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fair coin. In the third rule, called Continuous Time Ran-
dom Walk (CTRW) rule [36], the random walker jumps
only when a crucial event occurs making a step of fixed
intensity either ahead or backwards with equal proba-
bility. According to Ref. [36], studying the connection
between scaling and walking rule, the first rule yields

δ = µ− 1, (10)

for 1 < µ < 2 ,

δ =
1

µ− 1
, (11)

for 2 < µ < 3, and

δ =
1

2
, (12)

for µ > 3. The first rule was shown to afford the fastest
scaling in the whole range µ > 1 [36] leaving open its
competition with the second rule for µ < 2, where DEA is
affected by big inaccuracies if the second rule is adopted.

After establishing the connection between scaling and
walking rule, it is easy to explain to the readers the con-
venience of adopting DEA with stripes, as done in Ref.
[37]. We use the experimental time series ξ(t), n(t) in the
case of this paper, to define events either crucial or not
crucial as follows. We divide the ordinate axis ξ into bins
of size s and record the times at which ξ(t) makes a tran-
sition from one bin to one of the two nearest neighboring
bins, including the vertical transitions through many bins
in the case when we use bins of small size. This makes it
possible for us to create a walking trajectory x(t) based
on the first rule, the walker always making a jump ahead.
Then, we use DEA to define the scaling δ.

The adoption of DEA with stripe is expected to yield a
scaling δ that is either equal or smaller than the scaling δ
obtained with no stripes. This is so because the analysis
without stripes generates anomalous scaling δ > 0.5 as
a result of either Stationary Fractional Brownian Motion
(SFBM) or Aging Fractional Brownian Motion (AFBM).
It may also generate anomalous scaling generated by a
combination of SFBM and AFBM. The scaling of SFBM
may be larger than the scaling of AFBM and the adoption
of stripes filters the anomalous contribution generated
by non crucial events including the non crucial SFBM
events. Note that AFBM is the form of memory gener-
ated by crucial events,

It is important to stress that the method of stripes can
be adopted to establish if cognition is due to criticality or
due to quantum coherence [40]. This difficult issue will
be discussed in Section V. Here, we limit ourselves to
point out that if cognition is due to criticality and µ > 2
then the connection between scaling and crucial events is
given by

µ = 1 +
1

δ
. (13)

FIG. 3: Number of photons emitted during the
germination of lentils. The red dashed lines represent

different regions during the germination process.

IV. RESULTS

The results of this Section refer to three questions: (a)
Does µ change with time throughout the germination
process? (b) If not, what is the value of µ that rep-
resents the intelligence of the germination process? (c)
Does the analysis reveal a significant statistical difference
between the dark and the germinating state so as to make
it plausible to conjecture that cognition emerges during
the germination process?

Fig. 3 shows the photon emission from the start of the
experiment until the germination process ends with the
six regions (separated by the red dashed lines) referring
to different stages of analysis. Applying DEA in these
different regions, we found the scaling δ which is given
by Eq. 7 and the corresponding µ according to Eq. 12
reported in the Table I. The errors given by the mean
squared error (MSE) in Table I are numerical correspond-
ing to the line of best fit when determining δ.

FIG. 4: DEA on region 1.

We see from Table I that the analysis with no stripes
yields a scaling significantly larger than the scaling ob-
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TABLE I: The scaling µ using DEA in the six
different regions of the time series.

