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Almost two decades of research on applications of the mathematical formalism of quantum theory as a
modeling tool in domains different from the micro-world has given rise to many successful applications
in situations related to human behavior and thought, more specifically in cognitive processes of decision-
making and the ways concepts are combined into sentences. In this article, we extend this approach to
animal behavior, showing that an analysis of an interactive situation involving a mating competition
between certain lizard morphs allows to identify a quantum theoretic structure. More in particular,
we show that when this lizard competition is analyzed structurally in the light of a compound entity
consisting of subentities, the contextuality provided by the presence of an underlying rock-paper-scissors
cyclic dynamics leads to a violation of Bell’s inequality, which means it is of a non-classical type. We
work out an explicit quantum-mechanical representation in Hilbert space for the lizard situation and
show that it faithfully models a set of experimental data collected on three throat-colored morphs of a
specific lizard species. Furthermore, we investigate the Hilbert space modeling, and show that the states
describing the lizard competitions contain entanglement for each one of the considered confrontations of
lizards with different competing strategies, which renders it no longer possible to interpret these states
of the competing lizards as compositions of states of the individual lizards.

© 2014 The Authors. Published by Elsevier B.V. Open access under CC BY license.
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1. Introduction

This article looks into the challenging question of whether quan-
tum structures are present in aspects of animal behavior. More
specifically, we discuss an example that reveals contextuality and
the appearance of entanglement in a proposed quantum theoretic
model for the mating competition of three male morphs of Uta
stansburiana lizards.

The first step leading to the result we put forward in the present
article was related to our study of biological evolution based on a
specific situation involving the rock-paper-scissors (RPS) game as
an example. We observed (Aerts et al., 2011) that when the RPS
game was regarded as a coincidence experiment, it allowed for
violation of Bell’s inequality (Bell, 1964).
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The presence of contextuality in a situation of a compound entity
consisting of two subentities essentially means that what happens
with one of the subentities affects the behavior of the other suben-
tity, which as a general situation is quite common. Contextuality
can hence readily be identified in the case of the RPS dynamics,
when the two players involved in the interaction are looked upon
as a compound entity comprising two subentities. Indeed, whether
one of the players wins or loses depends essentially on what the
other player does.

It has been shown in the foundations of quantum theory that
if this contextuality - in addition to its readily identifiable effect
of one subentity functioning as a context for the other subentity —
leads to a violation of Bell’s inequality, this is indicative of the pres-
ence of a special type of contextuality which cannot be modeled
classically and which, when modeled quantum-mechanically, is
expressed by the appearance of entanglement in the state of
the compound entity (Accardi and Fedullo, 1982; Aerts, 1986;
Pitowsky, 1989). In the following we will refer to this type of
‘Bell’s inequality violating contextuality’ as ‘non-classical contex-
tuality’. The presence of entanglement in the state of the compound
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entity means that this state cannot be described any longer as the
composition of two states, where each one is a state of one of the
subentities. The compound entity entails a new type of difficulty
when attempted to be interpreted as two subentities, which is the
fingerprint of the presence of quantum structure for any situation
of compoundness. This is why finding Bell’s inequality to be vio-
lated by the ideal RPS game to us was a straightforward reason to
investigate whether a quantum structure was involved in this RPS
dynamics.

The relevance of this insight to biology only became clear when
some of us learned that the RPS game had been used as a model-
ing scheme for specific types of dynamical situations in population
ecology, including the famous ‘paradox of the plankton’, where
it is referred to as cyclic or multiple competition (Huisman and
Weissing, 1999; Huisman et al., 2001; Schippers et al., 2001; Laird
and Schamp, 2008; Allesina and Levine, 2011). Also, situations of
competing lizard species were studied intensively by consider-
ing cyclic competition as a fundamental aspect of their dynamics.
More specifically, one of us discovered an RPS strategy in the mat-
ing behavior of the side-blotched lizard species Uta stansburiana
(Smith, 1996; Sinervo and Lively, 1996). It was found that males,
having either orange, blue or yellow throats, follow heritable mat-
ing strategies. As in the RPS game, where scissors cut paper, rock
crushes scissors, and paper wraps rock, the three-morph mating
system is such that the wide-ranging ultradominant strategy of
orange males is defeated by the sneaker strategy of yellow males,
which is in turn defeated by the mate-guarding strategy of blue
males. The orange strategy defeats the blue strategy, to complete
the dynamic cycle. This ‘lizard game’ presents a stable patternin the
replicator dynamics where the dynamical system follows closed
orbits around a mixed strategy Nash equilibrium (Smith, 1996;
Sinervo and Lively, 1996; Sinervo, 2001; Sinervo et al., 2006, 2007).
And indeed, if we regard two competing lizard morphs as a com-
pound entity of two individual lizard morphs, we can recognize
the same type of contextuality that we identified for the ideal RPS
game; whether one of the lizards in competition will impregnate
a female depends essentially on the color of the other lizard. Addi-
tionally, Bell’s inequality is violated also for the lizard morphs, as
we will explicitly show in Section 4, investigating in detail the con-
textuality that is apparent in the lizard competition. This explains
our motivation to build a quantum-theoretic model for this lizard
ecosystem.

Identification of quantum structure in the lizard dynamics can
be seen as an example of the use of the mathematical formalism
of quantum theory as a modeling instrument in domains different
from the micro-world. This approach has led to interesting results
in recent years and is now an active and emergent research field in
itself. In cognitive science (concept theory and decision theory), in
economics (finance and behavioral economics), and in computer
science (semantic theories, information retrieval, and artificial
intelligence), several situations have been identified where applica-
tion of classical structures is problematic, whereas modeling based
on quantum structures is successful (Aerts and Aerts, 1995; Van
Rijsbergen, 2004; Aerts and Czachor, 2004; Aerts and Gabora, 2005;
Busemeyer et al., 2006, 2011; Pothos and Busemeyer, 2009, 2013;
Bruza et al., 2009; Aerts, 2009; Lambert-Mogiliansky et al., 2009;
Khrennikov, 2010; Trueblood and Busemeyer, 2011; Aerts et al.,
2013b,a; Busemeyer and Bruza, 2012).

An important point to be made for the above-mentioned
approaches is that it is not the presence of microscopic quantum
processes that is considered to be at work to give rise to the appear-
ance of quantum structure in these different domains. Rather the
situationis such, thatitis possible to identify in these domains some
typical quantum features, such as the quantum-type of contextu-
ality and entanglement, and it are these features themselves that
give rise to the presence of quantum structure. We will identify this

type of quantum structure for the lizard ecosystem. It is interesting
to mention in this respect, that in a comparable way such quan-
tum structure has been found to be quite systematically present in
human cognition, in the processes of decision-making (Aerts and
Aerts, 1995; Busemeyer et al., 2006, 2011; Pothos and Busemeyer,
2009, 2013; Trueblood and Busemeyer, 2011; Busemeyer and
Bruza, 2012), and in the dynamics of how humans use and com-
bine concepts (Aerts and Gabora, 2005; Aerts, 2009; Aerts et al.,
2013b,a).

In our investigation of the lizard ecosystem we construct an
explicit quantum-theoretic representation in a complex Hilbert
space of the underlying RPS-like dynamics that gives rise to the
cyclic pattern of frequencies in the population identified exper-
imentally. To accomplish this, we make use of the specific rules
of the quantum formalism to calculate the probabilities in this
underlying RPS-like dynamics in a way that allows to faithfully
represent the experimental data gathered by one of us on the pop-
ulation frequencies over the last two decades. In Sections 2 and 3,
we introduce our lizard system and explain the main aspects of
our approach and modeling of the underlying RPS-like dynamics.
We analyze how contextuality is one of its essential features. The
latter notion is analyzed in detail with respect to the lizard com-
petition in Section4. In Section 5, we put forward the notions of
the quantum-mechanical formalism that are needed in our paper,
and in parallel we work out a Hilbert space model for the RPS-type
lizard game. We show that the self-adjoint operators representing
the confrontation events (called ‘measurements’ in quantum jar-
gon) in the lizard competition do not commute, which means that
the probability structure connected to them is non-classical. In Sec-
tion 6 we analyze the ‘lizard morphs situation’ explicitly from the
perspective of a compound entity consisting of a subentities situ-
ation, a situation well-known and studied in quantum theory, and
we show that, following such a quantum analysis of compoundness,
this lizard morphs situation involves entanglement in its states for
each of the considered measurements. The problem with a Kol-
mogorovian probability model for the lizard game is analyzed in
Section 7. Finally, in our conclusions of Section 8, we put forward
ideas for future investigation. The general result obtained supports
intuitions that dynamical systems based on non-Kolmogorovian
probability may provide a fruitful conceptual framework for real-
life interactions of populations (Aerts et al., 2013).

2. The RPS-type nature of the lizard dynamics

Before we provide proof of a quantum-like dynamical structure
underlying the competing morphs of the lizard Uta stansburiana, we
briefly sketch some game-theoretic aspects of population ecology.

Species competition can be reformulated in terms of evolution-
ary game dynamics describing how the frequencies of strategies
within a population change in time, according to their success.
Game theory typically deals with an individual (player) who is
engaged in a given interaction (game) with other players and can
decide between different options (strategies). Depending on the
strategies of a player and its co-players a payoff is realized, and
the possible maximization of this payoff is one of the fundamental
aspects of game-theory. Evolutionary game dynamics thus deals
with populations of players programmed - genetically or possi-
bly also induced by the environment - to use the same strategy.
Strategies with high payoff will spread within the population,
where the payoffs depend on the actions of the co-players and
hence on the frequencies of the strategies within the population.
In classical evolutionary game theory, one typically assumes that
the elements of the pay-off matrix are time invariant and evo-
lution of the system takes place as frequency-dependent fitness
changes, thereby changing the relative success and the probability
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of encountering each strategy over time. In evolutionary biology,
the strategies can be identified with morphs, and many species
exhibit color polymorphisms associated with alternative male
reproductive strategies (Sinervo and Lively, 1996; Sinervo et al.,
2007; Sinervo and Calsbeek, 2006). The prevalence of multiple
morphs is a challenge to evolutionary theory because a single strat-
egy should prevail unless morphs have exactly the same fitness or a
fitness advantage when rare. One of us has shown in several papers
that the three color morphs of side-blotched lizards, Uta stansburi-
ana, follow an underlying RPS-like dynamics (Sinervo and Lively,
1996; Sinervo, 2001; Sinervo et al., 2006; Sinervo and Calsbeek,
2006; Bleay et al., 2007). More precisely, males have either orange
(0), blue (b) or yellow (y) throats and each type follows a fixed
mating strategy, as follows:

(i) Orange-throated males are strongest and do not form strong
pair bonds; instead, they fight blue-throated males for their
females. Yellow-throated males, however, manage to copulate
with females in the orange male harems. The large size and
aggression is caused by high testosterone production (Mills
etal., 2008).

