what the logic 

will be adding together. To the right side of sigma, there is an expression of the probability of 

symbol i multiplied by the log base two of one over the probability of symbol i. It is important to 

note that underneath sigma, which says i equals one, it means that the calculation will start with 

the probability of the symbol of one. Then, this will continue in this manner for every symbol 

probability until M (over sigma), which represents the number of symbols given by the 

information source. Thus, H of x, known as the entropy, is the summation of each object of the 

probability (∑ 𝑝𝑖
𝑛
𝑖=1 ), as determined by the object multiplied by logarithm base 2 (𝑙𝑜𝑔2) of 1 

over the probability of that object (
1

𝑝𝑖
). This procedure allows calculating the uncertainty of an 

information source with any number of set (see more detail for application in Appendix B), 

noticing such formulation this study used with above procedures was based on observations and 

experiments made on macroscopic dimension (means any tangible piece of matter that we can 

see and work with in a laboratory). 
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Marko chain-based entropy analysis: After establishing some concepts of the different 

biological aspects in terms of the environmental temperature context, examination was extended 

to which these features interact with more complex dynamics given a Markov chain process. 

This helps us to understand how the magnitude of the observation at the point (𝑋𝑡+1) is related to 

the magnitude of the observation at the preceding point (𝑋𝑡): such a relationship may be 

expressed in the following general form;  

 𝑋𝑡+1 = 𝐹(𝑋𝑡) (23) 

In the equation, 𝐹(𝑋𝑡) is typically referred to as a nonlinear function (May, 1976) when 

the function of 𝐹corresponding to an input 𝑋’s output 𝐹(𝑋𝑡) are not straight lines. However, 

investigation has to consider that the spreading of many symptoms is not a continuous variable. 

It may be of value to switch from the continuous time t and a continuous change in mode at time 

𝑛𝑡+1 depending on mode at time 𝑛𝑡 via a matrix of switching probabilities (Figure 10). 

 

Observed factor 

 

 

 

 

Time steps 

𝑛𝑡−1 

 

 

                            

                               Δ𝑡                 

𝑥𝑡−1 

𝑛𝑡 

 

 

                                             

Δ𝑡 

𝑥1 

𝑛𝑡+1 

 

 

 

 

𝑥𝑡+1 

 

Figure 10. General process of the Stochastic model. The 𝑛𝑡 is the obtained factor, but the 𝑥1 is 

the unobserved state. Arrows imply the process of the state through time steps. 
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 𝑛𝑡+1 = 𝑛𝑡 + Δ𝑡, Δ𝑛 = 𝑛𝑡+1 −𝑛𝑡 (24) 

Here, Δ𝑛 denotes an observation of whether the interaction of category (i=𝑛𝑡+1) follows 

the interaction of category (j=𝑛𝑡). This logic consider variables which are defined by a number 

of events that occur in a given time interval (discrete model=delta t). It can be argued that it 

makes sense to treat this variable as a discrete one, which may be conceptualized as a Markov 

process (time continuous, discrete states). As it is, the equation 22 can be written as a process of 

the states depending on the previous states in a non-deterministic manner, as shown below.  

 H(χ) = −{𝑝1 log 𝑝1 + 𝑝2 log 𝑝2 +⋯+ 𝑝𝑀 log 𝑝𝑀} = −∑𝑝𝑗 log 𝑝𝑗

𝑀

𝑗=1

 (25) 

This simply inverts the expression inside the logarithm while adding a negative sign 

from equation [∑ 𝑝𝑖 × 𝑙𝑜𝑔2 (
1

𝑝𝑖
)𝑛

𝑖=1 ] to equation [−∑ 𝑝𝑗 × 𝑙𝑜𝑔2(𝑝𝑗)
𝑛
𝑖=1 ]. Where, 𝑝1 has a 

probability of 1, and 𝑝𝑗 is a state given as 1 from the previous character. If analyzation estimate 

this uncertainty characteristic from the main experimental dynamics of the relative phase X(t) 

between two in-phase oscillating limbs, entropy calculations estimate as follows; 

Entropy = −{𝑓1 log 𝑓1 + 𝑓2 log 𝑓2 +⋯+ 𝑓𝑀 log 𝑓𝑀} = −∑𝑓𝑗 log 𝑓𝑗

𝑀

𝑗=1

 (26) 

Where, 𝑓1 is the relative phase of 1. 𝑓𝑗 is a state given 1 as the previous character. This 

process specifies how the data are related to the states in the process, considering the estimated 



 

33 

 

entropic force with respect to time series which this application want to observe with differential 

equation below; 

 
𝑑

𝑑𝑡
𝐻(𝑥) = −∑𝑓𝑗 log 𝑓𝑗

𝑀

𝑗=1

+√𝜚𝜉𝑡 (27) 

Where, 
𝑑

𝑑𝑡
𝐻(𝑥) is a change of uncertainty phase with time determined by a stochastic 

noise term √𝜚𝜉𝑡, a source of fluctuations in H arising from the components’ microscopic 

subsystems (Schöner, Haken, & Kelso, 1986). This equation indicates that the common means to 

defining entropy is based on a Markov model (stochastic model that assumes that the model is a 

process where the states depends on previous states in a non-deterministic manner). Due to this 

quantitative measure of information, nominal stability is empirically estimable when the form of 

the possibility distribution of the population is unknown. This provided us the quantitative 

dynamic energy information from the measure of uncertainty disorder, or the system’s 

characteristic in a random variable when we gain information from the changes in variable state 

over continuous time.  

 

Polynomial mapping based system complexity analysis: Similar to this observation, the 

analyzation subsequently assumed, using this feature, a chaotic system measurement to 

determine how much sensitivity, or unpredictability, arises in this multiple-state regime (the 

Lorenz system). 
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 �̇� = 𝜎(𝑦 − 𝑥) (28.1) 

 �̇� = 𝑟𝑥 − 𝑦 − 𝑥𝑧 (28.2) 

 �̇� = 𝑥𝑦 − 𝑏𝑧 (28.3) 

Here, �̇�, �̇�, and �̇� comprise the system state in discrete time (the axes of x, y, and z in the 

time series). In addition 𝜎, 𝑟, and 𝑏 are the system parameters. In this three-point ordinary 

differential system, if measurement consider the parameter of 𝑟 as the main value of the system 

(𝜎 and 𝑏 are constant values), the calculation can create a polynomial map, as follows; 

 𝑋𝑛+1 = 𝑟𝜒𝑛(1 − 𝑋𝑛) 
(29) 

Here, 𝑋𝑛 is a number between zero and one that represents the ratio of the existing 

population to the maximum possible population, and 𝑟 is a parameter value which represents the 

multiple states of the system. The system behavior is dependent on 𝑟. Thus, depending on which 

value the system embraces, the sensitivity should be the degree of how complex the behavior of 

the system can be, as represented relatively. 

 

Statistical testing of the data to the research questions or hypotheses 

 Regarding the first potential of circadian embedding in biological cycles, a statistical 

measurement of F distribution was analyzed, and estimated the value of “𝜙𝑎𝑣𝑒−𝜙0” (fixed point 
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shift), “𝑆𝐷𝜙(𝑟𝑎𝑑)” (variability as a function of frequency competition), and “𝐻(𝑥)” (entropy 

production) in the following null and alternative hypotheses. 

 𝐻0:𝜃𝐶 = 𝜃𝐵 (30.1) 

 𝐻1:𝜃𝐶 ≠ 𝜃𝐵 (30.2) 

Because it is very typical way to estimate that a certain hypothesis is true, statistics 

proved that the expectation about there is no relationship (𝜃𝐶 = 𝜃𝐵), or the expectation about 

there is a relationship (𝜃𝐶 ≠ 𝜃𝐵). In other words, this was a generalization of the circadian 

component would affect biological component by dividing the difference between circadian time 

point means (variance) by the difference between subjects within the circadian time point 

(variance) as follows.  

 𝐹 =
𝑀𝐶𝑏𝑒𝑡𝑤𝑒𝑒𝑛
𝑀𝐶𝑤𝑖𝑡ℎ𝑖𝑛

 (31) 

Next, when it comes to the second potential question of whether our system can adapt to 

a regular or an irregular thermal structures arises, measurement observed the number of possible 

ways. Such that energy can be distributed in a different system and estimate the value of 

“𝜙𝑎𝑣𝑒−𝜙0” (fixed point shift), “𝑆𝐷𝜙(𝑟𝑎𝑑)” (variability as a function of frequency competition), 

and “𝐻(𝑥)” (entropy production) in the following null and alternative hypotheses. 

 𝐻0:𝜃𝐴 = 𝜃𝐵 (32.1) 

 𝐻𝑎:𝜃𝐴 ≠ 𝜃𝐵 (32.2) 
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The statistical test of the experimental condition with the components of 𝜃𝐴 and 𝜃𝐵 

involves monotonic mapping onto the measurement variable �̇�. Hypothesis was established in 

which different experimental conditions of the external source (circadian temperatures) have a 

significant effect on the internal source or source of force (bi-manual motor variable) of �̇�. More 

specifically, different external components of the circadian processes, or temperature, have a 

significant effect on the degree of internal stability, and the internal perturbation, which is from 

external source, will have a significant effect on the biological entropy of “H.” 

 𝐹𝛼 =
𝑀𝑆𝛼

𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛
,𝐹𝛽 =

𝑀𝑆𝛽

𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛
,𝐹𝛼×𝛽 =

𝑀𝑆𝛼×𝛽

𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛
 (33) 

Here, the statistical F is calculated by dividing the difference between group (𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛) 

by the difference between subjects within group (𝑀𝑆). Observation were interested in the main 

effect of circadian rhythm (𝛼), thermal variable manipulation (temperature perturbation) (𝛽), and 

the interaction between the circadian rhythm and the thermal variable manipulation (𝛼 × 𝛽) on 

the dependent variable of entropy production. Thus, statistical testing were compared to the F 

distribution associated with each item of interest to the error variance to determine if each effect 

is meaningful. 

  



 

37 

 

Results 

Calculating relative phase coordination dynamics 

Finding a Relevant In-phase Bi-manual Synchrony Variable (For experiment 1): Data 

was collected from 16 participants (at the University of Connecticut) (M=10, F=6, age 22 ± 3) 

in the normal condition (5:00 pm) in order to compare one typical anatomical position (wrist: 

M=5, F=3) and several different joint positions (wrist, elbow, and shoulder: M=5, F=3). 

Participants distinguished into different experimental groups were introduced to engage in 

bimanual coordination in-phase 1:1 frequency locking at a 1.21 s metronome beat for the 

following two reasons: (a) although wrist point is commonly considered compared to other 

possible bi-manual pendulum areas, such as the elbow and the shoulder, representing this value 

as the overall characteristic of the system must be confirmed. Moreover, (b) there was a doubt 

that repeating only one position under several different conditions through a number of trials can 

be associated with learning (or fatigue) effects.  

First, investigation was separated to the phases for the different conditions according to 

the trial. After which the data was analyzed to two values under the same normal condition (5:00 

pm) with regard to which one would be better as the experimental dependent variable to 

illustrate the different trial effects between the two conditions of the one joint (wrist) or the 

position of different joints (wrist, elbow, and shoulder). 
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Figure 11.1. Repeated measure of the wrist according to the trial. Left = from the intended phase, 

𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑), and right = standard deviation of the relative phase, 𝑆𝐷𝜙(𝑟𝑎𝑑). Z is the 

standard score of the observed raw score 𝜒 (formula: Ζ =
𝜒−𝜇

𝜎
). 

 

                 

Figure 11.2. Repeated measure of the different joint (wrist, elbow, and shoulder) according to 

the trial. Left = from the intended phase, 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑), and standard deviation of relative 

phase, 𝑆𝐷𝜙(𝑟𝑎𝑑) = right. Z is the standard score of the observed raw score 𝜒 (formula: Ζ =
𝜒−𝜇

𝜎
). 
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Figure 12. Deviation of the phase for the different joint orientation (1 = wrist, 2 = elbow, 3 = 

shoulder). Left denotes the topological effect [left = mean relative phase from the intended phase, 

𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑), right = standard deviation of relative phase, 𝑆𝐷𝜙(𝑟𝑎𝑑)]. Z is the standard score 

of the observed raw score 𝜒 (formula: Ζ =
𝜒−𝜇

𝜎
). Note: In addition, we calculated, initially, the 

correlation considering the interaction between both values and found that both conditions have 

a significant relationship [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] and [𝑆𝐷𝜙(𝑟𝑎𝑑)]. This indicates that although the 

autocorrelation functions were different according to time series between [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)], 
[𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)], [𝑆𝐷𝜙(𝑟𝑎𝑑)], the higher [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] correlated with higher [𝑆𝐷𝜙(𝑟𝑎𝑑)] 
and lower [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] correlated with also lower [𝑆𝐷𝜙(𝑟𝑎𝑑)]: [Wrist Pearson Correlation 

R = .46 (p = 0.0011)], [Topology Pearson Correlation R = .5 (p = 0.00041)]. Such characteristics 

are corresponding to our predicted illustration of the relative phase based on the coordination 

dynamic calculations: 𝜙𝑎𝑣𝑒−𝜙0 = fixed point shift, 𝑆𝐷𝜙 = variability as a function of frequency 

competition. 

 

The results showed that motor performance varied with different anatomical parts given 

the shift of mean relative phase from an intended phase [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] and the in-phase 

variability [𝑆𝐷𝜙(𝑟𝑎𝑑)] of these three behavioral variables. The important fact from these 

observations is that repetition with one joint may be significantly associated with decreased 

variability, akin to trial effects (see Figure 11.1) [Pearson Correlation R = - .284 (p < 0.025)], 

while the other condition (different topology) does not have a significance effect according to 
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the trial (see Figure 11.2) [Pearson Correlation R = .110 (p < 0.236)]. However, there is 

hierarchical significance, as the mean relative phase from an intended phase [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] 

and the variability [𝑆𝐷𝜙(𝑟𝑎𝑑)] were significantly wider for distal anatomy (see Figure 12): F(2, 

47) = 4656.999, 𝜂2= 8.077 (p < 0.001).  

This investigation specifically considers these differences in order to determine the 

fundamental characteristic of different anatomical joints. 

 

Wrist Elbow Shoulder 

   

   

Figure 13.1. Circular representation of the different joint coupled oscillations: Left = wrist, 

middle = elbow, right = shoulder (shaded sector arear means pendulum angle degree and 

variance). Note: When it comes to these circular function, we used 2π as a default (0) and 

calculated x using (180 degree*x/pi). In above sample case, the degree represents how much 

close to in phase (0 degree, or 360 degree) or anti phase (±180 degree) and variance 

(distribution) of the each topological relative phases. 
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Wrist Elbow Shoulder 

   

Figure 13.2. Coupling strength of the different joint coupled oscillations. It denotes all 

participant’s range of oscillations, we used T score (Τ = 10 ∗
𝜒−𝜇

𝜎
+ 50) as a different noise 

value (left: wrist = 61.476, middle: elbow = 51.419, right: shoulder = 37.105), and same 

coupling strength = 1 (center line at each scope). X_Y plots illustrate the relationship between 

each oscillator’s X-axis and Y-axis patterns [left: wrist, middle: elbow, right: shoulder] 

visualizing two-dimensional noise (x_axis = variance of group SD, y_axis = variance of group 

M). 

 

Figure 13 illustrates the average stabilities of each joint for the wrist, elbow, and shoulder 

performances. Each topological asymmetry, couplings, and noise oscillations are reflecting, 

showing that they were significantly wider for the distal (wrist) than the proximal (shoulder) 

with different anatomical parameters. This characteristic of symmetrical bi-manual relationships 

may indicate greater heterogeneity of the scaling exponents in certain topological point. 

Inspired by these analyses, collecting different values for three joints but to use only 

wrist data for a biological characterization was decided to ascertain for the following reasons: (a) 

although there was a significant learning effect when the participants undertook a task repeatedly 

with only the wrist point, it led to significant typicality compared to the other two (elbow and 

shoulder) data sets (see Figure 13). As it is, in order to overcome the learning (or fatigue) effects, 

the data was collected for three join randomly, but used only the wrist data. (b) Of course, 

although investigation could use combined data which included all three different motor 
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positions, representing the combined data as the characteristic of a biological system appears to 

remove the important value of representativeness, as this combination likely has too much 

variables to manage. Moreover, (c) there was an expectation that collecting different motor 

scales but using widely represented data (wrist position) may meet both requirements of 

typicality as a well-defined system characteristic and the elimination of the learning effect 

stemming from numerous trials. Thus, this manner was chosen to represent a typical internal 

source (dependent variable).   

