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Abstract

The formation of spatial structures lies at the heart of developmental processes. However, many of the
underlying gene regulatory and biochemical processes remain poorly understood. Turing patterns consti-
tute a main candidate to explain such processes, but they appear sensitive to fluctuations and variations in
kinetic parameters, raising the question of how they may be adopted and realised in naturally evolved sys-
tems. The vast majority of mathematical studies of Turing patterns have used continuous models specified
in terms of partial differential equations. Here, we complement this work by studying Turing patterns us-
ing discrete cellular automata models. We perform a large-scale study on all possible two-node networks
and find the same Turing pattern producing networks as in the continuous framework. In contrast to con-
tinuous models, however, we find the Turing topologies to be substantially more robust to changes in the
parameters of the model. We also find that Turing instabilities are a much weaker predictor for emerging
patterns in simulations in our discrete modelling framework. We propose a modification of the definition
of a Turing instability for cellular automata models as a better predictor. The similarity of the results for
the two modelling frameworks suggests a deeper underlying principle of Turing mechanisms in nature.
Together with the larger robustness in the discrete case this suggests that Turing patterns may be more
robust than previously thought.

1 Introduction

Nature is full of highly structured multi-cellular organisms that develop from single fertilized cells. It re-
mains a key question how these can evolve robustly in the presence of environmental fluctuations.

The Turing mechanism has been proposed to explain such developmental patterning processes. It was first
proposed by Alan Turing in 1952 [1]. The Turing mechanism gives rise to self-organised patterns in the local
concentrations of biochemical components in reaction-diffusion systems. These lead to patterns such as
spots, stripes and labyrinths [2]. Such inhomogenous patterns are induced by diffusion of the components.
Due to this counter-intuitive concept, and the observation that Turing patterns are highly sensitive to initial
conditions and variations in kinetic parameter values, the Turing mechanisms had been dismissed from the
developmental community for almost two decades [3].

It was not until 1972 that Turing’s idea was revived by Gierer and Meinhardt who extended and formalised
Turing’s ideas [4]]. Despite some indications of suitable reaction-diffusion systems [g], the experimental tech-
nology available at the time was not able to convincingly identify Turing mechanisms in biological systems.
It was not until another three decades later that technological advances have enabled compelling experimen-
tal evidence of Turing-like mechanisms [6]. Examples include the patterning of palatel ridges and digits, hair
follicle distribution, and the patterns on the skins of animals, such as fish and zebras [z, 8, 9, 10, 11]. However,
due to the complexity of the underlying systems, the exact molecular mechanisms are hard to identify most
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of the time, making it hard to prove that the Turing mechanism exists in nature. The sensitivity to param-
eters constitutes another problem as it is not clear how biological systems could have evolved to find these
small parameter ranges, and how these developmental processes can be so robust to extrinsic fluctuations.

This has resulted in a large number of theoretical studies in recent years [12, 13, 14, 15, 16, 17, 18, 19]. Some
recent studies have performed extensive analyses of potential network topologies [12, 14, 20]. Together these
studies provide an inventory of the types of network structures that are capable of generating patterns and
their robustness. The majority of these studies are preformed within a deterministic continuous framework
in terms of partial differential equations (PDEs). An important question is if these results generalise to other
types of modelling frameworks. This would indicate a deeper underlying principle of the Turing mechanism
that is independent of the applied modelling framework. Moreover, since every model is an abstraction of
a true biological system, the generalisation to different modelling frameworks would also suggest a certain
robustness of the patterning processes.

Lattice gas cellular automata (LGCA) models constitute an alternative modelling framework [21]. These mod-
els discretize both space and the concentration of chemical components, and the dynamics is modelled by
means of discrete diffusion and reaction steps. Turing patterns in LGCA models have first been studied in
[22]. So far, only a single LGCA reaction map has been studied in this context. LGCA models have not been
compared to continuous models in a broader scope with respect to Turing patterns (see also [23].

Here, we perform an exhaustive analysis of all possible two-node networks, and compare the results to the
continuous modelling case. In our mathematical analysis of LGCAs we follow closely [22].