(ii) Blue-throated males are smaller in size and form strong pair
bonds. While they are outcompeted by orange-throated males,
they can defend against yellow-throated ones via co-operation
with other blue-throated neighbors. Because blue-throated
males produce less testosterone, they are not as strong as
the orange-throated males, but it gives them the advantage
of being less aggressive and able to form strong pair bonds,
and also engage in territorial co-operation with neighboring
blue-throated males (Sinervo et al., 2006).

(iii) Yellow-throated males are smallest, and their coloration mim-
ics females. This enables them to approach females in the
harems of orange-throated males and mate when the latter
are distracted. This is less likely to work with a female that has
bonded with a blue-throated male, and by virtue of his vigilant
co-operative blue-throated male partner.

Points (i)-(iii) can be summarized as “o beats b, b beats y, and y
beats 0”, which is similar to the RPS rules. Therefore o and y provide
contexts for b, and in turn, b and y provide contexts for o, and finally
o and b provide contexts for y. Thus, the interaction of the ‘RPS
lizards’ exposes a deeper underlying contextuality beyond the indi-
vidual players, since their strategy is unchangeably fixed by their
color.

Fundamentally it is the structure of the underlying RPS-like
dynamics that entails the quantum structure of the model we
will construct. For an ideal RPS-situation, where paper beats rock,
scissors beats paper, and rock beats scissors, no probabilities are
involved but certitudes (probabilities equal to 1 or 0). We will see
in the following that, even for this ideal RPS situation, Bell-type
inequalities are violated, which shows that also in this determinis-
tic limit case, contextuality is present. It is contextuality which gives
rise to non-classical quantum-like structure tested by the Bell-type
inequalities. Of course, the real-world situation, with male lizards
confronting each other in competition for a female, does not reflect
‘he ideal RPS-situation. The experimental data (next section) shows
‘hat outcome probabilities not equal to 1 or 0 are valid for the
-eal-world situation. This means that the contextuality — which is
leterministic for the true RPS-game - is probabilistic in the real-
~orld case of the lizards.

We must therefore first calculate, for the underlying RPS-like sit-
1ation, the outcome probabilities of male lizards of different colors
~vinning or losing a mutual competition for females. Although these
yutcome probabilities are at the origin of the measured cyclic fluc-
-uations in the frequency data collected in lizard experiments, they
-annot be measured directly. In the next section we explain how
~e calculate the outcome probabilities starting from data collected

by Bleay et al. (2007). The first step in our aim is to (i) prove that
the RPS-like outcome probabilities violate Bell’s inequalities, and
hence cannot be represented within a Kolmogorovian probability
model and, (ii) build a Hilbert space model that does represent these
probabilities quantum-theoretically, and show explicitly how the
considered measurements correspond to non-commuting observ-
ables within this Hilbert space representation.

3. Calculating the RPS-type outcome probabilities

In Bleay et al. (2007), the mutual confrontations of the different
lizard morphs are described as a cyclic RPS-like dynamics: orange
beats blue, blue beats yellow and yellow beats orange. So we can
choose to identify orange with rock, blue with scissors and yellow
with paper.

In order to identify the RPS-like scheme quantitatively we con-
sider their experiments more closely. The relevant data (Bleay et al.,
2007, Figue 1) concerns ‘male fitness’, measured by counting the
proportion of clutch sired by the different male morphs, orange,
yellow, or blue in a frequency-controlled female environment. The
experiments were performed in three variations, with each vari-
ation specifically controlling the ‘male morph frequency within
a female’s social neighborhood’. In particular, one variation con-
trolled the orange male morph frequency within a female’s social
neighborhood, the second variation, the yellow male morph fre-
quency, and the third, the blue male morph frequency.

A first consideration of these data shows how the ‘outcome
probabilities’ are contained in the morph color frequency of the
female’s clutch measured in the experiment. E.g. in the variant with
controlled frequency of orange morphs in a female’s social neigh-
borhood, the all-orange female environment leads to the clutch
proportions of 0.28 orange hatchlings, 0.53 yellow hatchlings,
and 0.19 blue hatchlings. Thus, socially surrounded by all-orange
morphs, the yellow ‘sneakers’ manage to sire more hatchlings than
the orange ones. The blue morphs are less successful in this situa-
tion. These clutch color proportions therefore express a weighted
mean of outcome probabilities of mutual morph color competi-
tions.

In order to extract outcome probabilities from these clutch color
proportions, we put forward the following hypotheses concerning
the competition for a female between a particular color morph and
another particular color morph, where the female’s clutch is sired
by one of them.

(i) Only one of the competing males sires the given progeny of the
female, and since it is color proportion we measure, only one of
the male morph colors ‘wins’ and the other morph color then
‘loses’, with respect to this measurement of fertility. We thus
define ‘win’ and ‘lose’ in the following way. A specific morph
color ‘wins’ in a competition with another morph in case its
color is transferred - as a result of male confrontations and
sperm competition - to the hatchlings being born in the given
progeny of the female they compete for. The morph is defined
to ‘lose’ in case it does not win.

(ii) We specify in a way compatible with our general definition of
‘win’ and ‘lose’ what happens in case of a ‘draw’. With the win-
lose definition we just introduced, in the case of two morphs of
the same color competing, a hatchling is sired by their common
color and as a consequence they both win.

(iii) The competition situation is symmetric. We will suppose that
only the confrontation of the two different strategies corre-
sponding to the two morph colors determines the dynamics
and hence the result of winning or losing.

(iv) Since even if in a female’s social neighborhood males of only
one morph color are maximally present, all morph colors still
appear among the hatchlings, the underlying dynamics cannot
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be that of the ideal RPS-game. Thus color competition outcome
probabilities can be different from both 1 and 0.

We introduce the following notation to be able to express the
content of hypotheses (i), (ii), (iii) and (iv). We denote by

plab)yy  plab)iz plab)y;  plab)y; (1)

the probabilities that for two morphs with colors a and b con-
fronting each other, there is a situation of ‘win, win’, this is p(ab)1,
of ‘win, lose’, this is p(ab)12, of ‘lose, win’, this is p(ab),1, and of ‘lose,
lose’, this is p(ab),,. Hence, the ‘1’ or ‘2’ in the subscript slots signify
‘win’ and ‘lose’.

We will, for a and b interchangeably, allow the colors of the
morphs to be used, with letters o, y and b. Since the four outcomes
{11, 12, 21, 22} exhaust all possibilities, we have:

2
> plab); =1 (2)

ii=1

The above-mentioned hypotheses can now be expressed math-
ematically by means of these probabilities.

plab)yy =p(ab); =0 p(ab)i, +plably; =1 if a#b (3)
plaa)y; =1, p(aa)y = p(aa); = p(aa)y =0 (4)
plab);; = p(ba);; (5)
0 < p(ab); <1 (6)

Now we complete the model with the observation we previ-
ously made in the experiment (Bleay et al., 2007), and its first
variation and specifically in its all-orange female social neighbor-
hood. Let us denote by wy(0) = 0.35, w,(y) = 0.41 and wy(b) = 0.24
the proportions of orange, yellow and blue hatchlings found in
the female’s clutch. Each of these color appearances is the conse-
quence of competitions taking place in the all-orange environment.
And competitions can in principle be of six different types, orange-
orange, orange-yellow, orange-blue, yellow-yellow, yellow-blue
and blue-blue. In a given situation of a female’s social neighbor-
hood the color proportions in the clutch are therefore determined
completely by (i) the fraction of each type of the six possible con-
frontations taking place, and (ii) the outcome probabilities for each
of the confrontations, because indeed, due to (3) and (4), each one of
such confrontationd leads to one unique color in the clutch, and the
probability of this happening is given by the outcome probability.

Since we do not know the relative importance of each type of
confrontation, we will assign a number P.(ab) to the fraction of
confrontations of colors a and b taking place in the female social
neighborhood of color c. Since color confrontations are symmetric,
these assigned weights satisfy P.(ab) = P-(ba).Since P.(ab) represent
fractions, we have, for an arbitrary c, the following normalization:

Pc(0ob) + Pc(0y) + Pc(00) + Pc(yb) + Pc(yy) + Pc(bb) = 1 (7)

Each P.(ab) represents the fraction of confrontations (ab) that,
due to (3) and (4), can lead to offspring with either color a or b.
This means that, for a #+ b, and applying (3), P.(ab)p(ab);5 is the
proportion of a-colored offspring in the clutch, for a female envi-
ronment of color ¢ - since p(ab);, is the probability that a wins
over b - and P.(ab)p(ab),; is the proportion of b-colored offspring
in the clutch, for a female environment with color c, since p(ab);;
is the probability that b wins over a. Finally applying (4), we find
Pc(aa)p(aa);1 = Pc(aa) is the proportion of a-colored offspring in the
clutch, for a female environment of color c.