DEA Scaling

without stripes with stripes

Region δ1 MSE µ1 δ2 MSE µ2

1 0.773 5.8E-4 2.293 0.596 5.3E-4 2.676

2 0.796 2.7E-4 2.254 0.558 8.5E-4 2.789

3 0.736 3.9E-4 2.358 0.526 1.5E-3 2.897

4 0.737 1.1E-3 2.355 0.496 1.2E-3 3.016

5 0.694 7.9E-4 2.440 0.509 5.07E-4 2.960

6 0.725 7.5E-4 2.377 0.504 1.0E-3 2.982

tained from DEA supplemented by the use of stripes.
This indicates that although crucial events exist in the
first three temporal regions, the real value of µ detected
by stripes is much closer to µ = 3, the border with the re-
gion of ordinary statistical physics, with no complexity.
For the last three temporal regions we cannot rule out
the possibility that no crucial events exist and that the
anomalous scaling, with a significant departure from the
ordinary scaling δ = 0.5, is due to SFBM. The authors
of Ref. [40] demonstrated that the dynamical origin of
SFBM is a generalized Langevin equation that is derived
using the formalism of quantum mechanics [41], thereby
suggesting that SFBM may be a manifestation of quan-
tum coherence.

Fig. 4, referring to region 1, shows how the results of
Table I are obtained. Using the concept of intermediate
asymptotics [42], we evaluate the slope of S(l) in an inter-
mediate region between the region of short values of l and
the region of large values of l. The region of short values
of l is a region of transition to complexity. The region of
large values of l is either a region of transition to ordinary
statistics [20–22] or a region where the scarcity of events
makes the evaluation of complexity inaccurate. The er-
rors (given by MSE) of Table I measure the inaccuracy
associated in determining the intermediate asymptotics.

Fig. 5 illustrates the results of our attempts at an-
swering question (a). The results of this figure are ob-
tained by examining portions of different length L of the
experimental sequence. The starting point of these dif-
ferent portions is always the beginning of the experimen-
tal sequence. Increasing the length L has the effect of
improving the accuracy of the evaluation of µ, yielding
µ ≈ 2.2, however, µ is largely independent of the length
of the time series L. We ignore the region of large values
of l which may be affected by either the termination of
the germination process or by the inaccuracy due to the
scarcity of crucial events.

We may answer questions (a) and (b) with the results
of DEA supplemented by stripes. The resulting values
of µ do not significantly change with time and remain
in the region of µ significantly smaller than 3 which is
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FIG. 5: DEA without stripes with changing length L.
Different curves illustrate S(l) for time series of

different length, obtained observing experimental data
from the time origin up to L.

compatible with the temporal complexity values of neu-
rophysiological processes.

As far as the question (c) is concerned, we address this
issue using DEA without stripes and with stripes as il-
lustrated in Fig. 6. The results obtained with stripes
lead us to conclude that no temporal complexity exists
in the dark state. There is, however, a coherent contribu-
tion that is much weaker than the coherent contribution
emerging in the long-time region of the germination pro-
cess. It does not conflict with the main conclusion of this
paper that a significant deviation from ordinary scaling
either coherent or temporarily complex is due to the ger-
mination process. We limit ourselves to notice that the
dark state is just the electronic noise. The coherence of
the dark state is something inherent to the instrument
we are using that was never analyzed, to the best of our
knowledge, with the DEA method thereby making it dif-
ficult to afford a plausible explanation which is out of
scope of this paper.

V. DISCUSSION

The method of DEA has been applied in the recent
past to a variety of problems such as the application to
DNA sequencing [43]. In this case, the DNA sequence is
characterized by long laminar regions with purines alter-
nated by long laminar region with pyrimidines. The value
of µ in those cases is slightly larger than 2. The recent
work of Refs. [44, 45] shows that the music of Mozart
hosts crucial events with µ = 2. It is important to stress
that according to the principle of complexity matching
[46], two complex systems communicate mainly through
their crucial events. This is the reason why the music of
Mozart is perceived as being very attractive. In fact, ac-
cording to Refs. [44, 45] the crucial events hosted by the
music of Mozart match the crucial events of the human
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FIG. 6: (From top) Black squares represent DEA
without stripes applied to the dark state and the

corresonding red dashed line shows the fitting with
scaling δ = 0.575. Blue triangles represent DEA with

stripes applied to the dark state and the corresponding
orange dashed line shows the fitting with scaling

δ = 0.508.