 

Normal day-night circadian temperature effects (For experiment 2): The participants 

(10: M=6, F=2, age 25 ± 3) at the Seoul National University were asked to swing in-phase of 

their limbs in different anatomy points (3-level) according to a metronome beep (in-phase 1:1 

frequency locking at a 1.21 s), but investigation used only the wrist joint data for the analysis. 

Each participant had to present four times with six trials for each time [one participant, one 

minute, 24 trials = 6 (trials) *4 (circadian temperature points)]. 
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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 6.04 0.89 5.29 1.58 6.76 6.02 43.14 

P2_ IW 4.08 43.18 2.88 10.80 5.01 6.25 3.82 16.04 

P3_ IW 11.22 6.7 4.04 6.04 1.55 5.40 3.91 7.70 

P4_ IW 2.67 77.39 1.76 83.78 6.67 10.1 7.67 6.79 

P5_ IW 6.18 40.79 3.06 13.67 2.72 11.34 4.68 20.61 

P6_ IW 1.95 38.01 5.68 59.71 5.81 33.31 4.625 41.14 

P7_ IW 3.52 40.13 4.47 20.96 0.84 6.17 3.87 55.25 

P8_ IW 4.25 17.38 5.57 40.04 1.96 35.98 7.16 44.13 

Table 5: Each type of raw value for the normal day-night temperature effects. P denotes the 

participants, numbered 1 ~ 8, W denote the actually used wrist data set from three different joint 

data sets. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = fixed point shift, 𝑆𝐷𝜙(𝑟𝑎𝑑) = variability as a function of the 

frequency competition. Note: the value of I is derived from the execution of each trial (𝑤1, 𝑤2), 
with these two trials’ values divided by 2 (see the raw data set in Appendix C). 

 

 

Figure 14. Tendency of each participant in the normal day-night temperature effects. 

𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = fixed point shift, 𝑆𝐷𝜙 = variability as a function of the frequency competition, 

N denotes the experimental condition of the normal case (5=5:00, 12=12:00, 17=17:00, 

24=24:00). Note: we averaged the scores of two trials into a single value. 
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Figure 15. Tendency of the performance parameters in the normal circadian condition (P1~P4 = 

arbitrary number for giving 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). 

 

Figure 15 shows the average features of the tendency of all participants in the ordinary 

circadian cycles, indicating differences in each parameter (Figure 14 and Table 5). As shown on 

the table 6, the main effect of variability [𝑆𝐷𝜙(𝑟𝑎𝑑)] in the ongoing circadian was not 

significant [F(1, 3) = 1.233, 𝜂2= 582.201, (p < 0.316)], and the main effect of fixed shift point 

(𝜙𝑎𝑣𝑒−𝜙0) was not significant [F(1, 3) = 1.226, 𝜂2= 6.220, (p < 0.319)] as well. However, 

absolute differences in circadian cycle widths between the temperature and the parameters (fixed 

point shift, variability as a function of the frequency competition) are shown, especially at the 

circadian 5:00 and 17:00 points’ variability (t = 2.043, p < 0.060), as illuminated by 

normalization (Figure 16). 
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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 33.705 3.546 30.039 3.269 14.415 5.221 29.352 

STDEV 3.165 23.511 1.717 28.728 2.229 12.673 1.536 18.708 

SES 1.119 8.312 0.607 10.157 0.788 4.481 0.543 6.614 

Temp(C˚) 36.607 36.834 37.023 36.681 

Table 6: Averaged variables from the normal day-night temperature values: 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). Note: Because this data was collected at Seoul National University 

in Seoul, Korea, the temperature is designated in Celsius degrees. 

      

      

Figure 16. 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, 12=12:00, 17=17:00, and 

24=24:00. 
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These opposite directions between the temperature and the parameter appear to reflect 

that the core body temperature cycles of our system are influenced by the surrounding 

environmental temperature cycles, with 24-hour light-dark oscillation (see Figure 1), whereas 

behavioral processes persist conversely under ordinary conditions with a period length of ~24 

hours. While the core body temperature rhythm shows a minimum at 05:00 h but a maximum at 

approximately 17:00 h, behavioral performance (variability) shows a maximum at 05:00 h but 

has a more clearly defined minimum at about 17:00 h in the day-light cycle. 

 

Normal and abnormal (Heat based) day-night circadian temperature effects (for 

experiment 3): The same participants (10: M=6, F=2, age 25 ± 3) at Seoul National University 

were asked to swing their limbs in-phase at different anatomy points (three-level) according to a 

metronome beep (1.21 s), but used only the wrist joint data in the analysis. Each participant had 

to present two additional times with six trials each time [one participant, one minute, 12 trials = 

6 (trials) *2 (circadian temperature perturbed points)]. This additional data collection gave the 

opportunity to compare the perturbed data with the previous normal data [one participant, one 

minute, 24 trials = 6 (trials) *2 (circadian points: normal data set) *2 (temperature perturbations 

data set: increased body core temperature using a heat vest)]. 
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Participants 

(index) 

N_ 5:00 N_ 17:00 Ab_ 5:00 Ab_ 17:00 

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

P1_IW 1.16 6.04 1.58 6.76 1.83 47.26 3.2 5.89 

P2_ IW 4.08 43.18 5.01 6.25 0.14 48.19 5.46 6.11 

P3_ IW 11.22 6.7 1.55 5.41 5.91 13.95 10.95 5.90 

P4_ IW 2.67 77.39 6.67 10.1 1.04 44.94 3.24 4.69 

P5_ IW 6.18 40.79 2.72 11.34 3.32 5.86 0.76 20.63 

P6_ IW 1.95 38.01 5.81 33.30 5.51 42.71 2.62 8.94 

P7_ IW 3.52 40.13 0.84 6.17 15.82 72.34 1.185 20.43 

P8_ IW 4.25 17.38 1.96 35.98 9.69 40.75 2.16 8.09 

Table 7: Each type of raw value for the normal and abnormal (heat based) day-night 

temperature effects. P denotes the participants, numbered of 1 ~ 8, W denotes the actually used 

wrist data set from three different joint data sets. N denotes the normal circadian condition, and 

Ab denotes heat_vested abnormal circadian condition. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = fixed point shift, 

𝑆𝐷𝜙(𝑟𝑎𝑑) = variability as a function of frequency competition. Note: the value of I is derived 

from the execution of each trial (𝑤1, 𝑤2), these two trials’ value were divided by 2 (see the raw 

data set in Appendix C). 

 

 

 Figure 17. Heat_based (increasing temperature) tendency of each participant. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = 

fixed point shift, 𝑆𝐷𝜙 = variability as a function of frequency competition. Legend of the 

“Perturb” denotes artificially devised perturbation (heat-vest), False means experimental 

condition of the normal (5 = 5:00, 17 = 17:00), True means the other experimental condition of 

the abnormal (5 = 5:00, 17 = 17:00). 
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Figure 18. Heat_based (increasing temperature) tendency of each parameter. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = 

fixed point shift, 𝑆𝐷𝜙 = variability as a function of the frequency competition with the arbitrary 

unit (a.u.) and density function (Cumulative). In the legend, “Perturb” denotes the artificially 

devised perturbation (heat-vest), False means the experimental condition of the normal case (5 = 

5:00, 17 = 17:00), True means the other experimental condition of the abnormal case (5 = 5:00, 

17 = 17:00). 

 

N_Circadian 5:00 N_Circadian 12:00 Ab_Circadian 5:00 Ab_Circadian 17:00 

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 33.705 3.269 14.415 5.409 39.504 3.699 10.086 

STDEV 3.165 23.511 2.229 12.673 5.223 20.839 3.267 6.584 

SES 1.119 8.312 0.788 4.481 1.847 7.368 1.155 2.328 

Temp(C˚) 36.607 37.023 36.446 36.798 

Table 8: Averaged variables from the normal and abnormal (heat based) day-night temperature 

values. 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). Note: For the temperature data, we 

recommend that the values are considered as simply averaged scores from the participants in 

each condition as the participants complete the tasks. [There is more information in the next 

result section (Entropy measure) according to the time step.] Additionally, because this data was 

collected at Seoul National University in Seoul, Korea, temperature is in Celsius degrees. 
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Figure 19. General tendencies in the normal and abnormal (heat based) conditions: Normalized 

= standard score (Z calculation), a.u. = arbitrary unit, 𝜙 = fixed point shift, 𝑆𝐷𝜙 = variability as 

a function of the frequency competition. Temp = calculated normal temperature (Celsius), N = 

normal (5=5:00, 17=17:00), AN = abnormal (5=5:00, 17=17:00). Note: the temperature line is 

the actual tendency from the normal data set. 

 

Table 7 and Figure 17 show the biological features of each participant and the average 

trend (Table 8 and Figure 18) [as represented by the fixed point shift (Figure 17, upper part, and 

Figure 18, left) and the variability as a function of the frequency competition (Figure 17, bottom 

part and Figure 18, right)] depending on the circadian time point, including temperature 

perturbations. As shown on the right side in Figure 19, the main effect of variability [𝑆𝐷𝜙(𝑟𝑎𝑑)] 

in the temperature perturbations was not significant [F(1, 3) = 0.494, 𝜂2= 8.483, (p < 0.484)]. 

The circadian main effect was not significant [F(1, 3) = 1.861, 𝜂2= 31.866, (p < 0.177)], and the 

significant temperature perturbation caused by the circadian effect on the biological motor 

synchrony disorder was not significant [F(1, 3) = 0.083, 𝜂2= 1.428, (p < 0.773)]. The figure on 

the left shows that the main effect of the fixed point [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] in the temperature 

perturbations was not significant [F(1, 3) = 0.022, 𝜂2= 8.636, (p < 0.881)]. The circadian main 
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effect was significant [F(1, 3) = 24.584, 𝜂2= 9498.926, (p < 0.001)], while the significant 

temperature perturbation by the circadian effect on the biological motor synchrony disorder was 

not significant [F(1, 3) = 1.063, 𝜂2= 410.316, (p < 0.306)]. 

 

Normal and abnormal (ice-based) day-night circadian temperature effects (for 

experiment 4): The participants (8: M=5, F=3, age 25 ± 3) at the University of Connecticut were 

asked to swing their limbs in-phase at different anatomy points (three-level) according to a 

metronome beep (1. 21 s), but used only the wrist joint data for the analysis. Each participant 

had to present four times with six trials each time [one participant, one minute, 24 trials = 6 

(trials) *2 (circadian points) *2 (temperature perturbations: decreased body core temperature 

using an ice vest)]. 

Participants 

(index) 

N_ 5:00 N_ 17:00 Ab_ 5:00 Ab_ 17:00 

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

P1_IW 10.25 57.16 4.67 18.34 5.23 65.99 6.96 14.4 

P2_ IW 13.65 80.31 3.79 74.02 2.7 48.66 5.23 26.31 

P3_ IW 3.38 58.96 10.88 41.11 37.42 92.92 1.63 9.02 

P4_ IW 21.16 82.22 4.05 95.28 1.02 89.85 10.54 53.47 

P5_ IW 10.15 60.87 12.79 47.05 23.21 85.98 6.35 46.28 

P6_ IW 8.51 79.68 12.61 68.44 28.25 112.61 3.04 60.54 

P7_ IW 0.7 47.11 6.98 28.61 4.34 92.61 1.25 34.19 

P8_ IW 18.93 100.15 12.65 84.8 10.14 79.56 8.37 93.94 

Table 9: Each type of raw value for the normal and abnormal (ice based) day-night temperature 

effects. P is the participant with each number of 1 ~ 8, W denotes the actually used wrist data set 

from three different joint data sets. N denotes normal circadian condition, and Ab denotes 

ice_vested abnormal circadian condition. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = fixed point shift, 𝑆𝐷𝜙(𝑟𝑎𝑑) = 

variability as a function of frequency competition. Note: the value of I is derived from the 

execution of each trial (𝑤1, 𝑤2), these two trials’ value were divided by 2 (see the raw data set in 

Appendix C). 
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Figure 20. Ice_based (increasing temperature) tendency of each participant. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = 

fixed point shift, 𝑆𝐷𝜙 = variability as a function of frequency competition. Legend of the 

“Perturb” denotes artificially devised perturbation (ice-vest), False means experimental 

condition of the normal (5 = 5:00, 17 = 17:00), True means the other experimental condition of 

the abnormal (5 = 5:00, 17 = 17:00). 

 

N_Circadian 5:00 N_Circadian 12:00 Ab_Circadian 5:00 Ab_Circadian 17:00 

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

N(I) 8 8 8 8 8 8 8 8 

AVER 10.844 70.811 8.555 57.209 14.039 83.524 5.424 42.269 

STDEV 7.018 17.516 4.092 27.544 13.720 19.276 3.286 27.641 

SES 2.481 6.193 1.447 9.738 4.851 6.815 1.162 9.772 

Temp(F˚) 96.598 98.293 97.011 98.314 

Table 10: Averaged variables from the normal and abnormal (ice based) day-night temperature 

values. 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). Note: For the temperature data, we 

recommend that the values are considered as simply averaged scores from the participants in 

each condition as the participants complete the tasks. [There is more information in the next 

result section (Entropy measure) according to the time step.] Additionally, because this data was 

collected at the University of Connecticut in Storrs, CT, in the USA, temperature is in Fahrenheit 

degrees. 
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Figure 21. Ice_based (decreasing temperature) tendency of each parameter. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = 

fixed point shift, 𝑆𝐷𝜙 = variability as a function of frequency competition with arbitrary unit 

(a.u.) and density function (Cumulative). Legend of the “Perturb” denotes artificially devised 

perturbation (ice-vest), False means experimental condition of the normal (5 = 5:00, 17 = 17:00), 

True means the other experimental condition of the abnormal (5 = 5:00, 17 = 17:00). 

 

     

Figure 22. General tendencies in the normal and abnormal (ice based) conditions: Normalized = 

standard score (Z calculation), a.u. = arbitrary unit, 𝜙 = fixed point shift, 𝑆𝐷𝜙 = variability as a 

function of the frequency competition. Temp = calculated normal temperature (Celsius), N = 

normal (5=5:00, 17=17:00), AN = abnormal (5=5:00, 17=17:00). Note: the temperature line is 

the actual tendency from the normal data set. 
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Table 9 and Figure 20 show the biological features of each participant and their average 

tendency (Table 10 and Figure 21) [represented by the fixed point shift (Figure 20, upper part, 

and Figure 21, left) along with the variability as a function of the frequency competition (Figure 

20, bottom, and Figure 21, right)] depending on the circadian time point, including the 

temperature perturbation. As shown on the right in Figure 22, the main effect of variability 

[𝑆𝐷𝜙(𝑟𝑎𝑑)] in the temperature perturbations was not significant [F(1, 3) = 0.001, 𝜂2= 0.016, (p 

< 0.991)]. The circadian main effect was significant [F(1, 3) = 4.459, 𝜂2= 475.648, (p < 0.038)], 

and the significant temperature perturbation by the circadian on the biological motor synchrony 

disorder was not significant [F(1, 3) = 1.501, 𝜂2= 160.101, (p < 0.225)]. Figure 22, on the left, 

shows that the main effect of the fixed point shift [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] in the temperature 

perturbations was not significant [F(1, 3) = 0.027, 𝜂2= 19.824, (p < 0.869)]. The circadian main 

effect was significant [F(1, 3) = 16.572, 𝜂2= 12037.381, (p < 0.001)], and the significant 

temperature perturbation by the circadian on the biological motor synchrony was significant [F(1, 

3) = 4.201, 𝜂2= 3058.643, (p < 0.044)]. In sum, the evidence for the effect of temperature 

perturbations (decreased body core temperature using an ice vest and increased body core 

temperature using a heat vest) identified the following. Above in the analyses with computed the 

fixed point shift [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑)] and the variability [𝑆𝐷𝜙(𝑟𝑎𝑑)] confirmed that (a) the 

constant circadian effect in spite of being temperature perturbations (b) with the observed 

patterns of interactions between the perturbation and circadian. 
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Measure of the internal source of the force variables (entropy production) 

The measuring of the estimated entropy (internal source) is important, as it has been 

proposed as a unifying principle for non-equilibrium processes underlying the emergence of 

biological phenomena depending on the ecological conditions. In this context, little is known 

about how the rate of entropy production “H” is affected when macroscopic variables are fed 

back into the system dynamic (Frank, 2011). Thus, the objective of the present work is to 

provide an explicit demonstration of how the parameter dynamics may in turn affect the degree 

to which information decays. More specifically, by means of empirical methods pertaining to 

how the thermodynamic variables (temperature) affect the emergence of order and collective 

behavior (relative phase) in systems, the data was analyzed to the maximal rate of entropy 

production that can be overserved during the order-disorder transition of a biophysical system. 