We expect in environment ¢ most of the confrontations to be of
the type (ca), with a one of the three colors, and hence confronta-
tions of the type (ab), witha # c,and b # c, to be minimal, possibly
negligible. The derivation of the outcome probabilities from the

data in Bleay et al. (2007) that we present in the following, is gen-
eral enough to take into account this asymmetry due to the focus
on the social environment color of the female, as will become clear
in the following. Besides the colored proportions of the clutch in
orange social environment wy(a), we introduce now the notation
we(a) expressing the proportions of a-colored hatchlings found in
the female’s clutch for a social environment of color c in general.
Since all color-specific proportions constitute the full clutch, we
have for arbitrary c,

we(0) + we(y) +we(b) =1 (8)

and the values of all nine w(a) were determined experimentally in
Bleay et al. (2007). We have introduced now all necessary elements
to derive the equations for calculating the outcome probabilities
from the fractions of the colors in the clutch. For an arbitrary c,
representing the color of the female social environment, we have

Pc(00)p(00)11 + Pc(0y)p(0y)12 + Pc(0b)p(ob); = we(0) (9)
Pc(yy)p(¥y)11 + Pc(0y)p(oy)p1 + Pc(yb)p(yb)12 = we(y) (10)
Pc(bb)p(bb)i1 + Pc(ob)p(0ob)yq + Pc(yb)p(yb)y1 = we(b) (11)

Let us interpret these equations, for example, for an orange
social environment of the female. There are three of the six pos-
sible confrontations that can give rise to orange offspring, they are
(00), (0y), and (ob). Each time, however, they will contribute to
orange offspring only if ‘orange wins’. The outcome probabilities
expressing these events are p(00)11 =1, p(oy)12 and p(ob)1». This is
the content of (9) for ¢ being orange. There are also three of the six
possible confrontations that can give rise to yellow offspring, they
are (yy), (oy), and (yb). Each time, however, they will contribute to
yellow offspring only if ‘yellow wins’. The outcome probabilities
expressing these events are p(yy)11 =1, p(oy)21 and p(yb)12. This is
the content of (10) for cbeing orange. There are again three of the six
possible confrontations that can give rise to blue offspring, they are
(bb), (ob), and (yb). Each time, however, they will contribute to blue
offspring only if ‘blue wins’. The outcome probabilities expressing
these events are p(bb)11 =1, p(ob),1 and p(yb),;. This is the content
of (11) for ¢ being orange. In a straightforward generalization, the
six additional equations, three for ¢ being yellow, and three for ¢
being blue, are interpreted analogously.

We must now solve these nine equations. The right-hand side
elements of the equations are experimentally determined, and
more specifically we extract from Bleay et al. (2007), Figure 1, the
following values

wo(0) =0.28 wo(y) = 0.53 wo(b) =0.19 (12)
wy(0) =0.15 wy(y)=0.30 wy(b) =0.55 (13)
wp(0)=0.54  wy(y)=0.14 wp(b) = 0.32 (14)

Also the three trivial outcome probabilities

p(00)11 =p(yy)11 =p(bb);1 =1 are known. Only three of the out-
come probabilities p(ab);; are independent due to symmetries and
closure, (3), (5), and fifteen of the fractions of confrontations P(a,
b) are independent due to symmetry and closure.

While this system of equations does not lead to a unique solu-
tion, one can check as proof of concept that the following solutions
solve the system of equations:

p(oy)z; =0.88 p(oy)1, =0.12 (15)
p(yb)y1 =0.82  p(yb);, =0.18 (16)
p(bo)y; =0.72 p(bo);, =0.28 17)
with

Py(00)=0.10 Py(0y) = 0.49 Po(0b) =0.17 (18)
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Po(yy) =0.08  Po(yb)=0.08  Po(bb)=0.08 (19)
Py(00) =0.08 Py(oy) =0.11 Py(ob) =0.08 (20)
Py(yy)=0.11  Py(yb)=0.55  Py(bb)=0.07 (21)
P,(00)=0.08  Py(oy)=0.07  P,(ob)=0.63 (22)
P,(yy)=0.06  Py(yb)=0.08  P,(bb)=0.08 (23)

This solution was generated using a simplex algorithm and can
be steered by feeding initial values to the parameters. The present
solution should not necessarily reflect a true natural configuration,
but only one possibility steered for small weights to confrontations
between two morph colors in a third-color social environment.

The model thus shows that the outcome probabilities obtained
from the experimental data confirm RPS-like probabilities: p(0y)a1,
p(yb),1 and (bo),; are all inclined to 1 for the RPS-‘win’, while
p(oy)12, p(yb)12 and p(bo);, are inclined to O for the typical RPS-
‘lose’.

4. Contextuality, the violation of Bell inequalities and of
the marginal law

The analysis in the foregoing section reveals the essential aspect
of the underlying RPS-type dynamics giving rise to the cyclic
permutations in the population densities, when the outcome prob-
abilities are to be modeled. It consists in considering the interaction
situation of two lizards competing for a female from the perspec-
tive of a compound entity (the two interacting lizards), consisting of
two subentities (each of the two lizards apart), and joint measure-
ments to be performed on the compound entity (the competing
strategies of the two lizards), resulting in outcomes that can be
interpreted for each of the subentities apart (both lizards can win
or lose, defined by ‘transferring its color to the offspring’, and hence
the ‘win’ or ‘lose’ is defined for each of the lizards apart). This situ-
ation of ‘compound entity’ and ‘joint measurements performed on
the compound entity, with outcomes interpretable as outcomes for
the subentities’, was investigated in great detail in quantum the-
ory, and will be used to analyze the lizards configuration (Aerts and
Sozzo, 2013a,b,c).

The Clauser-Horne-Shimony-Holt (CHSH) variant of Bell’s
inequalities is defined in physics by means of the ‘expectation
values’ of the joint measurements. These expectation values are
nothing but the weighted average value of an outcome, and the out-
come values themselves are typically set to +1 or —1. We will first
briefly explain the content of the CHSH inequality and subsequently
relate it to the present biological context.

Regarding the general content of the CHSH inequality, one
begins by considering a compound entity S comprising two suben-
tities S; and S, and prepared in a given state. This is followed by
simultaneous measurements of the observables a and b, each with
possible outcomes +1, on S; and S,, respectively. The statistics
of outcomes are collected and one calculates the expectation val-
ues E(ab)=p(ab)11 +p(ab)_1_1 —p(ab)_1.1 — p(ab)_1.1. Here, p(ab);
‘withi,j=41)is the probability of obtaining the pair (i,j) when mea-
suring ab, the joint measurement of a on S; and b on Sy, on the joint
system S. This procedure is repeated for the pair of measurements
a, b)), (a, b)and (a, b'). It is possible to prove that the collected

oint probabilities can be cast into a global classical Kolmogorovian
orobability space if and only if the following ‘Bell’s inequality’ is
satisfied

-2 <E(ab) —E(ab’) — E(a’b) + E(a'b’) < 2 (24)

It has been shown for micro-physical entities described by quan-
:um theory that if the initial state of the compound entity and
‘he measurements are properly chosen, the Bell’s inequality in

(24) is violated, which entails in particular that quantum prob-
abilities cannot be recovered in a Kolmogorovian framework, i.e.
they are non-Kolmogorovian. A case in which this violation occurs
is the case where the compound entity is prepared in a suitable
‘entangled state’, i.e. a state that cannot be written as a prod-
uct of a state of S; and a state of S, (see SectionG). One refers
to such a situation of violation due to the presence of an entan-
gled state as entanglement, and identifies entanglement as one
of the most important non-classical aspects of quantum theory.
Obviously, since the CSHS-inequality is merely a statistical tool, it
can be applied to any kind of entities, not necessarily pertaining
to particles of physics. It is straightforward to adapt it to the lizard
ecosystem, by suitably introducing states, joint measurements and
probabilities of outcomes, and it is remarkable that a simple calcu-
lation suffices to obtain the violation of the inequalities.

To this end, we proceed as follows. In the foregoing section we
introduced the joint probabilities for the joint measurements. For
the case of two interacting lizards with colors a and b considered
as a compound entity of the two subentities which are the two
individual lizards, they are given in (1). In line with its definition
in probability theory, we assign the value ‘+1’ to the outcome if a
confrontation of two morphs is of the symmetric type ‘win, win’,
or ‘lose, lose’. And we assign the value ‘—1’ to the outcome if a
confrontation of two morphs is of the mixed type ‘win, lose’, or
‘lose, win'. This means that the expectation value for such a joint
measurement is

E(ab) = p(ab);1 — p(ab); — p(ab),1 + p(ab)y, (25)

We can then use (24) above, where a, b, d’, and b’ are different
colors of morphs.
For two colors a and b we have

E(ab)=-1 if a+#b (26)
E(aa) = +1 (27)
Indeed, suppose that a # b, then from (3) we have

p(ab)q1 =p(ab),; =0 and p(ab)q +p(ab),; =+1. This means that

E(ab) = p(ab)y, — p(ab); — p(ab)y1 + plab)y; = —1 (28)

Using (4), and hence p(aa){1 =1, and p(aa),; =p(aa),1 =p(aa), =0,
it follows that

E(aa) = p(aa)y1 — p(aa);, — p(aa)y; +plaa), = +1 (29)

To violate the CHSH variant of Bell’s inequality, consider the
following colors. We take a to be orange, b also to be orange,
a to be yellow and b’ to be blue. We then have E(oo)=+1 and
E(ob)=E(yo)=E(yb)=—1. This gives

E(o0) — E(ob) — E(yo) — E(yb) = +4 (30)

hence a maximal violation with value +4 of the inequality.

Instead of analyzing exactly what the violation of the inequali-
ties (24) implies for the lizards system, we will in the remainder of
this paper explicitly construct the entangled states for the lizards
system, which are the real source for the violation of these inequal-
ities. Indeed, it should be noted that in effect the violation of
the CHSH inequality with the expectation values captures only a
restricted aspect of the source of this entanglement. This is also the
case in micro-physics, and it explains why many entangled states
can be realized that do not violate the inequalities. The inequalities
are only violated for specific and rather ‘extreme’ states of entangle-
ment. This means that it provides deep structural insights neither
here nor in micro-physics to focus on the violation itself, such struc-
tural insights being linked to the source of the violation, which is
entanglement. However, it can be shown that if the inequalities are
violated, the presence of entanglement must be the cause of this
violation.
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Additionally, in physics the connection has been investigated
(Accardi and Fedullo, 1982; Aerts, 1986; Pitowsky, 1989) between
the Bell inequality, its being satisfied or violated, and the possibility
to fit the joint probability used for its expectation values in a general
Kolmogorovian model. More precisely, it has been proven that if
the Bell-inequality is violated, the joint probabilities used for its
expectation values cannot be fit into a global Kolmogorovian model
for the considered situation - this will be investigated in detail in
Section 7.