First, we analyse different network topologies with respect to Turing instabilities. Next, we analyse the emer-
gence of patterns in simulations. It has been found in continuous models that a Turing instability is not a
sufficient criterion for a pattern to manifest [20]. It remains unclear to what extent this is also true for LGCA
models, or other related systems, such as Ising systems [24]]. Finally, we propose a modification of the def-
inition of Turing instabilities for LGCA models that constitutes a better predictor for patterns emerging in
simulations.

This article is structured as follows. In Section | we introduce the mathematical description of the LGCA,
its simulation procedure and the definition of Turing instabilities. Next, we describe simulation details and
how to identify patterns in simulations. Subsequently, in Section § we present the results obtained from our
analysis of two-node networks and compare these results to the continuous case. Finally, we discuss the
results and conclude in Section j§.

2 Methods

In this section we present the mathematical background on lattice gas cellular automata models (LGCAs)
(Section (@)), introduce the employed mean-field approximation (Section @, define Turing instabilities
(Section p.d), and give simulation details in Section p.4.

2.1 The LGCA model

We consider systems that consist of two interacting species modelled as discrete particles on a one-dimensional
discrete lattice. The dynamics are modelled in discrete time steps that iteratively update the state of the
system. Each update consists of separate reaction, shuffling, and diffusion steps, which are evaluated suc-
cessively. Each spatial position consists of three compartments known as “velocity channels”, which can be
either occupied or unoccupied by a single particle. Each spatial position hence can be occupied by a maxi-
mum of three particles. Accordingly, we define the state of the system at time step k and lattice position r
as

n(r, k) = (1 (r, k), m,2(r, k), n1,3(r, k), 92,1 (r, k), m2,2(r, k), 2,3 (1, k) ).« (1)

Each 7, (1, k) is a Boolean variable that represents the occupancy of velocity channel i of species o, with
Nio(r, k) = 1 (mio(r,k) = 0) meaning the channel is occupied (unoccupied). Let further n, (r, k) denote
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Figure 1: The map F analysed in [23] (top panel), the map’s state transition graph (middle panel) and the resulting reac-
tion topology (bottom panel).

the total number of particles of species ¢ at spatial position r and time k,

3
ng(r.k) = Z No.i(1s k). (2)
i=1

Next, let X = {0,1,2,3} x {0, 1,2, 3} denote the set of all possible states of (n; (r, k), na(r, k)). We define
the reaction step by amap F : X — X, where each state x € X is mapped onto F(x) = (fi(x),f2(x)) € X.
During the reaction step, each (ny (r, k), na(r, k)) in each spatial position r is updated independently accord-
ing to F with a probability 0 < p < 1, and it remains the same with probability (1 — p). Forp = 1 the
reaction step becomes deterministic, and a smaller p introduces more stochasticity to the system. We refer
to p as the “noise parameter”.

The state transition graph of the map F is a directed graph with the set of vertices X, and the set of edges
{(x,F(x))|x € X} forallx € X. See Appendix [j for more details.

The reaction topology of the map F, also known as “interaction graph” in the literature [25], is a graph that
summarises the interactions between species: each species is represented by a node and each interaction is
represented by an edge. Each edge is assigned a positive (negative) sign if the source node of the edge acts
as an activator (inhibitor) on the target node. The edges can be identified from the state transition graph as
follows: for species i,j € {1, 2} there is a positive (negative) edge from species j to i if there exists a state
x = (x1,%2) € Xsuch that fi(x;, x; + 1) — fi(x;, x;) is positive (negative). Intuitively, this means that an
increase in x; is likely to lead to an increase (decrease) in x; (see supplementary material S1 for more details).

Note that due to the discrete nature of the state space there exist maps F : X — X, for which there exist
x,x' € Xsuchthatfi(x;, x;+ 1) —fi(xi, %) > 0andfi(x;, x; + 1) — fi(x{, %) < 0, which means no single sign
can be assigned to the edge from j to i. We omit such maps from our analysis since they cannot be assigned
to a reaction topology.

Figure [l shows the function F, the state transition graph, and the reaction topology for the map originally
analysed in [23].