 

Normal day-night circadian temperature effects (for experiment 2): Data collected from 

the participants (10: M=6, F=2, age 25 ± 3) at Seoul National University were used as well, but 

to measure the uncertainty, calculation was only the wrist joint data for entropy production. Each 

participant had to present four times with six trials each time [one participant, one minute, 24 

trials = 6 (trials) *4 (circadian temperature points)]. 
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Participants 

(index) 
Circadian 5:00 Circadian 12:00 Circadian 17:00 Circadian 00:00 

P1_IW 3.92 2.88 4.02 5.82 

P2_ IW 5.83 5.35 4.04 5.38 

P3_ IW 4.19 3.82 3.69 4.73 

P4_ IW 5.88 5.89 4.52 3.90 

P5_ IW 5.78 5.25 4.43 4.31 

P6_ IW 4.91 5.85 5.77 5.79 

P7_ IW 5.76 5.62 4.06 5.83 

P8_ IW 5.69 5.41 5.81 5.84 

Table 11: Each type of entropy value in normal day-night temperature effects. P is the 

participant with each number of 1 ~ 8, W denotes the actually used wrist data set from three 

different joint data sets, H (x) = entropy production. Note: the value of I is derived from the 

execution of each trial (𝑤1, 𝑤2), these two trials’ value were divided by 2 (see the raw data set in 

Appendix C). 

 

 

 Figure 23. Entropy production according to circadian cycels. H (x) = entropy production with 

arbitrary unit (a.u.) and density function (Cumulative). P1~P4 = arbitrary number for giving 

order of 5:00, 12:00, 17:00, 24:00. 

 

Figure 23 shows the general feature of the average trend for all participants in ordinary 

circadian cycles, indicating differences for each participant (upper graphs). As shown on the 

table 12, the main effect of the uncertainty [H(x)] in the ongoing circadian was not significant 

[F(1, 3) = 1.074, 𝜂2= .823, (p < 0.376)]. Absolute differences in the circadian cycle widths 
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between the temperature and entropy production can be observed, especially at the circadian 

points of 5:00 and 17:00 (t = 1.764, p < 0.103), as shown in the previous analysis (see Figure 15). 

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

N(I) 8 8 8 8 

AVER(H) 5.246 5.010 4.544 5.200 

STDEV(H) 0.796 1.078 0.812 0.782 

SES 0.281 0.381 0.287 0.276 

Table 12: Averaged entropy production from the normal day-night temperature values. N(I) = 

number of case indexed by the calculation of (𝑤1 + 𝑤2 / 2), AVER = averaged Entropy prodction; 

STDEV = averaged variability from the Entropy production; SES  = standard error score.  

  

 

Figure 24. Entropy features of the general tendencies in the normal condition. Normalized = 

standard score (Z calculation), a.u. = arbitrary unit, H (x) = entropy production, Temp = 

temperature (Celcious), 5=5:00, 12=12:00, 17=17:00, 24=24:00. 
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The opposite directions of the temperature and the parameter (Figure 24) appear to 

reflect behavioral processes that persist conversely under ordinary conditions with a period 

length of ~24 hours. While the core body temperature rhythm shows a minimum at 05:00 h but a 

maximum at approximately 17:00 h, the number of states the system takes (entropy) shows a 

maximum at 05:00 h, but it has a more clearly defined minimum at about 17:00 h in the daylight 

cycle. 

 

Normal and abnormal day-night circadian temperature perturbations: There is a state 

of unit 𝑥 at time t [𝑥(𝑡)] and this denotes the ensemble average of the system. Collective 

behavior emerges from a homogeneous state when a parameter makes a transition from 𝑥 = 0 to 

𝑥 ≠ 0. In order to reflect this transition in terms of an external parameter, the temperature is 

such that all terms of the parameter which can be considered as perturbations are considered in 

this case.  

 𝜖(𝜒, 𝑡) = Τ(𝜒, 𝑡) −Τ0(𝑡) 
(34) 

Here, 𝜖 is considered as the control parameter while is Τ fixed. However, it is useful to 

capture the effective control parameter Τ0 to measure the distance of 𝜖 with respect to Τ. That is, 

the Τ0 < 𝜖  state is unstable (ice-vested and heat-vested), whereas the Τ0 > 𝜖  state is stable 

(normal).  
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Figure 25. Illustration of the temperature according to the experimental design: normal (dotted 

line) and abnormal (dashed line) conditions. The X-axis denotes the temperature check time (TO 

= take off the ice/heat vest under the perturbation condition). The Y-axis is the level of the 

temperature change as calculated in Fahrenheit (F°) and Celsius (C°) degrees. Upper left = 

separate temperatures between the normal (N: AM and PM) and heat-based abnormal (AN: AM 

and PM) conditions, upper right = separate temperatures between the normal (N: AM and PM) 

and ice-based abnormal (AN: AM and PM) conditions. Note: in the abnormal session, the data 

were collected after 30 minutes (from 30 minutes to 60 minutes) with taking the ice (or heat) 

vest off, while in the normal session, the data were collected after 30 minutes without taking the 

ice (or heat) vest off in order to ensure that the conditions were identical. Bottom = normalized 

temperature adaptation tendency according to the artificially managed perturbation (the dotted 

line denotes the ice-vest perturbation; the bolded line denotes the heat-vest perturbation). 

 

This temperature perturbation would be interpreted as a thermodynamic variable; that is, 

it is not restricted by itself to the usual set of thermodynamic variables, such as the mean internal 

energy and entropy. 
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Figure 26. Estimated entropy production depending on the perturbation. The left side denotes 

the nominal distribution of all cases of entropy (x) production with a cumulative function 

[proportion (y axis) of the entropy value (x axis)] with the arbitrary unit (a.u.). The right side 

represents the density of the entropy (data double plotted kernel density function) according to 

the temperature perturbation (false = normal, true = abnormal). 
 

 

As shown in Figure 26, the emergence of the collective behavior of the increasing 

distance between Τ(𝜒, 𝑡) −Τ0(𝑡) via a perturbation was related to an increase (or decrease) in 

the entropy. Comparing the states of Τ0 < 𝜖 and Τ0 > 𝜖, as shown in Figure 26 on the right, as 

the distance ordered state becomes smaller, the peak in the entropy production rate becomes 

higher. It is also important to note that the biological non-equilibrium bias towards a different 

temperature component hints at a possible deep connection between physical stability and 

entropy production. Given the above entropy production embedded in the order-disorder 

biophysical dynamic, the differences between the two circadian (termed a nearly 24-h instance 

of oscillatory variation) rhythm points (AM and PM) and the difference between the two 

temperature conditions to the psychomotor vigilances (i.e., ϕ̇ biological motor stability) were 
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compared in order to determine whether differences in biological disorder result in differences in 

environmental perturbations. 

  According to the statistical testing of the data with direct reference to the research 

questions or hypotheses, the value of the equation “entropy = H (x)” was estimated considering 

the following null (𝐻0:𝜃𝐴 = 𝜃𝐵) and alternative (𝐻𝑎:𝜃𝐴 ≠ 𝜃𝐵) hypotheses. The hypothesis was 

proved that different experimental conditions of the external source have a significant effect on 

the internal source (bi-manual motor variable) of �̇� . More specifically, different external 

components of the circadian processes or temperature have a significant effect on the internal 

stability, and the internal perturbation, from an external source, will have a significant effect on 

the degree of biological entropy. Specifically, the statistic F is calculated by dividing the 

difference between the group (𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛) value by the difference between the value for the 

subjects within the group (𝑀𝑆). Observations are interested in the main effect of the circadian 

rhythm (𝛼), the temperature perturbation (𝛽), and the interaction between the circadian rhythm 

and the temperature perturbation (𝛼 × 𝛽 ) as it affects the dependent variable of entropy 

production. Thus, the F distribution was compared associated with each feature of interest to the 

error variance to determine if each effect is meaningful.  

 

Entropy production between normal and abnormal (heat based) day-night circadian 

temperature perturbations (for experiment 3): The data collected from the participants (10: 

M=6, F=2, age 25 ± 3) at Seoul National University were used as well, but only the wrist joint 

data were calculated with regard to entropy production. The data for each participant was 
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analyzed four times with six trials each time. Normal and abnormal day-night circadian 

temperature effects were compared at dawn (5 a.m.) and at dusk (5 p.m.) considering that the 

core temperature reaches its maximum at around 5 p.m. and its minimum at approximately 5 a.m. 

(Aschoff, 1983). In the perturbed condition, prior to the actual data collection, participants (n = 8) 

donned a heat vest for 30 min, which increased their core temperature by some degrees. This 

additional data collection could give the opportunity to compare the perturbed data with the 

previous normal data [one participant, one minute, 24 trials = 6 (trials) *2 (circadian points: 

normal data set) *2 (temperature perturbations data set: body core temperature increased by the 

heat vest)]. 

 

Participants 

(index) 

N_5:00 

Normalized (Z) 

N_17:00 

Normalized (Z) 

Ab_5:00 

Normalized (Z) 

Ab_17:00 

Normalized (Z) 

P1_IW -0.67 -0.59 0.88 -0.99 

P2_ IW 0.89 -0.58 0.9 -0.91 

P3_ IW -0.45 -0.86 -0.01 -0.59 

P4_ IW 0.93 -0.18 0.87 -2.33 

P5_ IW 0.84 -0.26 -0.78 -0.51 

P6_ IW 0.14 0.84 0.91 -1.09 

P7_ IW 0.83 -0.56 0.89 -0.2 

P8_ IW 0.77 0.87 0.83 0.16 

Table 13: Each type of entropy value in normal and abnormal (heat based) day-night 

temperature effects. P is the participant with each number of 1 ~ 8, W denotes the actually used 

wrist data set from three different joint data sets. N denotes normal circadian condition, and Ab 

denotes heat_vested abnormal circadian condition. Note: In order to more dramatic visualization, 

we used standard score (Z calculation). The value of I is derived from the execution of each trial 

(𝑤1, 𝑤2), these two trials’ value were divided by 2 (see the raw data set in Appendix C). 
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 Circadian 5:00 Circadian 12:00 Circadian 17:00 Circadian 00:00 

N(I) 8 8 8 8 

AVER(H) 0.410 -0.165 0.564 -0.809 

STDEV(H) 0.651 0.664 0.627 0.745 

SES 0.230 0.235 0.222 0.264 

Table 14: Averaged entropy production from normal and abnormal (heat based) day-night 

temperature effects. N(I) = number of case indexed by the calculation of (𝑤1 + 𝑤2 / 2), AVER = 

averaged Entropy prodction; STDEV = averaged variability from the Entropy production; SES  = 

standard error score. 

  

 

 

Figure 27. Circadian and temperature perturbation (heat-based) dependent influences. The upper 

images denote the factor of the each participant according to the condition. The bottom images 

on the left show data double plotted with the variation in a histogram and showing the kernel 

density function (y_axis = probability density, x_axis = entropy production), (False = normal, 

True = perturbation, Circadian AM = 5:00 in the morning, Circadian PM = 5:00 in the 

afternoon). The image on the bottom right illustrates the relationships between the entropy 

(x_axis) and perturbation (y_axis) for different circadian points (red line and dots denote 5:00 

AM, blue line and dots denote 5:00 PM). 
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Figure 27 shows the biological stability depending on the circadian time point, including 

the temperature (artificially increased body core temperature by the heat vest) perturbation. As 

shown in this figure, the main effect in the temperature perturbations was [F(1, 3) = 1.301, 𝜂2= 

0.961, (p < 0.258)]. The circadian main effect was [F(1, 3) = 20.531, 𝜂2= 15.166, (p < 0.001)], 

and the significant temperature perturbation by the circadian on the biological motor synchrony 

disorder was [F(1, 3) = 3.453, 𝜂2= 2.551, (p < 0.068)]. These results indicate that although the 

participants exhibited significantly greater levels of entropy in 5:00 am conditions compared to 

the 17:00 pm conditions in both the normal and the abnormal conditions (circadian effect), the 

temperature-associated disorder difference between AM and PM were intensified during 

artificially-increased body core temperature (interaction effect). 

 

Entropy production between normal and abnormal (ice-based) day-night circadian 

temperature perturbation (for experiment 4): Data collected from the participants (8: M=5, F=3, 

age 25 ± 3) at the University of Connecticut were used as well, but only the wrist joint data were 

calculated with regard to entropy production. The data for each participant was analyzed four 

times with six trials each time. Normal and abnormal day-night circadian temperature effects 

were compared at dawn (5 a.m.) and at dusk (5 p.m.) considering that our core temperature 

reaches its maximum at around 5 p.m. and its minimum at approximately 5 a.m. (Aschoff, 1983). 

In the perturbed condition, prior to the actual data collection, participants (n = 8) donned an ice 

vest for 30 min, which increased their core temperature by ** degrees. This additional data 

collection also gave the opportunity to compare the perturbed data with the previous normal data 
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[one participant, one minute, 24 trials = 6 (trials) *2 (circadian points: normal data set) *2 

(temperature perturbations data set: body core temperature decreased by the ice vest)]. 

 

Participants 

(index) 

N_5:00 

Normalized (Z) 

N_17:00 

Normalized (Z) 

Ab_5:00 

Normalized (Z) 

Ab_17:00 

Normalized (Z) 

P1_IW 0.39 -1.91 -0.32 -1.92 

P2_ IW 0.73 0.51 -0.01 -1.85 

P3_ IW 0.52 -0.42 1.05 -2.01 

P4_ IW 0.98 0.86 0.93 0.31 

P5_ IW 0.31 -0.01 0.73 -0.54 

P6_ IW 0.26 0.44 1.06 -0.03 

P7_ IW -0.53 -1.51 0.95 -0.97 

P8_ IW 0.57 0.64 0.47 0.28 

Table 15: Each type of entropy value in normal and abnormal (ice based) day-night temperature 

effects. P is the participant with each number of 1 ~ 8, W denotes the actually used wrist data set 

from three different joint data sets. N denotes normal circadian condition, and Ab denotes 

ice_vested abnormal circadian condition. Note: In order to more dramatic visualization, we used 

standard score (Z calculation). The value of I is derived from the execution of each trial (𝑤1, 𝑤2), 
these two trials’ value were divided by 2 (see the raw data set in Appendix C). 

 

 

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

N(I) 8 8 8 8 

AVER(H) 0.404 -0.172 0.608 -0.840 

STDEV(H) 0.446 1.031 0.518 0.993 

SES 0.158 0.365 0.183 0.351 

Table 16: Averaged entropy production from normal and abnormal (ice based) day-night 

temperature effects. N(I) = number of case indexed by the calculation of (𝑤1 + 𝑤2 / 2), AVER = 

averaged Entropy prodction; STDEV = averaged variability from the Entropy production; SES  = 

standard error score. 
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Figure 28. Circadian and temperature perturbation (ice-based) dependent influences. The upper 

images denote the factor of the each participant according to the condition. The bottom images 

on the left show data double plotted with the variation in a histogram and showing the kernel 

density function (y_axis = probability density, x_axis = entropy production), (False = normal, 

True = perturbation, Circadian AM = 5:00 in the morning, Circadian PM = 5:00 in the 

afternoon). The image on the bottom right illustrates the relationships between the entropy 

(x_axis) and perturbation (y_axis) for different circadian points (red line and dots denote 5:00 

AM, blue line and dots denote 5:00 PM) 

 

Figure 28 shows the biological stability depending on the circadian time point, including 

the temperature (artificially decreased body core temperature by the ice vest) perturbation. As 

shown in the figure, the main effect in the temperature perturbations was [F(1, 3) = 1.211, 𝜂2= 

0.861, (p < 0.275)]. The circadian main effect was [F(1, 3) = 23.041, 𝜂2= 43.317, (p < 0.001)], 

and the significant temperature perturbation by circadian on the biological motor synchrony 

disorder was [F(1, 3) = 4.264, 𝜂2= 3.035, (p < 0.043)]. These results indicate that although the 

participants exhibited significantly greater levels of entropy in 5:00 am conditions compared to 
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the 17:00 pm conditions in both the normal and the abnormal conditions (circadian effect), the 

temperature-associated disorder difference between AM and PM were intensified during 

artificially-decreased body core temperature (interaction effect). 