Let us identify contextuality in the specific case of the lizards. As
we can see here, the question of which lizard wins or loses depends
essentially on the other lizard. This is true of the RPS game and it is
true of the ideal lizard dynamics. None of the players can influence
the outcome of a specific strategy in any way, because it wholly
depends on the other player’s strategy. This type of direct out-
come dependence, within a situation of a compound entity, and
outcomes and joint measurements identifiable for the subentities,
is known as ‘contextuality’. Of course, the above situation can also
be simply a case of classical contextuality. However, since we have
shown that Bell-type inequalities like CHSH (24) are violated for the
lizard situation, and, as we remarked already, this violation proves
the existence of entanglement, we can state that also the contex-
tuality identified in the lizard situation is of a non-classical type,
linked to the presence of entanglement. Additionally, in Section 5
below we will show that the lizard contextuality is related in a
direct way to non-commutativity of measurements, which makes
it non-classical also with respect to this aspect of non-classicality,
i.e. non-commutativity. How it is connected to entanglement itself
will be investigated in detail in Section 6.

There is another law which is important from a modeling per-
spective, namely ‘the marginal probability law’. This law refers to
the possibility to attribute individual probabilities to the outcomes
for each of the subentities, independently of the other subentity.
Violation of the marginal law involves a ‘deeper’ contextuality,
meaning that in addition to the outcome of one subentity depend-
ing on the state of the other subentity, the probability of an outcome
of this subentity depends on the state of the other subentity. The
situation of a compound entity, with joint measurements and out-
comes interpretable for the subentities, indeed allows to calculate
separate probabilities for each outcome of one subentity. In accor-
dance with the marginal law, such a calculation for one of the
subentities must produce values independently of what happens
with the other subentity.

This law is violated in our lizard situation. Indeed, consider any
color a for one of the lizards, and call p(a); the probability that
this morph of color a ‘wins’. We can then calculate the probability
in different ways, depending on what the other morph is. Indeed,
suppose that b is a color different from a, then we have

p(a); = p(aa)y; +plaa);; = +1 (31)
p(a); = p(ab)y; + plab)yy = p(ab)y, (32)

And p(ab); is different for different combinations of a and b,
and is only equal to 1 for some combinations in the ideal game.
More specifically, for the solution that we calculated from the data
inBleay et al.(2007),and that we presented in the foregoing section
in (16), (15) and (17), we have

p(y)1 =p(yo); +p(yo)1, =0.88 (33)
p(¥)1 =p(yb)y1 +p(yb)1, =0.18 (34)
P =p¥Yhi +pyy)h2 =1 (35)

which gives three different values for the probability that ‘a yellow
morph wins’, each value depending on what color the other morph
is. Given the RPS dynamics, we can understand that when the other
morph is orange this probability is bigger than when it is blue.

It can be shown that the violation of the marginal law - in a way
rather similar to the violation of Bell’s Inequality - also induces the
presence of entanglement. However, as we will analyze in Section
6, the entanglement caused by the violation of the marginal law is
structurally such that it cannot be modeled in the state alone and
also appears on the level of the measurements.

In the next section, we start elaborating an explicit Hilbert space
model providing our analysis with the necessary technical detail to
make explicit all elements we have introduced so far.

5. The construction of a Hilbert space model

In this section we construct an explicit Hilbert space model for
the probabilities that we propose as a solution in (15), (16) and
(17) for the data in Bleay et al. (2007). Parallel to its concrete con-
struction, we will explain the mathematics of quantum modeling
in Hilbert space, and the mathematics of Hilbert space itself. By
proceeding in this parallel way, we can likewise put forward the
essential elements of the type of model building we are engaging
in here. It will also enable us to point out in detail, in Section 7,
the problem that is encountered when a classical Kolmogorovian
model is attempted for this situation.

1. When quantum theory is applied for modeling purposes, the
entity to be modeled is associated with a complex Hilbert space .

Before we explain in detail the way in which this association
is made, let us specify what a complex Hilbert space # is. It is a
vector space over the field C of complex numbers, equipped with
an inner product (-|-) mapping two vectors (u| and |v) to a com-
plex number (u|v). We denote vectors by using the bra-ket notation
introduced by Paul Adrien Dirac, one of the founding fathers of
quantum theory (Dirac, 1958). Vectors can be kets, denoted by
|u), |v), or bras, denoted by (u|, (v|. The inner product between
the ket vectors |u) and |v), or the bra-vectors (u| and (v|, is real-
ized by juxtaposing the bra vector (u| and the ket vector |v), and
(ulvy is also called a bra-ket, and it satisfies the following prop-
erties: (i) (uju)>0; (ii) (ujv) = (vju)*, where (vju)* is the complex
conjugate of (u|v); (iii) (u|(z|v) + tjw)) = z(u|v) + t{ujw), for z, t € C,
where the sum vector z|u) + t|w) is called a ‘superposition’ of vec-
tors |u) and |w) in the quantum jargon. From (ii) and (iii) follows
that the bra-ket is linear in the ket and anti-linear in the bra, i.e.
(Z(ul + tNIw) = z*(ulw) + t*V|w).

For those not acquainted at all with the structure of a complex
Hilbert space, but knowledgeable about vectors spaces in general
over real numbers, we mention that a complex Hilbert space is
exactly the same as a real vector space, except that real numbers
are exchanged by complex numbers. The bra-ket replaces what is
called the inner product of two vectors in a real vector space. Cal-
culating in a complex Hilbert space is the same, except that the
calculation rules or complex numbers need to be applied whenever
numbers are multiplied. Let us add some more aspects of com-
plex numbers, and the vectors of Hilbert space, that are needed for
modeling.

We recall that the absolute value of a complex number is defined
as the square root of the product of this complex number times
its complex conjugate. In a formula, |z| = v/z*z. A complex num-
ber z can either be decomposed into its Cartesian form z=x+iy, or
into its goniometric form z = |z|e? = |z|(cos 8 +i sin §). Hence we have
[(ulvy| = /uv){viu). We define the ‘length’ of a ket (bra) vector |u)
((u]) as [[lw)|| = ||(u]|] = +/{ulu). A vector of unit length is called a
‘unit vector’. We say that the ket vectors |u) and |v) are ‘orthog-
onal’ and write |u) L |v) if (u|v) = 0. This introduces the necessary
mathematics to describe the first modeling rule of quantum theory.

2. First modeling rule: The different situations that the modeled
entity can be encountered in, which are called ‘states’ by physicists,
are represented by the ket vectors |u) of unit length, i.e. (uju)=1,
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hence unit vectors, of the complex Hilbert space 7 associated with
the entity.

Representing the situations, or states, of the considered entity is
one fourth of the Hilbert space quantum representation procedures.
The other parts consist of the rules and prescriptions to represent
measurements, probabilities, and the composition of entities. We
will explain these in the following, and also apply them parallel to
our lizard situation in constructing a concrete quantum model for
it. Hence, now we first need to introduce some additional mathe-
matics of Hilbert space to explain the way in which measurements
are represented.

Measurements are essentially represented by what are called
‘self-adjoint operators’ on the Hilbert space . For the purpose of
the Hilbert space representation we built for the lizard situation, we
do not need to explain all mathematical aspects of this representa-
tion of measurements by self-adjoint operators. The situation we
encounter is simpler than the general one, because we will work in
a finite dimensional Hilbert space, while general quantum theory is
made to cope with infinite dimensions. Each self-adjoint operator
in a finite dimensional Hilbert space is uniquely determined by a
set of vectors, which are called the ‘eigenvectors’ of this self-adjoint
operator. Each eigenvector corresponds to one of the outcomes, and
the number of eigenvectors is also the number of dimensions of
the Hilbert space. Each of such eigenvectors is orthogonal to each
other one, and if we also decide to choose them of length equal to
1 - which we always can - then such a set of eigenvectors forms
an orthonormal basis of the Hilbert space. With ‘basis’, we mean
what is ordinarily meant for an arbitrary vector space, i.e. a set
of vectors such that each vector of the space can be written as a
linear independent combination of these vectors. Such a combi-
nation is called a ‘superposition’ in the quantum jargon. It is the
existence of superposed states which is at the origin of the ‘inter-
ference effects’ observed with quantum particles. We will construct
the measurements by directly identifying, for each measurement,
its orthonormal set of eigenvectors.

3. Second modeling rule: A measurement is represented by a
self-adjoint operator H on #, and, for a finite dimensional Hilbert
space, this operator H is determined by its set of eigenvectors, {|h1),
... |hn)} which we can choose as an orthonormal basis of H. Each
eigenvector corresponds to an outcome of the measurement, and
the dimension of the Hilbert space is determined by the number of
eigenvectors of a typical measurement.

Let us apply this second modeling rule to our lizards situation,
and introduce the necessary notations, operators and vectors. We
denote a measurement where a morph of color a competes with a
morph of color b, by means of the operator H(ab). Such a measure-
ments H(ab) contains always four possible outcomes, i.e. ‘win, win’,
‘win, lose’, ‘lose, win’ and ‘lose, lose’. Since each outcome requires
a corresponding different eigenstate, we will have to determine for
each measurement a basis of four orthonormal vectors, so that the
Hilbert space we will use for our modeling is the four-dimensional
complex Hilbert space. Let us introduce the notation for the eigen-
vectors. For a measurement H(ab) we introduce the orthonormal
basis of eigenvectors

ab11) labyz) laby1) labyp) (36)
.abjjlaby) =0 for ij+ ki (37)

4. Next we have to introduce the modeling rule that introduces
‘he probabilities. This can be achieved fairly simply using all the
machinery previously introduced. The probabilities are determined
1s follows. Suppose the considered situation is represented by the
1nit vector |u) of the Hilbert space . For a measurement H, deter-
mined by its orthonormal basis of eigenvectors {|hy), ..., |ha)}, the
srobability for an outcome corresponding to eigenvector |hy) to

occur, is given by | (u|hm)|2, which is the square of the absolute value
of the bra-ket between the state and the eigenvector.