Following the reaction step, the diffusion step acts simultaneously over all lattice positions and mimics a
random walk of the particles on the lattice. It is comprised of two parts: a local random shuffling, where
the particles of each lattice position are randomly redistributed across the three velocity channels; this is
followed by a deterministic jump step, where a particle is moved on the lattice by a predetermined amount
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Figure 2: The 21 two-species reaction topologies distributed across three levels of complexity, where complexity is de-
fined by the number of edges. Highlighted in blue are the topologies found with maps that produce Turing

instabilities within the LGCA framework. Highlighted in purple are the topologies found to produce Turing
instabilities within the PDE framework.

of spatial positions d, € N, in the direction associated with the velocity channel i it is occupying, ¢; €
{-1,0,+1}.

We can formalise the diffusion step by defining the difference C, ;(n(r, k), n(r + d,c;, k + 1)) of any given
velocity channel i after one time step as

Coi(n(r,k),n(r+dyci,k+ 1)) = noi(r+ dyci, k+ 1) — 154(r, k). (3)

See appendix B for more details on the diffusion step.

2.2 Mean-field approximation

So far, we have defined the dynamics of the LGCA in an algorithmic manner which is convenient to simulate
stochastic simulations but not convenient for mathematical analysis, in particular in the context of pattern
formation. We therefore apply a mean-field approximation to Eq. f which consists of neglecting correlations
between channel occupations within a spatial position [23],

(o5 (1, K)o (1, ) = (i1, ) (107 (1K), fori #j, ando,0” € {1,2}. @)
where (-) refers to the expectation with respect to the marginal distribution of 1, ;(r, k).

Using this one can derive the so-called “lattice-Boltzmann equations” which describe the evolution of the
expectation values of the velocity channels [22],

Voi(r + docik+ 1) = v,4(r, k) + Coi(v (1, k), (5)

where ¢; denotes channel i direction of propagation, ¢ = {—1,0,1}, v(r, k) = (v11(rn k), ..., 23(rk)),
Cyi(v(r, k)) is now a function of time step k only (c.f. Appendix B, Equation (17)), and we define

Voi(1, k) = (10,3(1, k). (6)

The v, ; are also referred to as “single-particle distributions” and can be viewed as the probability of finding
aparticle of species o in channel i on lattice position r at discrete time point k. The stochastic shuffling of the
particles across the channels within the diffusion step means that the single-particle distributions for each
species o € {1, 2} are indistinguishable, so we define v, = v, ;,i € {1, 2, 3}.
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2.3 Turing instabilities

We next define Turing instabilities in the context of LGCA using the lattice-Boltzmann equations in Eq.(§) by
means of a linear stability analysis. A Turing instability describes the scenario where a stable steady state of
a non-spatial system becomes unstable in the spatial setting including diffusion. By “stable” we mean that a
small perturbation around the steady state asymptotically converges back to the steady state.

We start by defining a spatially homogeneous steady state & of the lattice-Boltzmann equations as the solu-
tion of
Vo(rk+1) = v,(r,k), Co(v(r,k)) =0 foro € {1,2}. (7)

To assess the stability of a steady state i we analyse the evolution of alocal perturbation of a certain wavenum-
ber g around & by applying a Fourier transformation to the lattice-Boltzmann equations. This decouples the
individual frequency modes allowing the identification of unstable and stable modes. The evolution of the
Fourier modes can be described in terms of the so-called “Boltzmann propagator” I'(q) [26]. I'(q) has only
two non-trivial eigenvalues A1 (q) and A2 (q) which can be derived analytically (see Appendix D for the deriva-
tion and expressions).

Amodeqisstableifboth [A;(q)| < 1and |X2(q)| < 1andunstable otherwise. ¢ = 0 correspondstoahomo-
geneous perturbation. Since diffusion does not play a role in this case (under the mean-field approximation),
this corresponds to a non-spatial system. A Turing instability is hence defined as |A1(0)], [A2(0)| < 1and
[A1(q)] > 1or|X2(q)| > 1for someq > 0.

If an instability exists, the wavenumber gx that produces the maximum absolute value of | \(q)| is the fastest
growing mode and the system may be expected to converge to a pattern with corresponding wavelength £,
where L is the length of the spatial domain. For more details on the linear stability analysis see Appendix
or Chapter 13 of [23]. Figure @ shows the absolute values of A\; and A5 as a function of wavenumber q for the
map given in Figure .