 

Uncertainty characteristics based on a Stochastic model (for the overall tendency): 

Finally, uncertainty characteristic was estimated from the main experimental dynamics of the 

relative phase X(t) between two in-phase oscillating limbs in a Markov model [magnitude of the 

observation at the point (𝑋𝑡+1) is related to the magnitude of the observation at the preceding 

point (𝑋𝑡)] in a non-deterministic manner (see Eq. 27). Due to this quantitative measure of 

information, nominal stability is empirically estimable when the form of the possibility 

distribution of the population is unknown. This calculation provided the system characteristics as 

a random variable when the investigation gain information from changes in a variable state over 

continuous time. 

 

       

Figure 29.1. Markov-chain-based uncertainty characteristics in the normal condition. The 

figures denote the estimated entropy states according to the time series. Left = 5:00, middle left 

= 12:00, middle right 17:00, right = 00:00. Note: for this realization, participant 3’s data was 

used which could be represented as the most similar scores with the arbitrarily normalized scores 

from the averaged all participants’ scores as a function of the frequency competition [𝑆𝐷𝜙 (rad)].  



 

67 

 

       

Figure 29.2. Markov-chain-based uncertainty characteristics in the normal vs. abnormal (heat 

based) conditions. The figures denote the estimated entropy states according to the time series 

between normal (5:00 and 17:00), vs. abnormal (5:00 and 17:00). N = normal, Ab = abnormal in 

terms of heat_based experimental design. Note: for this realization, participant 2’s data was used 

which could be represented as the most similar scores with the arbitrarily normalized scores 

from the averaged all participants’ scores as a function of the frequency competition [𝑆𝐷𝜙 (rad)].  

 

       

 Figure 29.3. Markov-chain-based uncertainty characteristics in the normal vs. abnormal (ice 

based) conditions. The figures denote the estimated entropy states according to the time series 

between normal (5:00 and 17:00), vs. abnormal (5:00 and 17:00). N = normal, Ab = abnormal in 

terms of ice_based experimental design. Note: for this realization, participant 5’s data was used 

which could be represented as the most similar scores with the arbitrarily normalized scores 

from the averaged all participants’ scores as a function of the frequency competition [𝑆𝐷𝜙 (rad)].  

 

As shown in the figures above, these results indicate how many states the system can 

have when the circadian-associated biological stability differences are intensified during 

ordinary and perturbed temperature conditions. In particular, as indicated in Figure 29.1, the 

internal influence on biological system reached a state of synchrony according to the 

environmental cycles. However, as indicated in Figures 29.2 and 29.3, if the external 

temperature perturbations are given, the internal influences on the biological system were not 
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identical: while circadian perturbation in the AM increases (Figure of the first in the row) the 

entropy productions of the systems, it decreases in the PM (Figure of the third in the row).  

 

    

Figure 30. Markov-chain-based uncertainty characteristics for all entropy forces. Each figure 

denotes the estimated entropy forces according to the time series for each experimental design. 

The figure on the left denotes the entropy forces of the normal condition (red line = 5:00, green 

line = 12:00, black line = 17:00), which data was from the Figure 29.1. The figure in the middle 

denotes the entropy forces of the heat-based normal (red line = 5:00, black line = 17:00) vs. 

abnormal (green line = 5:00, yellow line = 17:00) conditions, which data was from the Figure 

29.2. The figure on the right denotes the entropy forces of the ice-based normal (red line = 5:00, 

black line = 17:00) vs. abnormal (green line = 5:00, yellow line = 17:00) conditions, which data 

was from the Figure 29.3. Note: Considering the experimental design, the delta T value was 0.06, 

and the number of realizations of the ensemble was N = 50 (averaged pendulum frequency per 

minute). 

 

Figure 30 provides us the Markov-chain-based entropy force as other quantitative 

dynamic energy information from the measure of uncertainty disorder. This measure 

reconfirmed the previous facts pertaining to the context-dependent characteristics. Whereas the 

left figure from the measure of the ordinary circadian temperature shows that the biological 

uncertainty forces were somehow following the surrounding circumstances according to natural 

cycles, the middle and right figures from the circadian perturbation reflect that even if the same 

external temperature perturbations are given, the surrounding circumstances for the internal 
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adaptation are not identical. Entropy production in the system in the AM increases (green line) 

more than the normal AM condition, whereas in the PM it decreases (yellow line) more than in 

the normal PM condition.  

Inspired by these observations, we investigated the limited case when N goes to infinity 

in order to approximate whether it is true that the states and forces of the system do not change 

much when the N goes to infinity in this limited case. Given that we would like to gain a better 

impression of the possibility of estimating the system parameters, we applied these values 

(normal AM - PM, and abnormal AM - PM) to the maximum likelihood estimators (MLEs) to 

determine how the entropy force grows exponentially with time in the initial state leads to some 

degree of different disorder in the final state. 

 

 

Figure 31. Likelihood of the different characteristics of the systems. Left = entropy production 

with an incomplete likelihood function; normal value of the mean entropy (μ) difference 

between AM 4.31 (a = green) and PM 3.38 (b = blue). Right = abnormal value of the mean 

entropy (μ) difference between AM 4.65 (a = blue) and PM 2.23 (b = green).  
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As shown in the results, the initial difference in the entropy production between the 

normal AM and normal PM states (0.93) causes the system to converge to one point (on the left 

in the figure), and the perturbed initial difference in the entropy production (2.42) between AM 

and PM causes the system to show a different diffused point (on the right in the figure). The 

identical continuity but different conditional coordination provides evidence of the biological 

characteristics across natural environment characteristics. If the observation did not embrace this 

likelihood as the possibility of the system, the measurement simply achieves a good mark for 

rough behavior or a rough locality. However, because the system contains the likelihood as a 

natural characteristic, the meaning of the measurement should embed more fluent information on 

the complexity of the system over time. Which means, depending on which value the system 

embrace, the sensitivity should be a degree of how complex behavior the system can be 

represented relatively. 

 

Figure 32. Relative simplicity of the system considering complex behavior. The initial values of 

x and y are 0.l, the iteration frequency 10, and 𝑋𝑛+1 is 𝑟𝜒𝑛(1 − 𝑋𝑛). The plot on the left is when 

the parameter value of 𝑟 equals 1 (combined proportion of the normal entropy difference 

between 5:00 and 17:00: 1/4), while that on the right is when 𝑟 is 2 (combined proportion of the 

normal entropy difference between 5:00 and 17:00: 2/4).  
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The results above describe a standard map of complex behavior with a divided phase 

space in which areas of stability are surrounded by confusion. Although their initial states are 

identical (in a comparison of the bottom left area of each plot), the surfaces of the sections 

showing differences in the map become increasingly larger with iteration of n times in spite of 

the small initial differences in the properties (left 1, right 2). The figure illustrates a sequence of 

iterations of the system in terms of the different entropy portion between the normal 5:00 to 

17:00 and the abnormal 5:00 to 17:00 conditions. It clearly represents some likelihood of a 

future state of complex behavior, and suggests that these different adaptations can be considered 

as a biological and environmental context-variant category. 

  



 

72 

 

Discussion 

Mutuality between an actor and the environment arises from the insight of Gibson’s 

ecological perspective with Bernstein’s work on the coordination problem, and it has increased 

as a major tenet in the physical sciences (Kugler, Kelso, & Turvey, 1982; Shaw & Turvey, 1981). 

Evidently, when adopting this view, phase synchrony is a traditional paradigm in the behavioral 

dynamic (Warren, 2006). In particular, a bi-manual 1:1 frequency locking in-phase pendulum 

serves as a representative for a wide range of control theories (Turvey, 1990). To determine 

whether environmental processes reflect interactions across an organism’s systemic scales, 

experiments conceived the concept of biological stability (the same goal-oriented movement but 

different anatomical actions) and broke the symmetry via the temperature difference embedded 

into the circadian process. The relative phase object was determined as a reasonable dependent 

variable based on a comparison of the results of different anatomical effects in the experiment 1.  

Hypothesis was that the stability of the system embedded in a circadian cycle will be decreased 

when the temperature difference increased [Δ𝜔 = (𝜔1 − 𝜔2)] between the circadian process (𝜃1) 

and the homeostatic process (𝜃2) as controlled by perturbation, as shown in the figure below. 
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Figure 33. Schematic of the hypothesis. The blue line indicates the decrease in the stability of 

the system λ(ɸ) over time (one arbitrary cycle from -1.0 to 1.0) as thermal detuning increases 

(Δ𝜔_𝑇). The black lines represent that referred to in the notes as the “embedded density lines,” 

representing the predicted entropy production (normalized value from -10 to 10) depending on 

the temperature perturbation (dotted line = normal, dashed line =abnormal). “Embedded density 

shade” represents the predicted fixed point shift [𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = shade], and the variability 

[𝑆𝐷𝜙(𝑟𝑎𝑑) = upper shade] as a function of the frequency competition (normalized value from -

10 to 10) according to the circadian temperature cycle.  

 

The same phase process was used between two different pendulums (sine function) and 

the phase angle of the individual temperature oscillators. These characteristics could be 

referenced by the same oscillation dynamic function to simplify the process of these phase 

relationships. Embedded density shades denote predicted fixed-point shifts (below) and 

variabilities (upper) according to the circadian temperature cycle, and the density lines represent 

the predicted entropy production depending on the temperature perturbation (dot line = normal, 

dashed line = abnormal). 
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Results summary 

Inspired by the above assumption, the present study was attempted to measure the 

biological properties embedded in circadian temperature rhythms. In particular, each participant 

was seated with their arms on armrests and with a pendulum in each hand held firmly to prohibit 

within-grasp motions. The gaze was elevated to prevent viewing the pendulum oscillations 

which arose from the motions strictly about the wrist. After determining the most relevant 

internal source (Experiment 1) as a typical dependent variable, Experiment 2 (n = 8*) used a 

setting that minimized the variability: the in-phase coordination of the two pendulums (relative 

phase ϕ = 0°) with no detuning (i.e., the two pendulums had the same eigenfrequency). In this 

experiment, bimanual coordination was performed at a fixed-paced metronome rhythm. A 

variety of measures (e.g., fixed-phase shift, variability, entropy) were examined for evidence of 

entrainment or any influence of the embedding rhythm on the stability or attractor location. As 

shown in Figure 16, there were differences between the embedded effects of the light or dark 

portion of the cycle: which appears to show that our biological system follows a temperature-

embedded day/night environmental system.  

Experiments 3 and 4 focused on the thermal structure. In-phase coordination without 

detuning was performed at dawn (5 a.m.) and at dusk (5 p.m.). A metronome was used to impose 

a rhythm that reflected the natural period of the pendulum system. In addition, a short-term, 

thermodynamic manipulation was introduced. Consistent with the standard body temperature 

cycle shown in Figure 25, the participants’ core temperatures were higher at 5 p.m. than at 5 a.m. 

In addition, the ice/heat vest affected the temperature more at 5 a.m. than at 5 p.m. Entropy was 

estimated from the dynamics of the relative phase between the two limbs oscillating at the wrists. 
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Entropy was affected by the temporal locus during the circadian cycle, and by the introduction of 

the both ice/heat vest; the influence of the vest was negatively exaggerated (increasing 

uncertainty) at dawn, but the influence of the vest was positively exaggerated (decreasing 

uncertainty) in the evening (Figures 27, 28, and 30). 

The estimations from the dynamics of the relative phase between the two oscillating 

limbs were affected by the temporal locus during the circadian cycle. The results from this 

biological scale correspond to a theoretical suggestion (Frank, 2011), which showed that the rate 

of entropy production varies when a new energy source is accessed via a nonequilibrium phase 

transition process. This reflects that access differs as a function of the circadian cycle and that 

access can be manipulated by a temporary thermal manipulation.  

 

Describing invariant (different perturbation effect) characteristics by way of 

thermodynamics 

Entropy is the amount of disorder in a system, referring to how many states a system can 

have and how many more (or fewer) states there are in the system (England, 2013). This is a 

macro-state variable which is used to describe a system (Ben-Naim, 2012); which can simply 

discuss the system as a whole without actually having precise knowledge of any one particular 

state, where the molecules are in a particular configuration. Inspired by this general definition, 

the Shannon’s (1948) mathematical or statistical calculation of entropy was applied in order to 

obtain information about the states of our experimental system.  
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 H(X) = −∑𝑝(𝑥𝑖) × 𝑙𝑜𝑔𝑝(𝑥𝑖)

𝑛

𝑖=1

 (35) 

According to the definition of this term in previous section (see the part of the proposed 

analysis), calculated states or forces may never refer to the entropy for individual molecules or 

particles. This can be the measure of the average amount of information in a system. It is only 

possible to observe the statistical properties pertaining to how many states are possible and what 

the temperatures are in the artificially devised specific conditions. For the transmitted 

probabilities, if this logic allows to use some microscopic eyes to see what is going on when 

such processes occur, and insert the term referring to the number of microstates that can yield a 

given macro state (Ω), then the Shannon entropy is as follows; 

 H = −∑𝑝𝑙𝑜𝑔(𝑝) = 𝑙𝑜𝑔(Ω)

Ω

𝑖=1

 (36) 

This measurement essentially says that the entropy (S) is equal to some constant time (k) 

of the natural log (log) of the number of microstates (Ω) that the system can take. The more such 

states available to the system with an appreciable probability, the greater the entropy. 

 𝑆 = ΚlogΩ (37) 

This is the assumption that all states are equally possible. It is the well-known 

Boltzmann (1844 – 1906: postulated an interpretation of entropy consisting of a huge number of 

microstates of a system, but characterized by the macroscopic parameters of energy, volume and 

number of particles) entropy formula, where k is Boltzmann’s constant (dimension energy 
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divided by temperature, SI units is 1.38065×10−23 J/K). It may be interpreted as the 

thermodynamic entropy with regard to demonstrating “uncertainty” of the number of microstates 

corresponding to a given macro state (Jaynes, 1965).  

In such a context, the information-based dynamic can be applied to the different 

thermoregulatory results. According to thermodynamics, the energy in a system, or a change in 

the entropy of that a system, can be defined with constant thermoregulation (showing the 

relationship between the entropy and the number the atoms or molecules of a thermodynamic 

system). Modern terminology expresses the equation as follows; 

 d

dt
𝑆 = 

Q

T
 (38) 

 Here, Q is the energy that flows into the system and T is the temperature given at a 

particular time point. Thus, the entropy change can be estimated, delta S, for the passage of 

quantity of Q from temperature T. In this context, because this experimental condition was 

planned to be constant during the circadian process, the change in the entropy as given by delta S 

is equal to how much energy flow Q required. Which means decreasing energy flow Q due to the 

body core temperature near its circadian peak at circadian 17:00, the entropy production is 

reduced in conjunction with the previous research about performance was reported to be better 

when body temperature is high/near its circadian peak (Wright, Hull, & Czeisler, 2002). Such 

invariant characteristics are observed under all experimental conditions (see Figures 24, 27, and 

28). How many states possible for this system (entropy) reaches a maximum at 05:00 h, and it 

reaches a more clearly defined minimum at about 17:00 h in the day-light temperature cycle; 

moreover, also the ice-based circadian main effect was significant [F(1, 3) = 23.041, 𝜂2= 43.317, 

http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Thermodynamic_system
http://en.wikipedia.org/wiki/Thermodynamic_system
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(p < 0.001)], while the heat-based circadian main effect was also significant [F(1, 3) = 20.531, 

𝜂2= 15.166, (p < 0.001)] as well. 

In describing the characteristics of the system being moved, the biological system was 

examined, including both the internally and externally temperature dependent forces. These 

observations suggest that adopting the stable strategy implies that the coordinative structure 

fluctuated with regard to the external requirements; in contrast, it dynamically converges to the 

stable order (see Figures 24). This contrast with regard to a dynamically unstable strategy 

determines the transformation given an underlying invariant regime (Sternad, 1998).  

 V(ϕ)𝑜𝑝𝑡/𝑇
° = constant (39) 

Here, 𝑣𝜑,𝑜𝑝𝑡 is the potential of the coordination phase as determined by the two relative 

1:1 frequency-locked continuous phases of the oscillator, which is also likely to lead to more 

variable solutions. 𝑇° is the relative temperature degree between different circadian time points. 