Let us apply this probability modeling rule to our lizard situa-
tion. There are nine different measurements to consider, namely
H(o0), H(oy), H(ob), H(yo), H(yy), H(yb), H(bo), H(by) and H(bb). For
each of the nine measurements we have to construct a set of four
orthonormal eigenvectors that satisfy the probability laws. From
(4) follows

l(ulaasq)|? = p(aa);; = 1 (39)
l(ulaaq2)1* = p(aa);; = 0 (40)
l(ulaaz1)> = p(aa)y; =0 (41)
l(ulaazy)|? = p(aa)y, =0 (42)

which gives us all the probability laws to be satisfied for the three
measurements H(oo), H(yy) and H(bb). Indeed, for equal-color con-
frontations, we have probability equal to 1 that a ‘win, win’ outcome
results. For the other color combinations, we use the symmetry and
anti-symmetry conditions, and the probabilities that we have cal-
culated in Section 3. Hence, from (3), (5), (16), (15) and (17) follows
that, for measurement H(oy), we have

l(uloyq1)1* = p(oy)11 =0 (43)
[(uloy12)* = p(oy)y, = 0.12 (44)
|{uloy21)1* = p(0y),; =0.88 (45)
|(ul0y2)1* = p(0y)z = 0 (46)
and, due to (5), we have for H(yo)

[{ulyoq1)1* = p(yo);; =0 (47)
|(ulyos)* = p(yo)i, = 0.88 (48)
[{ulyoz1)1* = p(y0)y; = 0.12 (49)
|{Uy022)1* = p(y0)y, =0 (50)

For measurement H(yb) we have

l{ulyby1)1* = p(yb)11 =0 (51)
|(ulybs)? = pyb)r, = 0.18 (52)
l{ulyba1)1* = p(yb)y; = 0.82 (53)
|{ulybyy)|? = p(yb)ys =0 (54)
and, due to (5), we have for H(by)

\ulby11)1* = p(by)1; =0 (55)
|(ulby12)* = p(by);, = 0.82 (56)
|(ulby21)1* = p(by)2; = 0.18 (57)
|{ulby22)I? = p(by)y, =0 (58)

And, for measurement H(bo), we have
|{ulbo11)I? = p(bo)1; =0 (59)
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l{ulbo12)|? = p(bo);, = 0.28 (60)
l{ulbo21)|? = p(bo)y; = 0.72 (61)
|(ubo2;)|? = p(bo),; =0 (62)

and, due to (5), we have for H(ob)

(ulobq1)|* = p(ob);; =0 (63)
|(ulob12)[? = p(ob);, = 0.72 (64)
|(ulobz1)|* = p(ob)y; = 0.28 (65)
|{ul0by2)[? = p(ob)y, =0 (66)

Eqgs. (47)-(62) are all we need to construct the Hilbert space model.

We construct an explicit complex Hilbert space model by mak-
ing use of the canonical complex Hilbert space C#, namely the set of
all 4—tuples of complex numbers, equipped with an addition and
multiplication by a complex number, and an inner product defined
as follows.

C*={(z1,22,23,24)|21, 22,23, 24 € C} (67)

(z1,22,23,24) + (2}, 25,25, 24) = (21 + 2}, 22 + 25, 23 + 23, 24 + Z})

(68)
)\,(Zl, 22,23, Z4) = ()\Zl, \z3, )\23, )\24) for LeC (69)
(z1,22,23,24)(2}, 24, 25, 2)) = 232 + 252, + 2525 + 242} (70)

We start by choosing the unit ket vector |u) representing the
situation of the lizards without any measurement being involved,
by the first canonical base vector of C*.

luy=(1,0,0,0) (71)

First we determine the unit vectors representing the eigenstates
for the draw measurements H(0o), H(yy) and H(bb), hence satisfying
(39),(40),(41)and (42). We also make sure that each measurement
is determined by a different set of eigenvectors. There is no unique
solution, hence the one we present here is one of the possible solu-
tions.

. 1 1
0011) = (e7##%°,0,0,0). j0o12) = (0. =, —-.0).
l0o11) = ( ), 10012) oA
. . (72)
0031) = O,—,——,O),oo =(0,0,0,1
|0021) ( NS 10022) = ( )
lyy11) = (€797, 0,0,0), [yy1z) = (0, L ,0, L ) ,
V2 V2
; ; (73)
= 057907_7)7 = 07050
1Yy21) ( 7 7 YY) =( )
Ibbry) = (e, 0,0,0). 1bb12) = (0.0, % %) :
; ; (74)
bb :(0,0,—,——), bbyy) =(0,1,0,0
|bba1) N A |bbao) = ( )

We can easily verify that the above choices for the eigenvec-
tors constitute an orthonormal basis for each of the measurements
andsatisfy (39), (40), (41) and (42). Let us check some of them to

see how this works. Applying (70), we have

-59)
1

72) ~0 (75)

0011]0071) = ((e7%°°_ 0.0, 0 (O,—
< 1110021) = (( )] 7

= (' (0)+(0) (=) +(0)

1
7 —

l(uloo11)|? = (1,0, 0, 0)/(e79°°,0,0,0)))2 = |e"#°12 =1 (76)

The first shows that these two vectors are orthogonal. To prove
orthonormality, we need to check also the orthogonality with the
others and show that their lengths equal 1, but these calculations
are analogous. The second shows that (39) is satisfied for a being
orange. All the others, i.e.(40),(41)and (42), and for all other colors,
are proven analogously.

The eigenvectors for the remaining six measurements H(oy),
H(ob), H(yo), H(yb), H(bo) and H(by) are more difficult to determine,
because their probabilities do not follow just from the properties
of the situation itself, but contain also the traces of the real-world
data measured in Bleay et al. (2007). Let us make the construction
for H(yo). Some simplification still follows from the overall struc-
ture of the situation. For example, because of (47) and (50), we can
take, without loss of generality

yorn) = (0. %2 % 0) (77)
Iy022> = (0! %’ _%7 0) (78)

and look for |yo12) and |yo,1) for a solution, in the form
vo12) = (a, 0,0, be'?) (79)
¥021) = (c, 0,0, de®) (80)

with a2 +b? =2 +d2 =1, which is needed for the vector to have a
length equal to 1, and such that (48) and (49) are satisfied, which
means that

0.88 = |(ulyo;,)*> = (1, 0,0, 0)(a, 0, 0, be’?)) = a2 (81)
0.12 = |(ulyo,)[*> = (1, 0,0, 0)(c, 0, 0, de®)) = c? (82)

Hence, a solution is given by a=+v0.88=0.94, and c=
+v/0.12 =0.34.Thenb = y/1 —a2? = +/1-0.88 = v/0.12 = 0.34,and
d=+/1-c2=.1-0.12 = +/0.88 = 0.94. This gives us

lyo12) = (0.94, 0, 0,0.34-¢'f) (83)
lyoy1) = (0.34,0, 0,0.94 - ') (84)

The phases 8 and § can now be chosen to make these vec-
tors orthogonal. We choose =0 and § =, and hence ¢ =+1 and
e!® = 1, This gives us the following solution for the orthonormal set
of eigenvectors of the measurement H(yo).

you) = (0, % % 0) (85)
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|y012) = (094, 0, 0, 034) (86)

|y021> = (034, O, 0, —094) (87)

[yoa2) = (0 L —i 0) (88)
22/ — s \/j’ \/j’

In a very analogous way, we construct a solution for the mea-
surement H(by), but starting from

by = (0. 5.0, ) (89)

byza) = (0. 5=.0.-—) (90)
V2 V2

and hence we get

Iby1,) = (0.91, 0, 0.42, 0) (91)

Iby,1) = (0.42,0, —0.91, 0) (92)

where 0.91 = +/0.82 and 0.42 = +/0.18. Hence the orthonormal set
of eigenvectors of H(by) can be taken to be

1 1
by =10, 75.0. 75 93
o) ( 72 ﬁ) (93)
Ibyq2) = (0.91, 0, 0.42,0) (94)
Iby,1) = (0.42, 0, -0.91, 0) (95)
1 1
byy) = (0, —.,0,-— 96
1Pyaz) ( 2 ﬁ) (96)

For the measurement H(ob) we analogously construct the fol-
lowing orthonormal set of eigenvectors

1 1
b11) = (O, 0, —, —) 97
|oD11) NG (97)
lob1,) = (0.85, 0.53, 0, 0) (98)
loby1) =(0.53, -0.85, 0, 0) (99)
1 1
byy) = (0,0,—,——) 100
lobz3) N A (100)

where 0.85 = +/0.72 and 0.53 = +/0.28.

Let us now also construct orthonormal sets of eigenvectors of
the remaining measurements H(oy), H(yb) and H(bo). Let us first
consider H(oy). Remark that, because of p(yo)12 = p(0y),1 = 0.88, and
p(yo)a1 =p(0y)12 =0.12, in the construction procedure we adapted
for the three foregoing measurements, we might consider the two
measurements to be equivalent. This is in fact even the case for
the situations that we have been considering. Let us show, how-
ever, that Hilbert space allows us to make a construction such that
both measurements are described by a different orthonormal basis.
If in the future more refined measurements on the situation are
made, it may prove necessary to distinguish both measurements.
It is also a way to show how the phases and hence the complex
nature of the Hilbert space play a role in this possibility of distin-
guishing between H(oy) and H(yo), although there is no difference
with regard to the probabilities that have been measured. Indeed,

nstead of choosing =0 and § =, in the step we made from (83)
ind (84), to (86) and (87), we can choose B=m/2, and §=37/2. It is
1 property of the two-dimensional complex Hilbert space, which
s the subspace we are working in with this choice of phase, that
‘here are these different ways for vectors to be orthogonal, namely
~henever the difference in angle between the phases equals 7. Let
1s also recall that e/2 =i, and e37/2 = —{. This choice gives us the
‘ollowing orthonormal basis of eigenvectors for H(oy).

1 i
= 0,—,—,0) 101
0y11) ( N (101)
0y12) =(0.34,0,0, —i-0.94) (102)

0y51) = (0.94,0,0,i.0.34) (103)
10V ) = (0 1 i 0) (104)
22/ — ,\/j’ \/j’

and in an analogous way we construct the orthonormal basis of
eigenvectors for the two remaining measurements H(yb) and H(bo).
They are

1 i
b =(0,—,0,—) 105

lyb11) NG (105)

lyb12) =(0.42,0, —-i-0.91,0) (106)

wby) = (0.91,0,i-0.42, 0) (107)

lybas) = (0 Lo ,L) (108)
22 — ’\/j’ ) ﬁ

\boqq) = (0 0, L L) (109)
11/ = 5 ’\/j’\/j

bo1) = (0.53, —i-0.85,0, 0) (110)

b1} = (0.85,i-0.53, 0, 0) (111)

1bo3y) = (o 0, L —L) (112)
22 - 9 b \/j’ ﬁ

This completes the construction of the orthonormal basis for all
measurements.