brain.
Note that the spectrum S(f) in case when anomalous

diffusion is generated by crucial events has the 1/f noise
form

S(f) ∝ 1

fβ
, (14)

with [47]

β = 3− µ, (15)

thereby yielding the ideal 1/f noise when µ = 2.
In the extreme limit where anomalous diffusion is only

due to FBM it is known [47] that

β = 2δ − 1, (16)

yielding the ideal 1/f noise when δ = 1.
The results of Table I show that in the first three ger-

mination regions a mixture of these two conditions of
anomalous diffusion is realized. In the last three germi-
nation regions the FBM applies, suggesting the influence
of quantum coherence [40]. Therefore, we are forced to
adopt a physical interpretation of the transport of in-
formation that cannot rest only on the role of crucial
events. Nevertheless, we think that this paper affords
an important contribution to the revolution occurring in
biology [1, 3, 4]. This is so because, first of all, to the
best of our knowledge, in the current literature no re-
search work has revealed the existence of crucial events
in germination processes. Here, we show that they exist
in the first phase of the germination process. Although

many authors emphasize the importance of quantum co-
herence for cognition, including authors believing that
biophotons favor cell-to-cell communication, there is no
prescription on how to measure and determine the inten-
sity of quantum coherence.

We believe that the results of this paper will lead to
future research work where the role of quantum coherence
can be established with more precision, by evaluating
the spectrum S(f) and deepening the quantum coherence
properties discussed in Ref. [40].

In the literature of biophonons there are indications
that the cell to cell communication through light is a
plausible communication mechanism, however, there are
obstacles to showing this due to the unfavorable signal-
to-noise ratio of the signal detection by cells [31]. The
authors of Ref. [31] discuss the limitation of the fa-
mous theory of stochastic resonance. We want to stress
that the complexity matching theory of [46] is a much
more advanced approach making it possible to estab-
lish communication through one single realization rather
than an average over an ensemble of realizations, com-
patible with the joint action of coherence and crucial
events. This interpretation may lead to an agreement
with that adopted, for instance by Fels [48] where the
belief is that the transfer of information and the intelli-
gence itself are based on quantum coherence [28, 29]. In
our perspective, however, the origin of cognition is a pro-
cess of self-organization [20, 21] of the components of the
seeds corresponding to water-induced germination. This
process of self-organization generates both crucial events
and quantum coherence.

These arguments can be used to support our convic-
tion that crucial events exist in the first three temporal
regions of the germination process. In the last three re-
gions, the scaling remains significantly anomalous but
the main origin of this anomaly is SFBM and according
to Ref. [40] this may be a sign of quantum coherence.
This leaves room to the supporters of quantum coher-
ence to explain the emergence of cognition. We cannot
rule out that the kind of criticality involved by the ger-
mination process requires a form of phase transition that
is not yet known. It has to be stressed that Mancuso [49]
and Mancuso anf Viola [50] use the concept of swarm
intelligence with reference to the non-hierarchical root
network. Thus, it may be beneficial to supplement their
observations noting that the first time region of germi-
nation may have to do with the birth of this surprising
root intelligence.
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[10] F. Vanni, M. Luković, P. Grigolini, Criticality and Trans-
mission of Information in a Swarm of Cooperative Units,
Phys. Rev. Lett. , 107, 078103 (2011).

[11] T. Vicsek, A. Czirok, E. Ben-Jacob, I. Cohen,O. Shochet,
Novel Type of Phase Transition in a System of Self-
Driven Particles, Phys. Rev. Lett. , 75, 1226 (2011).

[12] Y. T. Contoyiannis, F.K. Diaconos, A. Malakis, Intermit-
tent Dynamics of Critical Fluctuations, Phys. Rev. Lett.,
89, 035701 (2002).

[13] H. G. Schuster, Deterministic Chaos, VCH, New York,
(1988).

[14] P. Paradisi, P. Allegrini, A. Gemignani, M. Laurino, D.
Menicucci, A. Piarulli, Scaling and intermittency of brain
events as a manifestation of consciousness, AIP Conf.
Proc., 1510, 151 (2013); doi: 10.1063/1.4776519.