The equation expresses that the optimal strategies are variants of the same underlying dynamic 

regime. When optimizing regardless of the different adaptations that the system uses to perform 

the task, i.e., an environmentally equivalent hierarchy of an invariant, the empirical task provides 

evidence that a different temperature in normal environmental circumstances obeys the constant 

scaling requirement. This characteristic may be considered as the circadian temperature 

equivalent, satisfying the invariant characteristic given the task constraints involved in not 

merely finding appropriate motor responses for a task, but also for finding the most appropriate 

perceptual cues as well. 
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Describing variant (identical circadian effect) characteristics by way of 

inequality 

The results in general described the challenges in reliably investigating the roles of 

predictions with certainty under artificial circumstances as well as approaches to evaluate 

evidence supporting the disorder characteristics of a system. Specifically, the proofs of physical 

equality corresponding to the physical predictions of the measurement outcomes for certain 

entangled states are inconsistent (Lear, 2012).  

However, such variants are not typically sufficient proof of properties when observed in 

a decomposed case; responses differ markedly in their tolerance to variation and rare variants 

predicted to be damaging in stability-associated responses (see Figure 30).The temperature 

perturbation by circadian on biological motor synchrony disorder was significant [F(1, 3) = 

4.264, 𝜂2= 3.035, (p < 0.043)]. Given the decomposition, an unobserved inter-connection may 

lie in the same artificial context. The results tended to reflect that although circadian segregation 

alone cannot ultimately implicate a specific variant as an entire system, a lack of segregation can 

exclude non-variant characteristics from consideration because organisms can accomplish the 

same goal using different effectors, or different goals using the same effectors (Kelso, Fuchs, 

Lancaster, Holroyd, Cheyne, & Weinberg, 1998). Examining different realizations for their 

underlying circumstances shows how mutuality can be understood as the realization of the same 

underlying dynamic regime. In describing the characteristics of the system under movement, this 

study examined the biological system with both internally and externally dependent forces and 

suggested that the same command could result in quite different results given the interplay 

between external forces and variations in the internal conditions (Bernstein, 1967). Importantly, 
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adopting a stable strategy implies that perturbations require some active corrections, as the 

coordinative structure fluctuated with regard to the external requirement but contrasts to 

converge dynamically to a stable order. 

For instance, if one deal with a non-constant situation at a particular moment in the 

thermoregulatory process (perturbation), the one uses logic from an initial state given at A to a 

final state given at B. Which means the user let 𝑑𝑄 > 0 be a quantity of heat flowing into a 

system (biology) at a given temperature T. Thus, the change in entropy during the process from 

state A to state B is expressed as follows: 

 d

dt
𝑆 = ∫ 𝑑𝑆

𝐵

𝐴

= ∫
dQ

T

𝐵

𝐴

 (40) 

Here, because the letter 𝑑 stands here for a certain quantity, T denotes the unit of 

temperature and Q is the unit of energy. Inspired by the Second Law of Thermodynamics as 

postulated by Clausius in 1865, such a process changes the system’s state with regard to the unit 

of energy divided by the temperature. In order words, delta S is equal to the integral of the 

entropy taken from A and brought to B (∫ 𝑑𝑆
𝐵

𝐴
). Because S is equal to the ratio (

dQ

T
), the equation 

note that delta S is equal to the integral of dQ divided by T as taken from A, leading to B. Thus, 

the logic may be interpreted this, accordingly, by considering S to be clearly similar to the 

energy transformation (Clausius, 1867), with this well-defined quantity to be another type of 

logic in the energy flow for the experimental thermal variable manipulation design used by a 

reversible process from some state to A to some state B. It appears likely that our observed 

behaviors of the internally dependent structure in an external context may not reflect the 
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generalization of the constant assumption of the state’s quantity pattern (see Eq. 47), in which 

more than one singularity exponent describes the emergence of behaviors [increasing dQ (Q2 – 

Q1), the increased entropy production of delta S]. It appears, therefore, that signature of the 

biology effect varies in environmental contexts and may have many degrees of freedom that is 

more complex than the one making it (Von Neumann, 1951). 

Important theoretical implication of the present study’s findings was attempted to 

interpret the type of variant manipulation involved with reference to the experimental 

measurement and to define the relatively independent “circadian” and “temperature” processes. 

Simultaneously, the interpretation was estimated by the nature of the interaction between the 

parameters have a biological bi-manual phase stability function. As discussed in the definition 

above regarding 𝜙 (the state of the coupling strength at the given time), this interpretation holds 

that these two objects are entangled, meaning that knowing something about one causes to know 

something about the other. Thus, the source of the relative phase is energetically emitting two 

correlated states in opposite directions, such that takes a particle (𝜙) in the state (�̇�) and subject 

it to an experiment. 

 

Figure 34. Schematic draw of the measurement system. The x_axis is time and the y_axis 

represents the space of two entangled particles (𝜙). The particles depart from a source and 

moves apart in opposite directions (±). This is detected by two correlated spaces with two 

possible outcome states (�̇�). 
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The emission of one state is followed quickly by the second, and they share the same 

plane of stability, one up and one down. The measurement calls these parameters (and label the 

outcomes) as the biological coupling strength (�̇�), positive (+ = 1) and negative (- = 0). It 

assumed that a pair of coupling one-half states formed somehow in the singlet coupling state, 

moving freely in opposite directions. As it is, in classical mechanics, if the measurement of the 

component is one vector (>), the value of one side must yield the value of the other, opposite, 

side. 

 χ → 𝑓 → 𝑓(𝑥),   𝑓(𝑥) = {
𝑥 + 1𝑖𝑓𝑥 = 0
𝑥 − 1𝑖𝑓𝑥 = 1

 (41.1) 

 
0011

𝑓(𝑥)
→  1100 

(41.2) 

 2𝑏𝑖𝑛𝑎𝑟𝑦𝑜𝑏𝑗𝑒𝑐𝑡𝑠 = 𝜓1(a|0 > +b|1 >)𝜓2(c|0 > −d|1 >) 
(41.3) 

 ∴ 𝜓 = ac|00 > −ad|01 > +bc|10 > −bd|11 > (41.4) 

This must be state 0 plus 1 for the first particle (𝜓1), with the second particle (𝜓2) being 

in state 0 minus 1. This is the term 0, 0 for ac, plus the term 0,1 for ad with a minus ad, plus the 

term 1,0 for bc, and finally plus the term 1,1 for bd. 

Because this logic can predict in advance the result of measuring any chosen component 

of �̇�(α, >) and �̇�(β,>), by previously measuring the same component of �̇�(α, >) and �̇�(β,>), 

it follows that the result of any such measurement must actually be predetermined. The 

interpretation devises mechanical correlations such that each vector variable (�⃗�) is a single 

continuous parameter, but the measurements of these parameters made in state (Ω) have no 
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influence on those in other states. The expected value of the components is then determined as 

follows; 

 �⃗� ∈ Ω ⟹ ∫𝑃(�⃗�)𝑑�⃗� = 1 (42) 

Here, �⃗� equals the parameter in the state space (Ω). ∫𝑃(�⃗�)𝑑�⃗� is the normalized 

distribution of these parameters, stating that the system is in a certain interval (𝜒, 𝜒 + 𝑑𝜒). 

However, the present experimental design has another vector apart from the “α⃗⃗⃗ = circadian” and 

“β⃗⃗ = temperature” factors, which are always embedded in the system’s state as an interconnected 

component known as “homeostasis = γ⃗⃗.” According to the circadian temperature correlates of 

performance, a circadian temperature component and a homeostatic process are assumed to be 

mutually interdependent of both processes (Carrier & Monk, 2000). They are relatively 

independent but always correlated each other in that they are always communicating with one 

another regardless of how far apart they are according to the same processes. As it is, with 

normalization [∫𝑃(�⃗�)𝑑�⃗� = 1] mapping onto the three components of β, α, and the value of γ,  

with the measurement variable �̇�, the results found different component conditions of biological 

states (entropy) have significant context dependency on each variable combination.  

To describe the collections of the three macroscopic processes results, the interpretation 

of this finding undertakes a putative approximation. If a measurement considers the symmetric 

coupling strength (�̇�) as positive (+) and negative (-) with a value of 1 and 0 (to simplify a two-

by-two matrix), respectively, for the state of the particle, the measurement can reach a possible 

outcome function having three components (sine waves during the day). 
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   ϕ̇(1) 

ϕ  

 

 

 

   ϕ̇(0) 
 

   ϕ̇(1) 

ϕ  

 

 

 

   ϕ̇(0) 
 

   ϕ̇(1) 

ϕ  

 

 

 

   ϕ̇(0) 
 

α = Circadian β = Temperature  γ = Homeostasis 

 

Figure 35. Illustration of three double-valued parameters. α is the  circadian component, β 

denotes the temperature component, and γ represents the homeostatic component. Here, 1 is the 

outcome of a change in ϕ̇, while 0 denotes no change.  

 

Thus, the following binary objects function as a unit vector (𝜆), meaning that basic logic 

of this measurement takes the state of 0, resulting in 1. On the other hand, it takes 1 and gives 0.  

 𝑈𝑛𝑖𝑡𝑎𝑟𝑦𝑣𝑒𝑐𝑡𝑜𝑟(𝜆) = |0 >→|1 >, or|1 >→|0 > (43) 

Considering the possible outcomes of these components underlying the unitary vector 

operation, there must be eight possibilities (table parameter). Let this measurement considers a 

situation where 𝜙 faces the process of the first component with a change but faces the next 

process with no change, labelling this as α⃗⃗⃗β⃗⃗′(the circadian changes and not the temperature); 

that is, α equals 1 and β equals 0. There are two rows in a table for which α equals 1 and β 

equals 0. Next, if considering the situation where 𝜙 passes process β⃗⃗γ⃗⃗′ (a temperature change 

and no homeostasis), this logic has two rows where β equals 1 and γ equals 0. Finally, consider 

the passing of α⃗⃗⃗γ⃗⃗′ (a circadian change and no homeostasis), the logic also has two rows where α 

equals 1 and γ equals 0.  
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Combinations 1 2 3 4 5 6 7 8 

Parameters 

α⃗⃗⃗ = Circadian 0 0 0 0 1 1 1 1 

β⃗⃗ = Temperature 0 0 1 1 0 0 1 1 

γ⃗  = Homeostasis 0 1 0 1 0 1 0 1 

Conditions 

α⃗⃗⃗β⃗⃗′     ˅ ˅   

β⃗⃗γ⃗⃗′   ˅    ˅  

α⃗⃗⃗γ⃗⃗′     ˅  ˅  

 

Table 17: Representing the number of objects with combination outcomes. Note: as indicated by 

these lines, whenever α⃗⃗⃗γ⃗⃗′occurs, either α⃗⃗⃗β⃗⃗′or β⃗⃗γ⃗⃗′must also occur; conversely, the table 

indicates that when  α⃗⃗⃗γ⃗⃗′ occurs, either α⃗⃗⃗β⃗⃗′or β⃗⃗γ⃗⃗′ does not.  

 

Assuming these combinations, the interpretation can write the formula considering the 

probability distribution of the three unit vectors, as follows; 

 𝜆 ∈ Ω = ϕ (α⃗⃗β⃗
′
) + ϕ(β⃗γ⃗

′
) ≥ ϕ(α⃗⃗γ⃗

′
) (44) 

Because the statistical predictions of this correlation cannot be arbitrarily equal to the 

vectors combinations (Bell, 1964), the formal proof of this can be surmised as shown below.  

 

 

Region α⃗⃗⃗β⃗⃗′ 
 

Region β⃗⃗γ⃗⃗′ 
 

Region α⃗⃗⃗γ⃗⃗′ 
 

Figure 36. Representing the number of objects with properties: α = circadian component, β = 

temperature component, and γ = homeostatic component 
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Figure 36 shows some of the interconnected relationship of the objects. The parameters 

α, β, and γ refer to measurements of the 1:1 frequency-locked synchronization phase (�̇�). If any 

property enters another property first, the component can subsequently include the others and 

change simultaneously. The measurement has calculations which keep track of the area of the 

circles α⃗⃗⃗β⃗⃗′, β⃗⃗γ⃗⃗′, and α⃗⃗⃗γ⃗⃗′. These relationships can be indicated as the given proportion (A; 

circle area). 

 

A (α⃗⃗β⃗
′
) 

+ 

A(β⃗γ⃗
′
) 

≥ 

A(α⃗⃗γ⃗
′
) 

   

Figure 37. Mapping of objects with the area of a circle: α = circadian component, β = 

temperature component, and γ = homeostatic component. 

 

The area of the circle of the α⃗⃗⃗β⃗⃗′ proportion plus the area of the circle of the β⃗⃗γ⃗⃗′ 

proportion must be greater or equal to the area of the circle of the α⃗⃗⃗γ⃗⃗′ proportion. As indicated 

by the combination table, this is due to the fact that the last combination (α⃗⃗⃗γ⃗⃗′) cannot occur 

without one and the other two combinations (α⃗⃗⃗β⃗⃗′, β⃗⃗γ⃗⃗′) also transpiring. However, it is possible 

for one of the first two combinations (α⃗⃗⃗β⃗⃗′, β⃗⃗γ⃗⃗′) to occur without the third combination (α⃗⃗⃗γ⃗⃗′) 

transpiring. Their two frequencies (rows) in the table α⃗⃗⃗β⃗⃗′ or β⃗⃗γ⃗⃗′ are captured, while αγ⃗  is not. 

Therefore, the measurement has an inequality on the left side [A(α⃗⃗⃗β⃗⃗′) + A(β⃗⃗γ⃗⃗′)] which is 

greater than or equal to that on the right side [A(α⃗⃗⃗γ⃗⃗′)] 
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Because this assumption is true for any collection of relationships, this logic assumes a 

type of realism in the proof that these parameters have properties regardless of whether they are 

measured or specified or not; the logic rewrites these proportions in terms of the sector area (�̂�) 

of each circle. 

 𝜆 ∈ Ω = �̂� (α⃗⃗β⃗
′
) + �̂�(β⃗γ⃗

′
) ≥  �̂�(α⃗⃗γ⃗

′
) (45) 

Based on the above logic, this representation simulates the sector area from each circle 

for which two lines have identical radiuses. These two radiuses from the center of the circle 

create the area of the circle. It is necessary to measure the proportion of the large area or the 

sector of the circle because, as shown in the diagram (Figure 36), the proportion of the α⃗⃗⃗β⃗⃗′ area 

is indicated as the large part of the circle. Next, the representation gives the radius tentatively as 

a value of two inches and give the large area of the circle as ¾ (the small area is ¼). The area of 

the circle is pi (π) multiplied by the radius squared (𝐴 = 𝜋𝑟2). Given that the overall angle of the 

circle α is 360 degrees, the αβ⃗  portion of the circle as referred to here is 270 degrees (small area: 

90 degree). If the measurement takes this fraction and multiplies it by the area of the entire circle, 

the result is as follows; 

 
�̂� =

α⃗⃗β⃗
′°

α⃗⃗
°
(𝜋𝑟2) 

(46) 

Here, �̂� denotes the sector area of component α. αβ⃗ ° is a large portion of 𝜃°(270 degree), 

and α° is the entire portion of 𝜃°(360 degree). The equation for αβ⃗ ° over α° requires the 

multiplication of the area of the entire circle, which is (𝜋𝑟2). If the measurement simplifies both 
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the numerator and denominator of this fraction, the result is ¾, after which the logic multiplies 

this value by 𝜋 multiplied by the radius (2) squared, giving a solution to the proportions of the 

large sector area of these three components [3/4(𝜋4) = 9. 42 sq.in.]. These complex portions are 

represented via the Cartesian system for a linear relationship, as shown below; 

 

�̂� (α⃗⃗β⃗
′
) + �̂�(β⃗γ⃗

′
) ≥ �̂�(α⃗⃗γ⃗

′
) 

 

 

 

   

Figure 38. Representing the probability of the objects with the Cartesian coordinate system. Left 

= combined proportion of α⃗⃗⃗β⃗⃗′ and β⃗⃗γ⃗⃗′; [relative portion: 3.5/4(𝜋4) = 10. 99 sq. in.]. Right = 

proportion of α⃗⃗⃗γ⃗⃗′; [relative portion: 3/4(𝜋4) = 9. 42 sq. in.]. 