In our explanation of the use of the quantum formalism for
modeling purposes, we have introduced a measurement as charac-
terized by an orthonormal basis. We did mention that the common
way to represent a measurement is by a self-adjoint operator, and
that is how one will find it described in quantum theory textbooks.
The step from the orthonormal basis to a self-adjoint operator is
straightforward in the case of a finite dimensional Hilbert space.
Indeed, such a self-adjoint operator can then be represented as a
square Hermitian matrix H(ab);;, with size equal to the dimension of
the Hilbert space used. Hermitian means that the diagonal elements
are real, and the off-diagonal elements are complex conjugates, i.e.
H(ab); = H(ab)ﬁ-. The vectors representing a measurement as an
orthonormal basis are the eigenvectors of this matrix. When the
matrix is diagonalised, and hence contains only real numbers on
its diagonal, and zero’s for all its other elements, these real num-
bers are the eigenvalues. These eigenvalues are numbers given to
identify the different outcomes, hence if we want to distinguish
the four different outcomes in each one of our joint experiments,
we need to choose for each self-adjoint operator four different real
numbers A1, Ay, A3, A4, €ach of the numbers characterizing one of
the four outcomes.

We will calculate two of such self-adjoint operators for the lizard
situation, because we want to show explicitly that they do not
commute. Non-commuting self-adjoint operators are indeed the
hallmark of non-classicality of the probability model within the
quantum formalism. We calculate the matrix corresponding to a set
of eigenvectors, and eigenvalues,using standard techniques from
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linear algebra, as follows

(042 0 0 -0.91)

0
1 0.91 0.42
V2 1 1 0
H(by) = A, - (07 —0)+A~ (091 0 0 0.42)+2s-
(by) = Aq 1 NG 2 0 ( )+ 43
V2 0.42 -0.91
0
0 0 0 0 0
1 0.821; 0 0 0.38%,
— 0 =X =M
V2 1 1 0 00 0
+Ayg- 1 (O _— —— O): 1 1 +
L, V2 V2 0 A =A O 0 00 0
V2
0.38%; 0 0 0.18A,
0 0 0 0 0
0 ©0 0 0
0.18%3 0 0 -0.38X
? ? o L —%M 0
N 0 00 0 N
0 00 0 0 —=Ay =iy O
—0.3843 0 0 0.8213
0 ©0 0 0
0.82X, +0.1813 0 0 0.38(Ay — A3)
1 1
- 0 5()&1 +X4) 5()&1 —Ag) 0
B 0 l(k ) 1(/\ ) 0
5M —A4) S+ 4q
0.38(A3 — A3) 0 0 0.1813 + 0.82A3

where A1, Ay, A3 and A4 are four different real numbers that identify
respectively the outcomes ‘win, win’, ‘win, lose’, ‘lose, win’ and ‘lose,
lose’ for a competition of two morphs of color ‘blue’ and ‘yellow’.
In an analogous way we calculate, for example, H(bo)

0
1 0.85
V2 ( 1 1 ) 0
H(bo) = 1 - 0 — 0 — : .(0.85 0 0.53 0
(boy =i 2 5)TH2 | gss | )
1 0
2
0
0.53 1
0 V2 1 1
- (053 0 —0.85 0)+pu4- -(0 B 77)
Mn3 _0.85 ( ) H4 0 2 NG
0 1
NG
0 10 0 10 0.72u; 0 0.45u, 0 0283 0 —0.45u;3
0z 0 ogm | o o o of 0 o0
"o o o o 0.454, 0 0.28u; O —0.45u3 0 0.72u3
1 1
0 Tui 0 0 0 0 0 0 0
o o o0 o 0.72147 + 0.28113 0 0.45(14y — 13)
o 4 0 1 0 L ) 0
. 514 5 Ha ~ §M1+M4
0 0 0 0 0.45(1s — i3) 0 0.724 + 0.28415
_1 0 1 1
Plan 2H4 0 (11— 1a) 0

0

0
0

0

5(

5(

0

1
M1 — Hg)

0

1
M1+ Hg)

(113)

(114)

47
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where this time 1, (3, u3 and w4 are four different real num-
bers, identifying respectively the outcome ‘win, win’, ‘win, lose’,
‘lose, win’ and ‘lose, lose’ of a competition of two morphs with col-
ors ‘blue’ and ‘orange’. Let us show that H(yo) and H(by) do not
commute. We have

H(yo)H(by); = Y _H(yo)H(by)
k

(115)

Consider for example the element in the first column and sec-
ond row of the two products, i.e. the elements H(yo)H(by);1 and
H(by)H(y0),1. We have

H(yo)H(by),1 = H(yo),1H(by)11 + H(y0),,H(by)yq1 + H(yo),3H(by)s,

+HYO)aH(bY )4y = (1 — ha)- 04512 — 113)
(116)

H(by)H(yo),1 = H(by),1H(y0)11 + H(by),,H(y0),1 + H(by),3H(y0)31

+H(by)4H(y0)s1 = %(M — 114)-0.38(A3 — A3)
(117)

Let us mention here that the commutation of two self-adjoint
operators in the way they represent measurements in quantum
theory is equivalent to the commutation of the projectors on their
orthonormal base of eigenvectors, which shows that the specific
value of the eigenvalues plays no role in it. Hence, it is sufficient
to observe that (116) is different from (117) for specific values of
M, A2, A3, A4 and w1, Uo, 13 and w4, to conclude about the non
commutativity of the two self-adjoint operators representing the
joint measurements for ‘blue’ and ‘yellow’ competing morphs, and
‘yellow’ and ‘orange’ competing morphs.

6. Quantum compoundness, subentities, submeasurements
and entanglement

We have constructed a four dimensional Hilbert space model
for the compound entity consisting of the two interacting lizards.
In this section we will analyze the way in which the two individual
lizards and the measurements we have defined with respect to their
winning and losing appear as subentities and submeasurements,
and show that quantum entanglement is involved for both.

Contrary to classical theory, where compoundness appears in
a way equivalent to how two subsets are ‘joined’ by means of the
‘joining of subsets’, and hence no ‘new is added’, in quantum the-
ory compoundness involves the emergence of new states and new
measurements. These new states and measurements arise as a con-
sequence of the mathematical structure of quantum theory. It is
indeed the vector space structure of the set of states and the linear
algebra structure of the set of measurements that generate these
new states and measurements for a situation of compoundness. It

s, in effect, this property of emergence which makes quantum-
ike structures better suited as compared to classical structures to
model situations of compoundness in the natural world. Indeed, in
1natural situation usually new states and new measurements arise
~hen two entities are joined. Since in a situation modeled by clas-
sical structures compoundness is reduced to a simple union of the
axisting subentities and submeasurements, these subentities and
submeasurements can easily be retrieved from the structure of the
sompound entity and measurements. In a situation of the natural
~orld, and certainly so in a situation modeled by quantum theory,
-etrieving the subentities and submeasurements is more compli-
-ated, and involves complex aspects due to the effect of emergence.

Hence, to analyze this situation of compoundness, we carefully
employ the mathematical procedures of quantum theory designed
for retrieving the subentities and measurements. As we will see,
the two lizards, interacting following RPS-like internal dynamics,
constitute an example of non-classical compoundness in a very sig-
nificant way. The aim of the present section is to investigate this
situation in detail.

We continue the approach we initiated in Section 5, and intro-
duce the fourth quantum modeling rule, explaining how compound
entities are analyzed in function of their constituting subentities,
while in parallel we investigate the situation of the lizards with
respect to compoundness.

3. Suppose that the compound entity S is made up of two
subentities S; and S;, and that S, S; and S, are described by the
complex Hilbert spaces H, H; and Hs, respectively, following the
standard quantum formalism, i.e. a modeling as explained in Sec-
tion 5. Identifying the subentities and submeasurements consists in
considering an isomorphism between the Hilbert space # and the
tensor product H; ® H, of the two Hilbert spaces #; and Hy. The
image of this isomorphism of states and measurements is inter-
preted in this tensor product. Entanglement in a state indicates
the situation where the image of this state cannot be written as a
product state in the tensor product.

The tensor product is in many ways the only possible struc-
ture to constitute the basis for the description of the compound
entity of two subentities within the quantum formalism. It is the
Hilbert space generated linearly by the product states, but it can
also be proven to model the compound entity from an operational
axiomatic point of view (Aerts and Daubechies, 1978).