[15] P. Paradisi, P. Allegrini, Intermitttency-Driven Com-
plexit in Signal Processes, Chapter 10 of R. Barbieri, E. P.
Scilingo, G. Valenza, editors, Complexity and Nonlinear-
ity in Cardiovascular Signals, Springer , Gewerbestrasse
11, 6330 Cham, Switzerland (2017).

[16] P. Allegrini, V. Benci, P. Grigolini, P. Hamilton, M.
Ignaccolo, G. Menconi, L. Palatella, G. Raffaelli, N.
Scafetta, M. Virgilio, J. Yang, Compression and diffu-
sion: a joint approach to detect complexity, Chaos, Soli-
tons and Fractals, 15, 517 (2003).

[17] P. Allegrini, D. Menicucci, R. Bedini, L. Fronzoni, A.
Gemignani, P. Grigolini, B. J. West, P. Paradisi, Spon-
taneous brain activity as a source of ideal 1/f noise Phy.
Rev. E 80, 061914 (2009).

[18] G. Bohara, D. Lambert, B. J. West, P. Grigolini, Cru-
cial events, randomness, and multifractality in heartbeats,
Phys. Rev. E, 96, 062216 (2017).

[19] R. Tuladhar, G. Bohara, P. Grigolini, B. J. West,
Meditation-Induced Coherence and Crucial Events, Fron-
tiers in Physiology, 9, 426 (2018).

[20] K. Mahmoodi, B. J. West, P. Grigolini, Self-Organizing
Complex Networks: individual versus global rules, Fron-
tiers in Physiology, 8, 478 (2017).

[21] K. Mahmoodi, B. J. West, P. Grigolini, Self-Organized
Temporal Criticality: bottom-up resilience versus top-
down vulnerability, Complexity (2018).

[22] K. Mahmoodi, P. Grigolini, B.J. West, On social sensi-
tivity to either zealot or independent minorities, Chaos,
Solitons and Fractals, Chaos, Solitons and Fractals, 110,
185 (2018).

[23] A.G. Gurwitsch, Die Natur des spezifischen Erregers der
Zellteilung Arch. Entw. Mech. Org. 100, 11 (1923).

[24] T. Reiter and D. Gabor, Ultaviolette Strahlung und
Zellteilung, Wissenschaftliche Verffentlichungen aus dem
Siemens-Konzern, Berlin (1928).

[25] L. Colli, U. Facchini, Light Emission by Germinating
Plants, Il Nuovo Cimento, 12, 150 (1954).

[26] L, Colli, U. Facchini, G. Guidotti, R. Dugnani Lonati, M.
Orsenigo, O. Sommariva, Further Measurements on the
Bioluminescence of the Seedlings, Experientia, 11, 479
(1955).

[27] F.A. Popp, Q. Gu and K.H. Li, Biophoton Emission: Ex-
perimental Background and Theoretical Aproaches, Mod-
ern Physics Letter B, 8, 1269 (1994).

[28] R. van Wijk, Light in Shaping life: Biophotons in Biology
and Medicine, Meluna, Tiel (2014) .

[29] F. A. Popp, Consciousness as Evolutionary Process
Based on Coherent States, NeuroQuantology, 6, 431
(2008).

[30] T. Wilson, J. W. Hastings, Bioluminescence, Annu. Rev.
Cell Dev. Biol, 14, 197 (1998).

[31] O. Kucera, M. Cifra, Cell-to-cell signaling through light:
just a ghost of chance?, Cell Communication and Signal-
ing, 11, 87 (2013).

[32] R. Tang, J. Dai, Biophoton signal transmission and pro-
cessing in the brain, Journal of Photochemistry and Pho-
tobiology B: Biology, 139, 71 (2014).

[33] S. Kumar, K. Boone, J. Tuszyński, P. Barclay, C. Simon,
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