2.4 Simulation details and power spectrum analysis

Considering all different possible combinations of positive and negative edges between the two species gives
rise to 21 different fully-connected topologies shown in Figure | [2d], i.e., topologies where both species
influence each other. We only consider maps that can be assigned to one of these topologies. We thus exclude
maps that have edges which cannot be assigned a positive or negative sign, as explained in Section p.1.

We further reduce the number of maps to analyse by only considering asymptotic maps, which are defined
by f>(x) € {0,x,,3},i = 1, 2. This corresponds to a switch-like behaviour: the total occupation number
of each species gets either updated to its maximal or minimal value, or remains the same. The total number
of asymptotic maps for the 21 topologies of interest is 592, 490. Figure p| shows the 21 possible reaction
topologies grouped across three levels of complexity, which we define as the number of edges in the topology.

The formalism adopted here reduces the number of parameters considerably compared to the continuous
case [2d]. We set the noise parameter of the reaction step introduced in Sectionp.jto p = 0.9. We found em-
pirically that p = 1 often leads to the system getting stuck in absorbing states that prevent Turing patterns;
while smaller values of p introduce more stochasticity which tends to destroy patterns.

We further fix the diffusion constants to (dy, ds) = (1, 7) following [23], and extensive analysis which shows
that varying the diffusion parameters leads only to a negligible change in the number of maps that produce
patterns. To account for the stochasticity of the system, we simulate a given map a hundred times with ran-
dom initial conditions in each simulation for T = 500 time steps on a domain of size L = 101 (see Section
p.J for the simulation details).

We then take the endpoint of each simulation, compute the power spectrum via a Fourier transform, and
average the result over the different simulation runs. Finally, we fit a Lorentz distribution to the maximum
of the resulting average power spectrum (see Appendix [J for details). The scale parameter, -, of the fitted
Lorentz distribution corresponds to the width of the peak at half its height, and is hence a measure for the
peak width. A smaller v value indicates a sharper peak in the Fourier transform and hence a clearer pattern
in the simulation result. Empirically, we choose a threshold of v < 1 to define patterns in simulations.
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Figure 3: a) Dispersion relation of example map F. The plot shows that the non-spatial system is stable, thatisat g = 0,
while a clear instability exists at ¢ ~ 8 for eigenvalue 1, A1. b) A simulation of the example map F shows a
pattern emerge. c) Power spectrum of the simulation shown in figure BJ. The spectrum shows a significant
signal at a frequency value of q ~ 8, this corresponds with figure pd.

3 Results

3.1 Turing instabilities

Of the 592, 490 asymptotic maps, 51, 255 posses a stable steady statel. Of these, 45,591 posses a Turing
instability. Surprisingly, 89% of maps with a stable steady state possess also a Turing instability. Figure J
shows the relative proportions of maps with steady states, stable steady states, Turing instabilities and those
that produce patterns in simulations.

The maps with Turing instabilities are distributed across eight reaction topologies (see Figure ], highlighted
with blue). We name these topologies “Turing topologies™: all of these maps exhibit antagonistic behaviour
between the two species, where the first species acts as an activator of the second species, while the sec-
ond species inhibits the first. This activator-inhibitor principle is the generic mechanism used to describe
Turing instabilities, first introduced by Gierer and Meinhardt [4]. Topology 8 corresponds to the classical
Gierer-Meinhardt model (c.f. Figure ), which consists of a slowly diffusing autocatalytic activator and a fast
diffusing antagonist (inhibitor) species [4]. The other Turing topologies we identify are all variants of this
core slow activator-fast inhibitor mechanism.

!Recall that Turing instabilities are only defined for maps with a stable steady state, c.f. Section p.3
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3.2 Types of simulation outcomes

Turing instabilities only describe the local instability of a steady state and do not guarantee the emergence of
an actual pattern in simulations of a model. Indeed, in continuous PDE models it has been found that Turing
instabilities do not always give rise to patterns in simulations [20]. Here, we find the same to be true for LGCA
systems. More precisely, we observe three qualitatively different behaviours: no structure emerging, struc-
ture emerging without a characteristic wavelength (similar to “phase separation”) and structure emerging
with a characteristic wavelength (Turing-like patterns). We are interested in the latter: the “characteristic
wavelength” of a pattern does not depend on the domain size.