To model the compound entity of the two interacting lizards, we
have explicitly introduced the four-dimensional complex Hilbert
space in its canonical form C*. Each of the lizards is individu-
ally modeled as a subentity in a two-dimensional complex Hilbert
space, and its canonical form is C2. The tensor product C% ® C2 is
a four-dimensional complex Hilbert space, which is to be used to
identify the subentities and submeasurements of the entity of the
interacting lizards. It is defined as follows

Cec?= ZAU\u>i®|w)j | v, W); € C2, A € C (118)
i

where the tensor product ® is an operation with the usual proper-
ties of a product, i.e. for |u), |v), |w), |t) € C2 and A, i, v, 6 € C, we
have

(AU + wv)) @ (Vw) +0t)) = Avjv) @ [W) + Uv|v) @ |w)

+A01v) ® [t) + ublv) ® |t) (119)
The bra-ket is defined as follows
((ul® W(Iw) ® |t)) = (ulw)(v|t) (120)

It can be verified straightforwardly that if {|o1), |02)} and {|y),
ly2)} are orthonormal bases of C2, then {|o1)®|y1), 101) ® [y2),
[02) ® Y1), |02) ® [y2)} is an orthonormal basis of C2 @ C2. The tensor
product is not commutative, i.e. in general we have

V) @ [w) # [w) @ [v) (121)

We make explicit what entanglement is on the level of
the states. Suppose we have constructed an orthonormal basis
{lo1) ®1y1), 101) ®1¥2), 102) ® [¥1), [02) ® [y2)}, starting from two dif-
ferent orthonormal bases {|01), [02)} and {|y1), |y2)} of C2, and, for
MA12 and A7 both different from zero, consider the following vector
of C2 @ C?,

[U) = A12101) ® [¥2) + A21102) ® [¥1) (122)
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then it is not possible to find vectors |v), [w) € C2, such that |u) =
|v) ® |[w) is a product of such two vectors. This can be shown right
away, but let us try it out. Suppose that we are looking for two such
vectors [v), [w) € CZ, such that [u) = [v) ® |w). Then, since {|01), |02)}
and {[y1), [y2)} are both bases of C2, we can write
[v) = A1]o1) 4 A2]02) (123)
(W) = (1ly1) + H2ly2) (124)

where, for A1, Ao, and u1, i3, for each couple, at least one of them
is different from zero. Then we have

V) ® W) = (A1]01) + A2102)) ® (U11¥1) + K21Y2)) (125)
=A1[1101) @ Y1) + A142101) ® |¥2) + A2 141102) ® Y1)
+A242102) ® ¥2) (126)

Since {|o1)®|y1), 101)®1¥2), 102)®1¥1), 102)®1y2)} is a an
orthonormal basis of C2 ® C2, from |u) = |[v) ® |[w) then follows that

Apr =0 Arpa =A1z Aap1 =2z Az =0 (127)

which are four equations impossible to be satisfied together for the
four complex numbers A1, Ay, (41 and wy. Indeed, from Ay ;=0
follows that A1 =0 or @1 =0, and hence at least one of A3 or Ayq is
zero, which by construction of the vector |u) is not the case.

If the compound entity is in such a state |u), this means that
it cannot be interpreted as the two subentities being in individual
states each of them. Hence |u) is an example of a new emergent
state of the compound entity.

Let us show that it is exactly states of this nature that appear
in our modeling of the lizard interactions, when we introduce the
tensor product procedure to identify the subentities and submea-
surements of the compound lizard entity. Suppose that for the
individual lizards, using the complex Hilbert space C2 to represent
its states, we model the measurements that can result in an indi-
vidual win or lose, by the orthonormal basis {|01), [02)}, {I¥1), [¥2) }+
and {|by), |b2)}, for the different colors. Concretely, this means that
in case one of the two lizards is in state |v) € C2, and the other onein
state [w) € C2, then o is the outcome of an orange morph that wins,
and o, the outcome of an orange morph that loses. Similarly, y; is
the outcome of a yellow morph that wins, and y, is the outcome of
a yellow morph that loses, and by is the outcome of a blue morph
that wins, while b, is the outcome of a blue morph that loses.

Taking into account our construction of the orthonormal basis
for measurements on individual lizards, it follows that |(v|oq)[2
(I(wlo1)|2) is the probability for the first (the second) individual
orange morph to win, |(1]02)|? (](w]0,)|2) for the first (the second)
individual orange morph to lose. Similarly, |(uly;)|? is the probabil-
ity for the first (the second) individual yellow morph to win, |(v]y2)|2
(J(w]y»)|?) for the first (the second) individual yellow morph to
lose, and |(v|b1)|% (|(w|b1)|?) for the first (the second) individual
blue morph to win, while |(v|b3)|2 (](w|b)|?) for the first (the sec-
ond) individual blue morph to lose. This means that we apply the
quantum Hilbert space formalism, and all of its modeling rules, to
individual morphs.

We should point out that, since the physical animals which
are the individual lizards, cannot change colors - although there
is some evidence that suggests that the polymorphism of the Uta
stansburiana might occasionally also be environmentally triggered
- and hence cannot change strategies, we do not model the physical
animal itself. In our model, a morph’s color is therefore considered
to be a variable. One interpretation is to imagine a specific ‘com-
petition situation’ which consists in two morphs appearing in this
situation competing for a female. The potential states of these two
morphs in this situation are those described in the model, and color

is included in this potential. The different possible competition sit-
uations as such are modeled by |v) for one of the morphs, and by
|[w) for the other morph, and by |u) for the compound of the two
morphs.

We propose the following isomorphism with the tensor product
space.

Iy :C* > C?@C? (128)
loyloyq1) =101) ® [y1) loyloy12) = 101) ® [¥2) (129)
loyloy,1) =102) ® [y1)  loyloyaz) = 102) ® [¥2) (130)

Let us calculate the image of the state |u), respecting, of course,
our choice for the Hilbert space modeling regarding the compe-
tition compound entity situation in Section 5. We recall that we
choose |u)=(1, 0, 0, 0) as specified and explained in (71). To calcu-
late the image of |u), let us write |u) as a linear combination in the
orthonormal basis {|oy11), |0¥12), [0Y21), |0¥22)} of C?, because the
isomorphism I,y is defined by its actions on these vectors. We have

[u) = |0y11)(0Y111U) + |0Y12)(0Y12]U)

+10y21){0y211U) + 10Y22) (0y22 ) (131)
= 0.34|0y13) + 0.94|0y,1) (132)
where we used (102) and (103). This means that we have
Ioy|u) = Ioy(0.334|0y15) + 0.994|0y51)) (133)
= 0.34loy|0y12) + 0.94l5y|0y21) (134)
=0.34/01) ® |y2) + 0.94|02) ® |y1) (135)

This is exactly the type of vector which we introduced in (122),
with A2 =0.34 and A,1 =0.94, and we proved it to be entangled.

It can be shown that the image of the self-adjoint operator
H,y representing the orange yellow competition measurement is a
product operator. This means that the entanglement of the orange
yellow competition situation can be fully entered into the state.
However, if we want to accomplish this for other color combination
competitions, we will have to consider different isomorphisms, one
specific one for each color combination. This is due to the marginal
probability law being violated, like we have shown in (33), (34) and
(35). We have analyzed this aspect of an entanglement situation in
detail in Aerts and Sozzo (2013c).

7. Non-Kolmogorovity in the RPS game

We mentioned in Section 1 that it was the violation of Bell’s
inequalities for the RPS dynamics that caught our attention, and
more specifically that such a violation indicates the presence of a
non-Kolmogorovian structure for the considered probability model
(Accardi and Fedullo, 1982; Pitowsky, 1989). In this section we
analyze the concrete meaning of this violation by constructing a
Kolmogorovian model and identifying where and why it fails. Again,
of course, this analysis is from the specific viewpoint of considering
the two individual lizard morphs as subentities of the compound
lizard system.

Hence, suppose there exists a Kolmogorovian model for the sit-
uation of competing lizards considered as a compound situation of
two lizards. This means that we have a sample space €2, and a prob-
ability measure p on 2. The situation of one of the lizards, its colors,
and its possibility of winning or losing, is now presented by subsets
and their complements of this sample space, and so for the other
lizard. Concretely, this means that we have L, € €, LS € €2, repre-
senting the first orange morph, withu(Lo) and u(LS) =1 — u(L,)
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the probabilities of winning or losing in a competition, respec-
tively. Similarly we have L, c €, L§ C 2, representing the first
yellow morph, with p(Ly) and ,u(L§) =1 — u(Ly)the probabilities of
respectively winning or losing in a competition, and L;, € €2, Llf c Q,
representing the first blue morph, with (L) and ,u(Lg) =1-pu(Ly)
the probabilities of respectively winning or losing in a competi-
tion. We have an equivalent situation in the sample space for the
second morph, hence M, € 2, M§ C , representing the second
orange morph, with u(M,) and pu(MS) =1 — u(M,) the probabil-
ities of respectively winning or losing in a competition. Similarly,
we have My € Q, M§ C 2, representing the second yellow morph,
with w(My)and //L(M}g) =1 — w(My) the probabilities of winning or
losing in a competition, respectively, and M, C €2, Mg c , repre-
senting the second blue morph, with u(M,)and M(Mg) =1-pu(Mp)
the probabilities of winning or losing in a competition, respectively.

For the situation of both morphs joining in a competition, we
consider the joint probabilities as constructed in a Kolmogorovian
approach. Hence, for example, w(L, N My) represents the probabil-
ity that the first morph being orange and the second being yellow,
both win, (L, N M§) represents the probability that the first morph
being orange wins and the second being yellow loses, (LS N My)
represents the probability that the first morph being orange loses
and the second being yellow wins, and (LS N M; ) represents the
probability that the first morph being orange and the second being
yellow both lose.

Itis easy to show that the marginal law is always satisfied within
such a Kolmogorovian model. Indeed, we have

fi(Ly) = p(Ly 0 (Mo UMG)) = u((Ly N Mo) U (Ly N M)

= 1Ly N Mo) + u(Ly N M§) (136)
but also
(Ly) = p(Ly N (My UM;)) = u((Ly N Mp) U (Ly N M)

= u(Ly " Mp) + u(Ly N M§) (137)
and also
u(Ly) = a(Ly N (My U Mg ) = p((Ly N My) U (Ly N My;)

= u(Ly " My) + p(Ly N M) (138)

While from (33), (34) and (35), we know that these are not equal
following from the experimental data.

8. Conclusions

Cyclic competition, an evolutionary analog of the RPS game, is
relevant to population ecology. However, modeling the intrinsic
probabilities involved in RPS structures, revealed a fundamental
difficulty. If the competitive encounters of the individual players
are analyzed as subentities interacting within a compound entity,
the joint probabilities describing the interactions turn out to violate
3ell’s inequalities and the marginal probability law. This implies
‘hat such an interaction cannot be modeled in a Kolmogorovian
orobability space where the joint probabilities are measures of con-
unctions of the events of the individual players. Following typical
nvestigations of similar situations in the foundations of quantum
chysics, it is known that an occurrence of violation of Bell’s inequal-
ty and the marginal probability law is indicative of the presence
of contextuality of a quantum nature. This means that the com-
slex Hilbert space formalism of quantum mechanics is a natural
-andidate for the modeling of such a situation.