 

The fact that all objects each have all properties including the others corresponds to the 

changes. The main principle of this equation is the simultaneous measure, for instance, property 

“α⃗⃗⃗” and property  "α⃗⃗⃗β⃗⃗′” of the same property. These interpretations are taken as proof that our 

experimental feature by which the principles of the state of action and the antecedence do apply 

to the system. Regardless of how many trials are run, because we have three parameters, it will 

always be a case where left combinations (α⃗⃗⃗, β⃗⃗, and γ⃗ ) must greater than or equal to right 

combinations (α⃗⃗⃗ and γ⃗ ), such as our perturbed morning entropy being greater than normal 

condition.  
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Figure 39. Normalized entropy production with the estimation distribution; three vertical lines in 

the plot show how far out the result (bold line) is from the eigenvalue distribution (dot line). Left 

line = normal PM value of the entropy production 3.3, middle line = normal AM value of the 

entropy production 4.3, right line= abnormal AM value of the entropy production 4.6. Note: in 

order to create the distribution, we used fixed shift and variability values under identical 

conditions. 
 

However, here is the experimental complex which must be proved regarding the 

temperature perturbed pm condition: the measurement assumes the experimental set again with 

wave function [𝑔(𝑥)] similar to when object (ϕ) faces the parameters with the states of their 

angles up (↑) or down (↓).  

 𝑓(𝑥) → �⃗� → 𝑔[𝑓(𝑥)],   𝑔[𝑓(𝑥)] = 𝑔(𝑥) = {
𝑢𝑝(↑)𝑖𝑓𝑓(𝑥) = 1

𝑑𝑜𝑤𝑛(↓)𝑖𝑓𝑓(𝑥) = 0
 (47) 

 

  (↑)   (↑)   (↑)   

𝑔(𝑥)𝛼 = 0    𝑔(𝑥)𝛽 = 𝜃    𝑔(𝑥)𝛾 = 2𝜃      

  (↓)   (↓)   (↓)   

Figure 40. Representation of a three double-valued states specification with wave function 

[𝑔(𝑥)]. 𝛼 means an object (ϕ) embedding in circadian component. 𝛽 denotes an object (ϕ) 

embedding in temperature component. 𝛾 represents an object (ϕ) embedding in homeostatic 

component. 0, 𝜃, and 2𝜃 represent the angle at each component process with the object’s state up 

(↑) or down (↓). 
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The first parameter (α⃗⃗⃗) changes the state to up or down at 0, and (β⃗⃗′) changes the state up 

or down at 𝜃. The second parameter (β⃗⃗) then changes the state up or down at 𝜃, while (γ⃗⃗′) 

changes the state up and down at 2𝜃. The third parameter (α⃗⃗⃗) changes the state up or down at 0, 

and (γ⃗⃗′) changes the state up and down at 2𝜃.  

           Angle 

Process       

0ϕ 

𝑔(𝑥)𝛼 

𝜃ϕ 

𝑔(𝑥)𝛽 

2𝜃ϕ 

𝑔(𝑥)𝛾 

First (↑) (↓)  

Second  (↑) (↓) 

Third (↑)  (↓) 

 

Table 18: Representing the process (first, second, and third) with properties. α = circadian 

process. β = temperature process. γ = homeostatic process. (↑), (↓) object’s (ϕ) state up or down 

based on 𝑔(𝑥) function. 

 

This function can simplify the inequality considering the experimental relative phase 

change at each parameter set as follows; 

 𝜆 ∈ Ω = ϕ (α⃗⃗β⃗
′
) + ϕ(β⃗γ⃗

′
) ≥ ϕ(α⃗⃗γ⃗

′
) (48.1) 

 𝜓 = �̇�1(↑0, ↓θ) + �̇�2(↑θ, ↓2θ) ≥ �̇�3(↑0, ↓2θ) 
(48.2) 

The expressions above assume that with �̇�1, if the measurement of one side (the 

entangled relative phase) is up or down at 0, the opposite side of the state must be up or down at 

θ because they are entangled with a unitary vector operator. For �̇�2, the next state of one side is 

then going to be up or down at θ, and the opposite side of the state must then be up or down at 
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2θ. For �̇�3, one side is up or down at 0, and the state of the opposite side must then be up or 

down at 2θ. This inequality can be computed with the common angle scales shown below,  

  0 = 𝐶𝑜𝑠 (
π

2
) =↓0 

(49.1) 

 1 = 𝑆𝑖𝑛 (
π

2
) =↑0 

            (49.2) 

When the measurement refers to angles, the two common “scales” are degrees and 

radians. In degrees, the measurement uses the π notation. Understand that π (radians) is 

equivalent to 180 degrees, meaning that π/2 equals 90 degrees. In this case, the sine of π/2 

equals 1/1, and when the sine of π/2 is 1, cos π/2 becomes 0. However, to prove this, because 

this logic cannot be defined by the relative phase calculation [𝜙 = ∆𝜔(𝑡) + 𝜙(0)] simply as a π 

value (𝜙 ≠ π), the change in the relative phase angle is replaced by a putative degree of theta (𝜃) 

after which each state is expressed as follows; 

 ↓θ= 𝐶𝑜𝑠 (
𝜃

2
) ↓0+ 𝑖𝑆𝑖𝑛 (

𝜃

2
) ↑0 

(50) 

In this equation, if the phase angle is down at theta [𝐶𝑜𝑠 (
θ

2
) ↓0], the probability that the 

phase being up at 0 is [𝑖𝑆𝑖𝑛 (
θ

2
) =↑0]. It should be ↓θ because 𝐶𝑜𝑠 (

θ

2
) + 𝑖𝑆𝑖𝑛 (

θ

2
) equals 1 (𝑖 is 

the imaginary unit). Thus, the probability of the first state phase being up or down at 0 is 

[𝑆𝑖𝑛2 (
θ

2
)]. Likewise, the next probability that the phase is up or down at theta (↑θ) and up or 

down at 2 theta (↓2θ) must be identical, as the rotation of theta gives us an identical value. 
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 �̇�1(↑0, ↓θ) = 𝑆𝑖𝑛
2(𝑥) ×

𝜃

2
=
1

2
𝜃𝑆𝑖𝑛2(𝑥) = 𝑆𝑖𝑛2 (

𝜃

2
) (51.1) 

 �̇�2(↑θ, ↓2θ) = 𝑆𝑖𝑛
2(𝑥) ×

𝜃

2
=
1

2
𝜃𝑆𝑖𝑛2(𝑥) = 𝑆𝑖𝑛2 (

𝜃

2
) (51.2) 

However, the probability that the phase is up at 0 (↑0) and down at 2 theta (↓2θ) is the 

sine squared of theta, as this state only takes a factor of 2 for theta.  

 �̇�3(↑0, ↓2θ) = 𝑆𝑖𝑛
2(𝑥)𝜃 = 𝑆𝑖𝑛2(𝜃) (52) 

Based on these wave functions, the terms can be redefined as follows; 

 𝑆𝑖𝑛2 (
𝜃

2
) + 𝑆𝑖𝑛2 (

𝜃

2
)? 𝑆𝑖𝑛2(𝜃) (53) 

Hence, the sine squared theta is less than 1 (θ < 1), and this function can be simplified 

on the left side as follows; 

 �̇�1(↑0, ↓θ) = 𝑆𝑖𝑛
2 (
𝜃

2
) = (

𝜃

2
)
2

 
(54.1) 

 �̇�2(↑θ, ↓2θ) = 𝑆𝑖𝑛
2 (
𝜃

2
) = (

𝜃

2
)
2

 
(54.2) 

 �̇�1(↑0, ↓θ) + �̇�2(↑θ, ↓2θ) = (
𝜃

2
)
2

+ (
𝜃

2
)
2

=
𝜃

4

2

+
𝜃

4

2

= 
2𝜃

4

2

=
𝜃

2

2

 
(54.3) 

This can also be done on the right side, as follows; 

 �̇�3(↑0, ↓2θ) = 𝑆𝑖𝑛
2(𝜃) = 𝜃2 (55) 
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The measurement can finally be written in the terms below, to reevaluate the inequality. 

 
𝜓 =

𝜃

2

2

< 𝜃2 
(56) 

 

 

Figure 41. Representation of the inequalities of the calculation with a sine function (θ from -1 to 

1). Upper lines (green) = right side of the components [sine(x**2)], bottom lines (blue) = left 

side of the components [sine(x**2/2)].  

 

As shown above, the left-hand side [ϕ(α⃗⃗⃗β⃗⃗′) + ϕ(β⃗⃗γ⃗⃗′)] cannot be greater than or equal 

to the right-hand side [ϕ(α⃗⃗⃗γ⃗⃗′)]. 

 {𝜆 ∈ Ω| − �̇�1 (α⃗⃗β⃗
′
) + �̇�2(β⃗γ⃗

′
) < −�̇�3(α⃗⃗γ⃗

′
)} (57) 

Using these observations, the measurement finds an explicit violation of a previous 

inequality (Harrison, 1982) and suggest this as empirical proof underlying the probability of 

temperature-perturbed pm events. This set solution can also be represented by the Cartesian 

system for linear relationships, as follows;  
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�̂� (α⃗⃗β⃗
′
) + �̂�(β⃗γ⃗

′
) < �̂�(α⃗⃗γ⃗

′
) 

 

 

 

Figure 42. Representing the probability of the objects 2; with Cartesian coordinate system. Left 

= combined proportion of α⃗⃗⃗β⃗⃗′ and β⃗⃗γ⃗⃗′; [relative portion: 1.5/4(𝜋4) = 4. 71 sq.in.]. Right = 

proportion of α⃗⃗⃗γ⃗⃗′; [relative portion: 3/4(𝜋4) = 9. 42 sq.in.].  

 

              

Figure 43. Normalized entropy production with estimation distribution 2; Four vertical lines in 

the plot show how far out (bold line) from the eigen-value distribution (dot line). Light line = 

abnormal PM value of the entropy production 2.2, Left middle line = normal PM value of the 

entropy production 3.3, right middle line = normal AM value of the entropy production 4.3, right 

line= abnormal AM value of the entropy production 4.6. Note: in order to create the distribution, 

we used fixed shift and variability values under identical conditions. 

 

The result shows that the predictions of outcomes for the states by the system are 

inconsistent (Hensen, Bernien, Dréau, Reiserer, Kalb, Blok, ... & Amaya, 2015; Wiseman, 2015) 

with the parameters (different combinations) and measurements (different calculations). In the 
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context of interaction between all parameters and measurements, the deviation of phase 

inequality asserts a fundamental limit on the precision of certain pairs of physical position and 

momentum properties simultaneously. The remarkable possibility, this interpretation can 

estimate, is that whereas the relationship between objects’ energy and reaction rates obtains only 

under certain constraints, having derived inequality here indicates that the entangled objects’ 

states applies in cases where many degrees of freedom in the system states out of thermal 

equilibrium (England, 2013). These entangled features prove the heterogeneity of the system in 

an ecologically dependent process context.  

 

Theoretical implications 

As evident from the related biological scale, we encourage the belief that there is no 

common prediction of bias for uncertainty toward the system of ecology. The space between 

antecedents and consequences is the heart of the process, and we must look at how the variables 

change. It is recursive in that each variable and process can affect each other depending on 

where in the flow of behavior one begins. A few scholars in science have investigated 

experimental models that guide the circadian process. Differential time-of-day variations for 

different tasks were observed under a normal day-night condition. No attempt was made to 

distinguish variations in performance due to endogenous circadian factors relative to those 

linked to the amount of time since awaking. Perhaps the main conclusion to be drawn from 

studies of the effects of the time of day on performance is that the best time to perform a 

particular task depends on the nature of that task (Folkard, 1983).  
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One study showed an early morning peak of mental arithmetic performance in children 

(Rutenfranz & Helbruegge 1957), while another study found an evening peak for this type of 

performance in highly practiced young adults (Blake, 1967). With a low working memory load, 

performance was correlated positively with the circadian rhythm of the body temperature 

(Folkard, Knauth, Monk, & Rutenfranz, 1967). The majority of the performance-related 

components (flexibility, muscle strength, short-term memory) appear to vary with the time of 

day. In particular, 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 input from the circadian timing system (Monk, Weitzman, Fookson, Moline, 

Kronauer, & Gander, 1983; Johnson et al., 1992). There is still much work to do before one can 

understand which performance tasks will show different time-of-day effects and which will 

define the mechanisms that underlie these differences. 

Corresponding to this previous evidence related to performance consequences depending 

on the organism and environmental interaction, the present study determined the impact of 

circadian misalignment on biological functions and raised the possibility that the disruption of 

circadian systems may contribute to physical complications. Results suggest that these 

observations entail rules, the meanings of which are not enshrined in current rules. This indicates 

that these results do not simply abide by the principle of local causality. In order words, self-

attunement of current performance may develop not at a single component but across many 

nested, inter-connected scales. These inter-dependencies from different physical object phase 

allow a potential context-dependent explanation for goal-oriented movements and the emergent 

assumption of a principle of organisms embedded into their environmental contexts.  
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Figure 44. Illustration of context dependency according to the different experimental designs. 

The X-axis is the 24 h circadian process as expressed by a sine function (pi/2 = 5:00 h, pi = 

12:00, pi3/2 = 17:00, pi2 = 00:00), and the y-axis is the optimized value of the system’s state 

with arbitrary units of -1 to 1. The dashed (blue) line shows the 24 h day/night temperature 

process according to the circadian cycle. The dashed (blue) line and shade (distribution) shows 

the observed normal states (entropy production) of the biological system according to the 

circadian temperature cycle. The dotted (red) line and shade (distribution) denote the observed 

abnormal states (entropy production) in the perturbed circadian temperature conditions. Note 

that we compared the biological values (relative phase) under an identical circadian condition 

(5:00 am, 5:00 pm), but there remain different effects in terms of the stability of the system 

 

Frequency locked 1:1 coupling embedded on a bi-manual pendulum (�̇� = 𝜃𝐿𝑒𝑓𝑡 − 𝜃𝑅𝑖𝑔ℎ𝑡) 

and the homeostatic process (temperature) embedded on the circadian (�̇� = 𝜃𝐶𝑖𝑟𝑐𝑎𝑑𝑖𝑎𝑛𝑐𝑦𝑐𝑙𝑒 −

𝜃ℎ𝑜𝑚𝑒𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑝𝑟𝑜𝑐𝑒𝑠𝑠) can be illuminated by a similar relative phase dynamic function. Figure 44 

shows that the system’s stability decreases more at the circadian AM time when the system is 

perturbed as compared to the normal circadian AM condition. However, the stability of the 

system increases more at the circadian PM time in spite of being perturbed as compared to 

normal circadian PM condition.  
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What relations must hold for the formulae to be an interpretation of a biological state 

with respect to an environmental process in the system? Assumption of this interpretation does 

not intend to have any precise, predicative knowledge. For a biological state to be related to the 

environmental process represented by the system, the system must be considered in conjunction 

with its basis. This is simply the relationship between one and another with infinite distinct 

representations of the system’s productivities.  

 

Practical implication: Context dependency (physical intelligence) of the behavior 

The present study inquired whether something akin to attunement to the earth’s cycles 

(circadian) may be apparent in an experimental setting of bimanual coordination, a setting that 

has been used to examine self-organization in biological systems. This is seeking unintentional 

coordination, not unlike that observed when pendulum movements entrain to an oscillating 

stimulus that is not being tracked (e.g., Schmidt, Richardson, Arsenault, & Galantucci, 2007). 

Rather than providing an environmental rhythm within an individual’s field of view, this study 

assessed whether the dynamics of bimanual coordination is influenced by an overarching 

temporal structure that is irrelevant to the task. 

The dynamic (Figure 44) illustrates the variations between the scales in terms of their 

mechanical characteristics. The system choice of the optimization itself within the artificial 

circumstance determines the variations over different contexts in spite of belonging to the same 

underlying regime. This implies that any differences attributed to thermodynamic principles are 

far outweighed by differences due to the task. The discovery of a direct or robust relationship 
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between biological aspects across a broad range of environmental processes, with different 

responses of the variance of the invariant characteristics may mirror the unique adaptation 

patterns of the coordinating environments of our physical system. This exemplifies how the 

focus is on desired goal-directed action performed within a specific environment, with 

irreducible mutuality between perceiving and acting (Gibson, 1979).  Ecology, likewise, 

concerns itself with the movement of valuable commodities through a complex network of 

producers and consumers. 

Observed behaviors of the scale-dependent structure in an environmental context may 

reflect a generalization of a physical pattern in which more than one singularity exponent 

describes the emergence of behaviors. In order words, an independent explicit thermodynamic 

hierarchy but of a different biological variety allows us to prove context-dependency across 

natural environment aspects. It appears, therefore, that the signature of the motor effect varies 

with the different scales on environmental contexts, whereas an invariant pattern of their 

characteristics exists. 