In this paper, we have worked with the set of experimental data
-ollected in Bleay et al. (2007) on the RPS cycles of the three colored

morphs of the side-blotched lizard Uta Stansburiana. We have cal-
culated in Section 3 the joint probabilities from the data, and shown
that they give rise to a non-ideal probabilistic RPS type of interac-
tion dynamics for the competing lizard morphs. We have analyzed
the contextuality following from this dynamics for the lizard morph
encounters, and shown in Section4 that indeed Bell’s inequality
and the marginal probability law are violated. In Section 5 we have
constructed an explicit complex Hilbert space description model-
ing this contextually and also in a faithful way all the experimental
data, and we have proven that the operators representing the mea-
surable quantities do not commute, which explicitly shows the
presence of non-classicality in the situation. In Section 6 we have
investigated in detail the structure of the lizard interaction mak-
ing use of the Hilbert space representation developed in Section 5,
and we have proven the presence of quantum entanglement in
the situation of the competing lizard morphs. In this entanglement
analysis we have made use of results of similarly studied situations
in human cognition where quantum entanglement was encoun-
tered (Aerts and Sozzo, 2013a,b,c). Finally, we have identified in
Section 7 why a single Kolmogorovian probability space, with joint
probabilities as measures of interactions of individual events, is not
possible.

The result may have far-reaching consequences, since several
biological systems are believed to contain sub-dynamics of the
cyclic competition type (Sinervo and Calsbeek, 2006). For example,
the coexistence of a large number of phytoplankton species com-
peting for a limited variety of resources in aquatic ecosystems (the
paradox of the plankton) is believed to result from cyclic competi-
tion (Huisman and Weissing, 1999; Huisman et al., 2001; Schippers
et al., 2001), and hence could incorporate the type of quantum-
structural aspects we identified for the lizard morph interactions.

Our investigation links up with the new developments of
‘identification of quantum structure in domains different from
the micro-world’, and extends to animal behavior the results
obtained in the context of human cognition. Furthermore, it sug-
gests that ecological systems are intrinsically contextual, and
constitutes a powerful support for systematic applications of
quantum-structural modeling in biology.

Acknowledgments

This research was supported by Grants G.0234.08 and
G.0405.08 of the Flemish Fund for Scientific Research, and by
NSF awards DEB8919600, DEB9307999, IBN9631757, IBN9629793,
DEB0108577, 1BN0213179, DEB0515973, DEB0918268 and
1051022031 to B.S. and by the Arbelbide family, who generously
provided access to their land.

References

Accardi, L., Fedullo, A., 1982. On the statistical meaning of complex numbers in
quantum theory. Lett. Nuovo Cim. 34, 161-172.

Aerts, D., Daubechies, I., 1978. Physical justification for using the tensor product to
describe two quantum systems as one joint system. Helv. Phys. Acta51,661-675.

Aerts, D., 1986. A possible explanation for the probabilities of quantum mechanics.
J. Math. Phys. 27, 202-210.

Aerts, D., 2009. Quantum structure in cognition. J. Math. Psychol. 53, 314-348.

Aerts, D., Aerts, S., 1995. Applications of quantum statistics in psychological studies
of decision processes. Found. Sci. 1, 85-97.

Aerts, D., Broekaert, ]., Gabora, L., Sozzo, S., 2013a. Quantum structure and human
thought. Comment. Behav. Brain Sci. 36, 274-276.

Aerts, D.,Bundervoet, S., D’Hooghe, B., Czachor, M., Gabora, L., Polk, P., S0zzo, S.,2011.
On the foundations of the theory of evolution. In: Aerts, D., D’Hooghe, B., Note,
N. (Eds.), Worldviews, Science and Us: Bridging Knowledge and its Implications
for Our Perspective of the World. World Scientific, Singapore, pp. 266-280.

Aerts, D., Czachor, M., 2004. Quantum aspects of semantic analysis and symbolic
artificial intelligence. Journal of Physics A: Mathematical and Theoretical 37,
L123-L132.


http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0005
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0010
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0015
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0020
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0025
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0030
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0035
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0040
http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
2 - -
J—

D. Aerts et al. / Ecological Modelling 281 (2014) 38-51 51

Aerts, D., Czachor, M., Kuna, M., Sozzo, S., 2013. Systems, environments, and soliton
rate equations: a non-Kolmogorovian framework for population dynamics. Ecol.
Model. 267, 80-92.

Aerts, D., Gabora, L., 2005. A theory of concepts and their combinations I and II.
Kybernetes 34, 167-191, 192-221.

Aerts, D., Gabora, L., Sozzo, S., 2013b. Concepts and their dynamics: a quantum-
theoretic modeling of human thought. Top. Cogn. Sci. 5, 337-372.

Aerts, D., Sozzo, S., 2013a. Entanglement zoo I: foundational and structural aspects.
In: Haven, E., et al. (Eds.), Quantum Interaction 2013. Springer, Berlin, Heidel-
berg, 12 pp., arXiv:1304.0100v1 [cs.Al] (in press).

Aerts, D., Sozzo, S., 2013b. Entanglement zoo II: examples in physics and cogni-
tion. In: Haven, E., et al. (Eds.), Quantum Interaction 2013. Springer, Berlin,
Heidelberg, 12 pp., arXiv:1304.0102v1 [cs.Al] (in press).

Aerts, D., Sozzo, S., 2013c. Quantum entanglement in concept combinations. Int. J.
Theor. Phys., 15 pp., arXiv:1302.3831v1 [cs.Ai] (in press).

Allesina, S., Levine, J.M., 2011. A competitive network theory of species diversity.
Proc. Nat. Acad. Sci. USA 108, 5638-5642.

Bell, ].S., 1964. On the Einstein Podolsky Rosen paradox. Physics 1 (3), 195-200.

Bleay, C., Comendant, T., Sinervo, B., 2007. An experimental test of frequency-
dependent selection on male mating strategy in the field. Proc. R. Soc. B 274,
2019-2025.

Bruza, P.D., Kitto, K., Nelson, D., McEvoy, C., 2009. Extracting spooky-activation-at-
a-distance from considerations of entanglement. LNCS 5494, 71-83.

Busemeyer, J.R., Bruza, P.D., 2012. Quantum Models of Cognition and Decision.
Cambridge University Press, Cambridge, UK.

Busemeyer, J.R., Wang, Z., Townsend, J.T., 2006. Quantum dynamics of human
decision-making. J. Math. Psychol. 50, 220-241.

Busemeyer, ].R., Pothos, E.M., Franco, R., Trueblood, J.S., 2011. A quantum theoretical
explanation for probability judgment errors. Psychol. Rev. 118, 193-218.

Dirac, P.A.M,, 1958. The Principles of Quantum Mechanics. Oxford University Press,
Oxford.

Huisman, J., Weissing, F.J., 1999. Biodiversity of plankton by species oscillations and
chaos. Nature 402, 407-410.

Huisman, J., etal.,2001. Towards a solution of the plankton paradox: the importance
of physiology and life history. Ecol. Lett. 4, 408-411.

Khrennikov, A., 2010. Ubiquitous Quantum Structure. Springer, Heidelberg.

Laird, R.A., Schamp, B.S., 2008. Does local competition increase the coexistence of
species in intransitive networks? Ecology 89, 237-247.

Lambert-Mogiliansky, A., Zamir, S., Zwirn, H., 2009. Type indeterminacy: a model of
the KT(Kahneman-Tversky)-man. J. Math. Psychol. 53, 349-362.

Mills, S., et al., 2008. Gonadotropin hormone modulation of testosterone, immune
function, performance, and behavioral trade-offs among male morphs of the
lizard Uta stansburiana. Am. Nat. 171, 339-357.

Pitowsky, 1., 1989. Quantum Probability. In: Quantum Logic. Lecture Notes in Physics
321. Springer, Heidelberg.

Pothos, E.M., Busemeyer, ].R.,2009. A quantum probability explanation for violations
of ‘rational’ decision theory. Proc. R. Soc. B 276, 2171-2178.

Pothos, E.M., Busemeyer, ].R.,2013. Can quantum probability provide a new direction
for cognitive modeling? Behav. Brain Sci. 36, 255-327.

Schippers, P., et al., 2001. Does “supersaturated coexistence” resolve the “paradox
of the plankton”? Ecol. Lett. 4, 404-407.

Sinervo, B., Lively, C.M., 1996. The rock-paper-scissors game and the evolution of
alternative male strategies. Nature 380, 240-243.

Sinervo, B., 2001. Runaway social games, genetic cycles driven by alternative male
and female strategies, and the origin of morphs. Genetica 112-113, 417-434.

Sinervo, B., et al., 2006. Self-recognition, color signals, and cycles of greenbeard
mutualism and altruism. Proc. Nat. Acad. Sci. USA 103, 7372-7377.

Sinervo, B., Calsbeek, R.G.,2006. The developmental, physiological, neural and genet-
ical causes and consequences of frequency-dependent selection in the wild. Ann.
Rev. Ecol. Evol. Syst. 37, 581-610.

Sinervo, B., et al., 2007. Models of density-dependent genic selection and a new
rock-paper-scissors social system. Am. Nat. 170, 663-680.

Smith, J.M., 1996. The games lizards play. Nature 380, 198-199.

Trueblood, J.S., Busemeyer, J.R., 2011. A quantum probability explanation for order
effects on inference. Cogn. Sci. 35, 1518-1552.

Van Rijsbergen, K., 2004. The Geometry of Information Retrieval. Cambridge Uni-
versity Press, Cambridge, UK.


http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0055
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0060
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0065
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0070
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0075
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0080
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0085
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0090
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0095
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0100
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0105
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0110
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0115
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0120
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0125
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0130
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0135
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0135
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0135
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0135
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0135
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0145
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0150
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0155
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0160
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0165
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0170
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0175
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0180
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0185
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0190
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0195
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0200
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0205
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0210
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://refhub.elsevier.com/S0304-3800(14)00094-5/sbref0215
http://mostwiedzy.pl

	Quantum structure in competing lizard communities
	1 Introduction
	2 The RPS-type nature of the lizard dynamics
	3 Calculating the RPS-type outcome probabilities
	4 Contextuality, the violation of Bell inequalities and of the marginal law
	5 The construction of a Hilbert space model
	6 Quantum compoundness, subentities, submeasurements and entanglement
	7 Non-Kolmogorovity in the RPS game
	8 Conclusions
	Acknowledgments
	References