Inspired by determining its causal role, what form of knowledge can a system have and 

what type of generalization can the system make? An inference model was suggested to best 

explain these interconnected physical systems, in that these issues were developed in the context 

of mutual constraints between actuators and their embodiment, as follows;  
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 𝑑

𝑑𝑡
𝑥(𝑡) =

Π(ℏ/�̇�)𝜓(�̇�)

Π(ℏ)
+ √𝜚𝜉𝑡 

(58) 

In this equation, Π(ℏ/�̇�)is a potential product which is defined as the ratio between the 

two biological types of stability [relative phase; (𝜙)] embracing the circadian temperature 

constant degree (𝑉�̇�/𝑇
°), and the environmental process [circadian temperature cycle; (�̇�)]. 

Additionally, 𝜓(�̇�) is a prior term pertaining to the necessary efficient cause, which already 

exists as an inequality in the system because any state of a system does not distinguish the 

organism from its environment. The denominator of Π(ℏ) is a marginal representation of the 

effect or evidence stemming from the biological stability potential. With regard to the abduction 

logic behind this definition, 𝜓(�̇�) is always before the observation (𝑉�̇�/𝑇
°), but it is not certain 

what will have an effect on (𝑉�̇�/𝑇
°) without the measurement of (�̇�), and the (�̇�) observation 

does not have meaning without a link to the necessary cause of (�̇�).  

In this logic, every part connects to every other part, and their interactions yield more 

parts. They are related indirectly to the outcome and to the necessary cause and effect, even if 

this relationship does not guarantee anything (inequality) about what is truly transpiring (Bell, 

1964; Harrison, 1982). All components contribute to the consequence in spite of being logically 

major and minor, obvious and nonobvious, prolonged and instantaneous, and recurring and once 

only. Parts are formally related to each other, and results cannot know observations are not 

interpreting certain structures, but these only recognize them as consistent with one another 

depending on the consequences, as a logical framework for formal descriptions that preclude one 

another but together provide a complete account. 
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Limitations and Suggestions for Future Study  

Regardless of the number of theoretical and practical implications, the present study has 

several limitations that need to be addressed in future studies to strengthen the applicability of 

the present findings. First, the present study is based on data collection from one season, and this 

limits the generalizability of the study findings to different seasons. For instance, the moderating 

effect of biological variability may be less marked at transportation environmental temperatures, 

where the impact of the circadian effect on the biological behavior relationship is much stronger 

for participants as their functional flexibility is essential to maintain biological stability. Thus, 

the findings of the present study need to be replicated across different seasonal temperature 

effects to ensure their generalizability 

Second, although the experimental group’s company was considered as an identical 

population with regard to studying at a university, task independence and individualistic tasks 

were shown to be independent of the moderating effect of temperature cycle variability. Hence, 

these factors could still be substantially intermediated by their individual life style tendencies in 

the creation of a biological measurement scale. Moreover, other potential individual effects that 

were not seriously considered in this study can exist, leaving open the possibility of the presence 

of important boundary conditions for the moderating of individual effects of biological stability 

on the relationships between external levels and internal behaviors. For instance, working hours 

and sleeping habit (i.e., how long participants worked and slept before participating in the 

experiment) can possibly interfere in the relationship between the temperature level and 

biological performance by itself or in conjunction with the environmental cycle. The uniqueness 
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of the moderating effect of individual tendency variability can be confirmed by examining the 

effects of potentially confounding variables.  

Next, in the examination of the Designs 3 and 4, the clarity of the temperature 

perturbation scale items should have been controlled. True biological stability is distinct from 

device noise that is caused by vague experimental scale conditions. If the devices used to present 

perturbations (the heat and ice vests) can be understood in qualitatively different ways due to 

their unclear operations, biological stability from these items can be overestimated (or 

underestimated) and the findings of the present study regarding Hypothesis 2 can be defective. 

Thus, some caution is required in the interpretation and generalization of the results of 

Hypothesis 2. 

Finally, instead of behavioral performance-based measurements from participants, 

objective outcome variables related to stability, such as neural/chemical functions and microstate 

severity, can be used as dependent variables in an examination of the variant and invariant 

effects of the temperature cycle. If similar findings are obtained with these objective neuro-

chemical outcome variables, the practical importance of systematically managing biological 

adaptations toward environmental cycles can be further understood. The moderating effect of 

neurological significance on the environmental temperature context level needs to be examined 

in future studies. 
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Conclusion 

Inquiry into the possibility of relating perception-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, scores of muscles, and millions of cells? Efforts 

to address this question invoked the concepts and tools of nonlinear dynamics (e.g., Kugler & 

Turvey, 1987). One useful approach to the relationship between dynamics and self-organization 

is provided by Homeokinetics (e.g., Soodak & Iberall, 1978), a strategy that looks for cycles at 

all time scales and aims to show how interacting cyclic processes account for the emergence of 

new entities, many of which are similarly cyclic. The central idea is that the cycles have 

interacted to create self-replicating living systems abiding particular cyclicities (Iberall, 2001). 

Attunement to these cycles is integral to life. Circadian rhythms are cycles of particular 

prominence in contemporary research on living things. Rather than crediting the rhythms to 

“clock genes,” the dynamic approach considers them as an emergent property of the system.  

They are found in most living things – especially in humans. These rhythms are not to be 

confused with the biological system. However, they are related in that the circadian system 

drives the biological system. The circadian rhythms that control biological rhythms are grouped 

interacting molecules in cells throughout the body that act in sync with each other. This has been 

being a major issue, and it is hugely influential on us because we are in effect physical, 

emotional and performance systems in our bodies (Monk et al., 1983). Contemporary models of 

subjective alertness and performance efficiency view these variables as being determined both 

by a homeostatic process (amount of hours since waking) and by input from the circadian timing 

system (Johnson et al., 1992). However, there is still much work to do before one can understand 
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which performance tasks will show different time-of-day effects with various environmental 

variables and which mechanisms underlie these differences. Corresponding to a theoretical study 

about the rate of the stability of a system and how it can vary when a new energy source is 

accessed via a nonequilibrium phase transition process (Frank, 2011), the results from this 

experiment appear to reconfirm that access differs as a function of thermodynamic variables 

(circadian temperature), which means access that can be manipulated by temporary thermal 

manipulation methods.  

Remark, now, is that the structure of the conventional (locality) is insufficiently rich to 

accommodate a theory of system characteristics. Such that may be called this the problem of 

impoverished entailment (Shaw, 2001). ‘X is about Y’ is true only if X entails Y and Y entails X 

are true. There is a closed loop of entailment; specificity of X to its source of Y means that X 

entails the source by which X is entailed. Diagrammatically, an entailment can be expressed as 

X→Y. The primary property of an entailment is that it propagates ‘truth’ hereditarily – Y 

inherits the ‘truth’ of X. If X is assumed to be ‘true’ (whatever ‘truth’ may be in a given context), 

then it must likewise be the case that Y is true. Thus, a closed loop of entailment can be 

diagrammed as X→Y →X, and it can be read by saying that truth propagates hereditarily in both 

directions. One must know the larger system to characterize the smaller system, but one cannot 

know the larger system in the absence of the characterization of the smaller system. This does 

not address directly, however, the question as to why the baseline of the different behavioral 

modes differ as they do. The ultimate significance of a recurrence of behavioral modes is that it 

allows the animal to balance the entropic (order-reducing) degradations associated with the 
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processes, thereby ensuring persistence of its characteristic forms and functions (Iberall & 

Soodak, 1987).  

The biology may be a complex sensor of its environment that can very effectively adapt 

itself in a broad range of different circumstances. Organism may convert internal energy of itself 

so efficiently that if it were to produce what is thermodynamically possible (England, 2013). As 

it is, generalization may not distinguish organism (x) from environment (y), or larger (biology) 

factors from smaller (anatomy); such systems may include the context or contexts in which 

physical dynamics can exist as a mutual factor. This suggestion would not response the question 

of where or how the system emergent, but provides a coherent account between biology and 

environment.  

Everything is connected with some other thing or things (Mahner & Bunge, 1997), and 

adapt their behavior perceiving both the nested environmental properties and their own nested 

behaviors as a union (Turvey et al., 1981) in order to organize actions according to their 

surrounded circumstance (Cariani, 1993; Ford, 2008; Reed, 1996; Strong & Ray, 1975). Which 

may reflect that the mechanism of the system’s state that is not a specific component of special 

properties but a general co-activity encompassing all components (Gottlieb, 2000). It will be a 

reduction of physical principles (Iberall, 1977) classifying them as having a nervous system is 

not necessary condition. Spontaneously evolved engineering of this internal characteristics 

embedding in external context awaits future investigation so that we labeled these sorts of things 

to be deserved calling as physical intelligent (Turvey & Carello, 2012).  
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Appendix A 

Graphical illustration of the inclusion and exclusion criteria (Upper = inclusion case, middle and 

bottom = exclusion case).  

 

                

             

              

Notes. : In order to show the exclusion criteria, we added the data on exclusion cases based on 

the above procedure. As shown in the figure, even if same in-phase 1:1 frequency locking was 

applied, data from the task were likely contaminated by distractions from participants (Figures of 

bottom) or devices (Figures of middle). In such a case based on this basic calculation, we 

excluded the data from five participants (design 1 = 2, design 2 and 3 = 2, design 4 = 1). The 

figure on the left denotes the frequency range of the amplitude (x_axis = time series and y_axis 

= displacement, with the upper figure denoting the left-hand side and the bottom denoting the 

right-had side). The figure on the left in the middle illustrates the discrete relative phase 

synchrony (x_axis = time series, y_axis = relative phase checked peaks). The figure on the right 

in the middle is a phase histogram [x_axis = relative phase (0 equal in phase, ± 180 equal ± anti 

phase), y_axis = proportion of the occurrence]. The shaded section in the figure on the right 

represents the pendulum angle degree and variance [regarding this circular function, we used 2π 

as the default value (0) and calculated x via (180 degree*x/pi). In the sample case above, the 

degree represents the degree of closeness to the in-phase (0 degree, or 360 degree) or anti-phase 

(±180 degree) conditions and the distribution of the joints’ relative phases]. 
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Appendix B 

Application of the average uncertainty model (Shannon, 1984) in actual data set of the 

experiment. 

 

Let us apply the above calculation to this experimental model. If we have a fair object of 

𝜙 of which the symbols have probabilities of 0 degrees = 0.5 and non-0 degrees = 0.5, we would 

calculate H of x as 0.5 multiplied by the log base 2 of 1 over 0.5, plus 0.5 multiplied by the log 

base 2 of 1 over 0.5, as follows: 

 

 H(χ) = 0.5 × 𝑙𝑜𝑔2 (
1

0.5
) + 0.5 × 𝑙𝑜𝑔2 (

1

0.5
) (A1) 

 

The result is 1. Because  

 

 
1

0.5
= 2 (A2) 

 

and  

 

 𝑙𝑜𝑔2(2) = 1 (A3) 

 

then 

 

 
H(χ) = 0.5 × 1 + 0.5 × 1 

∴ H(χ) = 1 
(A4) 

 

In this procedure, the fair object of 𝜙 has one bit of entropy, implicating that when we 

calculate an object, we will receive an average of one bit of information. However, if the object 

is not fair, i.e., when the symbols lead us to have probabilities of 0 degrees = 0.75 percent of the 

time but non-0 degrees = 0.25 percent of the time, the object for our information source will be 
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 H(χ) = 0.75 × 𝑙𝑜𝑔2 (
1

0.75
) + 0.5 × 𝑙𝑜𝑔2 (

1

0.25
) (A5) 

 

and the result is approximately 0.811. Because 

 

 
1

0.75
= 1.333… ,

1

0.25
= 4 (A6) 

 

and 

 

 𝑙𝑜𝑔2(1.333… ) = 0.415, 𝑙𝑜𝑔2(4) = 2 (A7) 

 

then 

 

 
H(χ) = 0.75 × 0.415 + 0.25 × 2 

∴ H(χ) = 0.811 
(A8) 

 

Thus, every time we measure an object of 𝜙 which is not fair, the calculation would give 

us an average of 0.811 bits of information, indicating that we will receive less (or more) of the 

information source (or entropy) from this un-faired object of 𝜙 than we would receive from a 

fair object of 𝜙.  

 

Considering that the actual data set will not be simply two states, if we extend the 

procedure, one can imagine an object’s possibilities, as follows: 

 

{0.1, 0.1, 0.1, 0.5, 0.1, 0.1}, or {0.16, 0.16, 0.16, 0.16, 0.16, 0.16} 

 

The same number of trials but with different sets of both objects will be approximately as 

follows: 
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Left set: 2.1 = 0.1 × 𝑙𝑜𝑔2 (
1

0.1
) + 0.1 × 𝑙𝑜𝑔2 (

1

0.1
) + 0.1 × 𝑙𝑜𝑔2 (

1

0.1
) + 0.5 × 𝑙𝑜𝑔2 (

1

0.5
) +

0.1 × 𝑙𝑜𝑔2 (
1

0.1
) + 0.1 × 𝑙𝑜𝑔2 (

1

0.1
) 

Right set: 2.5 = 0.16 × 𝑙𝑜𝑔2 (
1

0.16
) + 0.16 × 𝑙𝑜𝑔2 (

1

0.16
) + 0.16 × 𝑙𝑜𝑔2 (

1

0.16
) + 0.16 ×

𝑙𝑜𝑔2 (
1

0.16
) + 0.16 × 𝑙𝑜𝑔2 (

1

0.16
) + 0.16 × 𝑙𝑜𝑔2 (

1

0.16
) 

 

Which represents on average we will receive less (Figure on the left = 2.1) entropy from 

a balanced object than we would receive from an unbalanced object (Figure on the right = 2.5).  

 

 

Figure A1. Simulation with different objects. The figure on the left denotes an un-faired set 

while the figure on the right denotes a faired set. Note: Regarding comparison of this simulation 

with variability, the left set’s variability calculated by the way of standard deviation was 0.163, 

while the right set’s variability calculated by the way of standard deviation was 0.000. Such 

comparison reflects that the uncertainty calculation by the Shannon equation shows us different 

information in spite of using the same source. 

 

Inspired by this simulation, we defined the probabilities as nonzero relative phase heights 

(cumulative function) based on an earlier previous elementary coordination calculation (see the 

previous section entitled “Calculating relative phase coordination dynamics”) of the artificially 

given states (20 bins) of the histogram.  
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Figure A2. Programing command (IPython notebook) associated with estimated entropy 

production. 

 

This procedure allow us to calculate the uncertainty of an information source with any 

number of sets, noting that such a formulation used with the above procedures was based on 

observations made and experiments done on a macroscopic dimension (meaning any tangible 

piece of matter that we can see and work with in a laboratory). 

  



 

120 

 

Appendix C 

 

Each type of raw score for individual calculated by the designated experimental analyses. 

 

Each Type of Raw Value for the normal day-night temperature effects. 
  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 

Trial_W1 0.05 6.61 1.26 5.39 1.73 6.58 2.76 30.75 

Trial_W2 2.27 5.48 0.52 5.19 1.44 6.94 9.28 55.53 

I 1.16 6.045 0.89 5.29 1.585 6.76 6.02 43.14 

P2 

Trial_W1 2.56 41.49 3.62 12.51 2.45 5.87 2.48 23.43 

Trial_W2 5.6 44.87 2.15 9.1 7.57 6.64 5.17 8.65 

I 4.08 43.18 2.885 10.805 5.01 6.255 3.825 16.04 

P3 

Trial_W1 11.11 6.61 1.56 5.69 1.6 5.42 6.22 9.99 

Trial_W2 11.34 6.79 6.52 6.4 1.5 5.39 1.6 5.42 

I 11.225 6.7 4.04 6.045 1.55 5.405 3.91 7.705 

P4 

Trial_W1 2.11 73.6 1.28 79.54 7.89 12.78 5.03 5.95 

Trial_W2 3.24 81.19 2.25 88.03 5.46 7.42 10.31 7.63 

I 2.675 77.395 1.765 83.785 6.675 10.1 7.67 6.79 

P5 

Trial_W1 6.57 25.55 3.57 19.58 2.87 4.6 6.49 35.94 

Trial_W2 5.8 56.03 2.56 7.76 2.58 18.08 2.87 5.28 

I 6.185 40.79 3.065 13.67 2.725 11.34 4.68 20.61 

P6 

Trial_W1 0.56 70.54 6.94 67.3 4.77 24.01 8.65 40.4 

Trial_W2 3.35 5.49 4.42 52.11 6.85 42.6 0.6 41.88 

I 1.955 38.015 5.68 59.705 5.81 33.305 4.625 41.14 

P7 

Trial_W1 3.97 33.91 8.22 26.9 0.03 5.05 3.43 65.42 

Trial_W2 3.08 46.35 0.72 15.03 1.65 7.3 4.32 45.09 

I 3.525 40.13 4.47 20.965 0.84 6.175 3.875 55.255 

P8 

Trial_W1 5.84 18.63 4.01 8.1 3.45 44.19 2.27 28.91 

Trial_W2 2.66 16.14 7.13 71.99 0.47 27.77 12.05 59.36 

I 4.25 17.385 5.57 40.045 1.96 35.98 7.16 44.135 

Notes. P is the participant with each number of 1 ~ 8, Trial_W1 and 2 denotes the actually used 

wrist data set from three different joint data sets. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = fixed point shift, 𝑆𝐷𝜙(𝑟𝑎𝑑) 
= variability as a function of frequency competition. Note: the value of I is derived from the 

execution of each trial (𝑤1, 𝑤2), these two trials’ value were divided by 2. 
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Each Type of Raw Value for the normal and abnormal (heat based) day-night temperature 

effects. 

  N_ 5:00 N_ 17:00 Ab_ 5:00 Ab_ 17:00 

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

P1 

Trial_W1 0.05 6.61 1.73 6.58 1.55 49.09 0.41 5.35 

Trial_W2 2.27 5.48 1.44 6.94 2.12 45.44 5.99 6.43 

I 1.16 6.045 1.585 6.76 1.835 47.265 3.2 5.89 

P2 

Trial_W1 2.56 41.49 2.45 5.87 0.27 55.08 4.57 6.18 

Trial_W2 5.6 44.87 7.57 6.64 0.01 41.31 6.36 6.03 

I 4.08 43.18 5.01 6.255 0.14 48.195 5.465 6.105 

P3 

Trial_W1 11.11 6.61 1.6 5.42 11.14 21.8 13.76 6.19 

Trial_W2 11.34 6.79 1.5 5.39 0.68 6.11 8.15 5.62 

I 11.225 6.7 1.55 5.405 5.91 13.955 10.955 5.905 

P4 

Trial_W1 2.11 73.6 7.89 12.78 0.65 26.52 3.53 4.08 

Trial_W2 3.24 81.19 5.46 7.42 1.43 63.36 2.96 5.31 

I 2.675 77.395 6.675 10.1 1.04 44.94 3.245 4.695 

P5 

Trial_W1 6.57 25.55 2.87 4.6 4.79 6 0.04 4.06 

Trial_W2 5.8 56.03 2.58 18.08 1.85 5.73 1.48 37.2 

I 6.185 40.79 2.725 11.34 3.32 5.865 0.76 20.63 

P6 

Trial_W1 0.56 70.54 4.77 24.01 6.61 33.32 4.24 13.69 

Trial_W2 3.35 5.49 6.85 42.6 4.42 52.11 1 4.19 

I 1.955 38.015 5.81 33.305 5.515 42.715 2.62 8.94 

P7 

Trial_W1 3.97 33.91 0.03 5.05 23.23 83.49 0.03 5.05 

Trial_W2 3.08 46.35 1.65 7.3 8.41 61.19 2.34 35.81 

I 3.525 40.13 0.84 6.175 15.82 72.34 1.185 20.43 

P8 

Trial_W1 5.84 18.63 3.45 44.19 13.54 62.88 2.84 8.13 

Trial_W2 2.66 16.14 0.47 27.77 5.84 18.63 1.48 8.05 

I 4.25 17.385 1.96 35.98 9.69 40.755 2.16 8.09 

Notes: P is the participant with each number of 1 ~ 8, Trial_W1 and 2 denotes the actually used 

wrist data set from three different joint data sets. N denotes normal circadian condition, and Ab 

denotes heat_vested abnormal circadian condition. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = fixed point shift, 

𝑆𝐷𝜙(𝑟𝑎𝑑) = variability as a function of frequency competition. Note: the value of I is derived 

from the execution of each trial (𝑤1, 𝑤2), these two trials’ value were divided by 2. 
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Each Type of Raw Value for the normal and abnormal (ice based) day-night temperature effects. 

  N_ 5:00 N_ 17:00 Ab_ 5:00 Ab_ 17:00 

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

P1 

Trial_W1 2.09 57.48 4.67 18.34 2.57 97.67 6.31 14.44 

Trial_W2 18.42 56.84 4.67 18.34 7.9 34.32 7.61 14.36 

I 10.255 57.16 4.67 18.34 5.235 65.995 6.96 14.4 

P2 

Trial_W1 6.08 52.69 2.69 51.05 2.46 69.37 6.47 31.13 

Trial_W2 21.23 107.94 4.89 96.99 2.94 27.96 4 21.48 

I 13.655 80.315 3.79 74.02 2.7 48.665 5.235 26.305 

P3 

Trial_W1 3.25 63.26 16.39 51.59 11.64 77.41 2.72 5.72 

Trial_W2 3.51 54.67 5.38 30.64 63.2 108.43 0.55 12.32 

I 3.38 58.965 10.885 41.115 37.42 92.92 1.635 9.02 

P4 

Trial_W1 29.38 87.28 5.86 97.91 1.02 89.85 10.54 53.47 

Trial_W2 12.95 77.17 2.24 92.66 1.02 89.85 10.54 53.47 

I 21.165 82.225 4.05 95.285 1.02 89.85 10.54 53.47 

P5 

Trial_W1 1.08 60.94 9.71 44.31 19.55 57.37 3.85 54.74 

Trial_W2 19.23 60.81 15.88 49.8 26.87 114.59 8.86 37.82 

I 10.155 60.875 12.795 47.055 23.21 85.98 6.355 46.28 

P6 

Trial_W1 5.75 60.32 22.69 66.34 29.19 127.82 5.22 65.09 

Trial_W2 11.26 99.05 2.54 70.55 27.31 97.4 0.86 55.99 

I 8.505 79.685 12.615 68.445 28.25 112.61 3.04 60.54 

P7 

Trial_W1 1.23 51.61 9.41 20.24 7.09 92.43 1.48 32.05 

Trial_W2 0.17 42.61 4.56 36.98 1.59 92.79 1.02 36.34 

I 0.7 47.11 6.985 28.61 4.34 92.61 1.25 34.195 

P8 

Trial_W1 9.04 65.22 20.77 90.11 6.79 63.57 13.69 84.12 

Trial_W2 28.83 135.09 4.53 79.49 13.49 95.56 3.06 103.77 

I 18.935 100.155 12.65 84.8 10.14 79.565 8.375 93.945 

Notes. P is the participant with each number of 1 ~ 8, Trial_W1 and 2 denotes the actually used 

wrist data set from three different joint data sets. N denotes normal circadian condition, and Ab 

denotes ice_vested abnormal circadian condition. 𝜙𝑎𝑣𝑒−𝜙0(𝑟𝑎𝑑) = fixed point shift, 

𝑆𝐷𝜙(𝑟𝑎𝑑) = variability as a function of frequency competition. Note: the value of I is derived 

from the execution of each trial (𝑤1, 𝑤2), these two trials’ value were divided by 2. 
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Each type of entropy value in normal day-night temperature effects. 

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

  

P1 

Trial_W1 4.073 2.965 4.017 5.783 

Trial_W2 3.785 2.800 4.030 5.856 

I 3.929 2.882 4.023 5.819 

P2 

Trial_W1 5.813 5.492 3.623 5.721 

Trial_W2 5.846 5.210 4.459 5.033 

I 5.830 5.351 4.041 5.377 

P3 

Trial_W1 4.216 3.849 3.741 5.714 

Trial_W2 4.171 3.790 3.642 3.741 

I 4.194 3.820 3.691 4.728 

P4 

Trial_W1 5.877 5.877 4.806 3.328 

Trial_W2 5.883 5.900 4.234 4.469 

I 5.880 5.888 4.520 3.898 

P5 

Trial_W1 5.688 5.620 3.218 5.809 

Trial_W2 5.869 4.888 5.644 2.817 

I 5.779 5.254 4.431 4.313 

P6 

Trial_W1 5.887 5.866 5.726 5.787 

Trial_W2 3.937 5.841 5.815 5.808 

I 4.912 5.853 5.771 5.798 

P7 

Trial_W1 5.683 5.773 3.174 5.865 

Trial_W2 5.831 5.477 4.943 5.792 

I 5.757 5.625 4.059 5.829 

P8 

Trial_W1 5.653 4.943 5.835 5.840 

Trial_W2 5.724 5.868 5.795 5.838 

I 5.688 5.405 5.815 5.839 

Notes. P is the participant with each number of 1 ~ 8, Trial_W1 and 2 denotes the actually used 

wrist data set from three different joint data sets, H (x) = entropy production. Note: the value of I 

is derived from the execution of each trial (𝑤1, 𝑤2), these two trials’ value were divided by 2. 
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Each type of entropy value in normal and abnormal (heat based) day-night temperature effects.  

  N_5:00 

Normalized (Z) 

N_17:00 

Normalized (Z) 

Ab_5:00 

Normalized (Z) 

Ab_17:00 

Normalized (Z)   

P1 

Trial_W1 -0.549 -0.595 0.861 -1.056 

Trial_W2 -0.785 -0.585 0.909 -0.932 

I -0.667 -0.590 0.885 -0.994 

P2 

Trial_W1 0.873 -0.918 0.909 -0.777 

Trial_W2 0.900 -0.234 0.897 -1.034 

I 0.887 -0.576 0.903 -0.906 

P3 

Trial_W1 -0.433 -0.821 0.689 -0.045 

Trial_W2 -0.469 -0.902 -0.712 -1.144 

I -0.451 -0.862 -0.012 -0.595 

P4 

Trial_W1 0.926 0.050 0.832 -2.624 

Trial_W2 0.930 -0.418 0.916 -2.044 

I 0.928 -0.184 0.874 -2.334 

P5 

Trial_W1 0.771 -1.249 -0.473 -1.859 

Trial_W2 0.919 0.735 -1.086 0.829 

I 0.845 -0.257 -0.780 -0.515 

P6 

Trial_W1 0.934 0.802 0.934 0.678 

Trial_W2 -0.661 0.875 0.896 -2.856 

I 0.137 0.839 0.915 -1.089 

P7 

Trial_W1 0.767 -1.285 0.920 -1.285 

Trial_W2 0.888 0.162 0.863 0.881 

I 0.828 -0.561 0.892 -0.202 

P8 

Trial_W1 0.742 0.891 0.925 0.278 

Trial_W2 0.801 0.858 0.742 0.045 

I 0.771 0.875 0.834 0.162 

Notes. P is the participant with each number of 1 ~ 8, Trial_W1 and 2 denotes the actually used 

wrist data set from three different joint data sets. N denotes normal circadian condition, and Ab 

denotes heat_vested abnormal circadian condition. Note: In order to more dramatic visualization, 

we used standard score (Z calculation). The value of I is derived from the execution of each trial 

(𝑤1, 𝑤2), these two trials’ value were divided by 2. 
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Each type of entropy value in normal and abnormal (ice based) day-night temperature effects. 

  N_5:00 

Normalized (Z) 

N_17:00 

Normalized (Z) 

Ab_5:00 

Normalized (Z) 

Ab_17:00 

Normalized (Z)   

P1 

Trial_W1 0.453 -1.906 0.601 -1.921 

Trial_W2 0.321 -1.906 -1.235 -1.918 

I 0.387 -1.906 -0.317 -1.920 

P2 

Trial_W1 0.455 -0.002 0.829 -1.819 

Trial_W2 1.015 1.019 -0.835 -1.888 

I 0.735 0.508 -0.003 -1.853 

P3 

Trial_W1 0.679 -0.386 1.084 -2.066 

Trial_W2 0.367 -0.450 1.016 -1.941 

I 0.523 -0.418 1.050 -2.004 

P4 

Trial_W1 1.000 1.037 0.929 0.613 

Trial_W2 0.958 0.694 0.929 0.018 

I 0.979 0.865 0.929 0.315 

P5 

Trial_W1 0.329 0.152 0.298 -0.075 

Trial_W2 0.299 -0.160 1.160 -1.000 

I 0.314 -0.004 0.729 -0.537 

P6 

Trial_W1 -0.277 0.589 1.190 0.512 

Trial_W2 0.794 0.294 0.925 -0.565 

I 0.259 0.442 1.057 -0.027 

P7 

Trial_W1 -0.173 -1.770 0.871 -1.090 

Trial_W2 -0.898 -1.241 1.028 -0.856 

I -0.535 -1.505 0.950 -0.973 

P8 

Trial_W1 0.077 0.753 0.054 0.363 

Trial_W2 1.071 0.525 0.882 0.193 

I 0.574 0.639 0.468 0.278 

Notes. P is the participant with each number of 1 ~ 8, Trial_W1 and 2 denotes the actually used 

wrist data set from three different joint data sets. N denotes normal circadian condition, and Ab 

denotes ice_vested abnormal circadian condition. Note: In order to more dramatic visualization, 

we used standard score (Z calculation). The value of I is derived from the execution of each trial 

(𝑤1, 𝑤2), these two trials’ value were divided by 2. 
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Abstract in Korean 

본 연구는 환경체계 (circadian cycle)에 내재되어 있는 유기체의 생물학적 

(biological) 자치성과 조절기능을 관찰하는데 목적을 두고 있다. 단순히 유기체 

(organism)라기 보다 유기-환경 체계 (organism-environment system)라 일컬어지는 직접 

행동 (directed behavior)의 이해를 위해, 24시간 온도 주기 맥락에서 생물학적 특성을 

측정함으로써 신체적 지능의 자발적 잠재성을 추정하고자 하는 것이다.  

실험 자료의 수집은 커네티컷 대학교 (University of Connecticut, USA)와 

서울대학교 (Seoul National University, Korea) 32명의 학생 참여로 이루어졌다. 환경 

체계에 따른 유기체의 기본 (elementary) 특성 (운동 대칭성)을 검사하기 위해, 양손 진자 

(pendulums) 운동의 상대적 위상 (relative phase)을 24시간 순환주기에서 측정하여 밤/낮 

온도 효과를 비교하였다. 특히, 같은 위상 (in-phase) 양손협응 (bi-manual coordination) 

운동이 정상적인 24시간 온도 주기 과정에서 두 차례 [설계 1: 종속변수 타당성을 위한 

같은 위상 양손협응 운동의 대표성 검색 (집단 1 = 손목, 팔꿈치, 어깨 양손협응 운동, 집단 

2 = 손목 양손협응 운동), 설계 2: 정상적인 온도 순환 주기에 따른 종속변수의 안정성 

변화 (5:00, 12:00, 17:00, 그리고 24:00)], 24시간 온도 주기에서 일반적인 체내 온도 조건과 

인위적으로 섭동 (perturbation)된 조건에서 각 각 두 차례 [설계 3: 인위적인 인체 온도 

올림 (heat-vest) 자극 (일반 5:00, 17:00 대 섭동 5:00, 17:00), 설계 4: 인위적인 인체 온도 

내림 (ice-vest) 자극 (일반 5:00, 17:00 대 섭동 5:00, 17:00)] 관찰되었다.  
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전형적인 양손협응 측정의 실험적 모형은 종속 변수 (생물학적 안정성)가 밤/낮 

온도 주기에 따라 다양하게 나타난다는 것을 유의미하게 보여준다. 온도가 인위적으로 

섭동된 양손협응 운동 안정성의 24시간 주기 효과는 24시간 밤/낮 온도 순환주기에 따라 

가변적으로 관찰된 반면, 인위적으로 섭동되지 않은 일반적 주기 조건으로 구분된 

양손협응 운동 안정성의 24시간 주기 효과는 24시간 밤/낮 온도 순환주기에 불변적인 

것으로 관찰되었다.    

발견된 생물학적 양상 (체온 과 운동 대칭의 안정성) 위로 광범위한 환경적 과정 

(24시간 온도 순환 주기)간의 직접적이고 확실한 관계성은, 환경에 적응하는 우리 체계의 

유일한 특성을 반영하고 있는 것일 수도 있다. 따라서, 우리는 이러한 유기체 (X)와 환경 

(Y)의 역동성을 두 요소의 상호관계 속에서 일어나는 유기-환경 통합 (또는 직접) 체계 (X-

Y)로 간주해야 할 것으로 사료된다. 

 

주요어: 신체지능, 양손협응, 일주율, 열역학, 맥락의존도. 
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