Figure pd shows an example for the first case of no structure emerging, which means that either random
noise emerges (as shown in Figure fd) or a spatially homogeneous state is reached. The corresponding power
spectra do not contain significant signals indicating the absence of a pattern.

The second qualitative behaviour breaks the symmetry of the system and produces a structure without a
characteristic wavelength. This behaviour is similar to the phenomenon of phase separation in PDE models
[27]. The majority of these maps separates the domain into two parts, one highly expressed side and the
other lowly expressed. Figure FH shows an example of a map that breaks symmetry with no characteristic
wavelength. As the domain increases so does the resulting length-scale of the structure.

The third characteristic behaviour, to which Turing patterns belong, produces a spatial structure with a char-
acteristic wavelength that does not depend on the domain size. Figure 5 shows an example of this behaviour.

(@ (b) (c)

Figure 5: (a) Example of no structure forming over varying sized spatial domains L = 100 (top) and L = 500 (bottom,).
(b) Example of spatial structure with no characteristic wavelength overvarying sized spatial domains L = 100
(top) and L = 500 (bottom). Example of spatial structure with a characteristic wavelength over varying sized
spatial domains L = 100 (top) and L = 500 (bottom). The three categories of power spectrum outcomes,
a) no spatial structure, b) spatial structure without a characteristic wavelength, c) spatial structure with a
characteristic wavelength.

To automate the analysis of simulation results we proceed as explained in Section p.4. For a simulation result
to be classified as a pattern, we require the Lorentzian fitted to the normalised power spectrum averaged over
n trials to have the scale v < ~%, i.e., the peak must not be too broad. Note that this criteria is somewhat
arbitrary, as the distribution of ~y values for all maps is close to continuous. We found empirically that the
threshold v* = 1 selects only maps that produce robust clear patterning.

3.3 Turing patterns

We find that out of the 45, 591 maps with Turing instabilities, only about 33% produce a Turing pattern in
simulations (see Figure [ for a visualisation of these ratios). We thus find that a Turing instability is a rather
weak predictor of a Turing pattern emerging in simulations. This is in stark contrast to the continuous case
where only a tiny fraction of systems with Turing instabilities do not produce a pattern [20]. These maps are
distributed across topologies 8, 9, 15, 16 and 20. Thus topologies 6, 7 and 14 are not able to produce a Turing
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pattern despite having a Turing instability. Instead, we find that these three topologies give rise to simu-
lations that enter into a spatially-homogeneous limit cycle, switching between high and low homogeneous
expression levels (see supplementary S3 for an example). We further found 5, 285 maps fulfilling the pattern
criterion without possessing a Turing instability. These maps are distributed across the same topologies 8,
9,15, 16 and 20 containing maps producing Turing patterns.

If we choose a larger threshold for v, the ratio of maps with Turing instabilities that produce a pattern would
increase. However, so would the number of maps without Turing instabilities producing patterns. The pre-
dictability of the Turing instability would hence not necessarily increase. Rather than using a threshold on
the scale v of the Lorentzian fit, we can alternatively view ~y as an inverse measure of the quality of a pat-
tern: the smaller v, the sharper the peak in the power spectrum. Figure pH shows the distribution of y values
over both maps with and without Turing instabilities. We observe that maps with Turing instabilities are
more likely to result in patterns emerging in simulation data, with the majority of highest quality patterns
all containing Turing instabilities.

Topology: 1 2 3 4 5 6 7 8 9 10 11
# of maps : 9| 9| 9| 600 | 849 | 600 | 600 849 849 | 600 | 849
% of Turingmaps: | 0| 0| O 0 o} 0.45 | 0.45 | 0.32 | 0.32 o o]
% of patternmaps: | 0| 0| © (o] o] (o] o] 0.28 | 0.27 o] o]

Table 1: Turing instability and pattern information for topologies of complexity level 1 and 2.

Topology: 12 13 14 15 16 17 18 19 20 21
# of maps : 40000 | 56600 | 40000 | 56600 | 56600 | 80089 | 40000 | 56600 | 80089 | 80089
% of Turing maps: o o 0.17 0.30 0.30 o o ¢ 4.9 o
% of pattern maps: o [¢) o 0.15 0.15 o [¢) o] 0.032 o]

Table 2: Turing instability and pattern information for topologies of complexity level 3.

3.4 Robustness

We next study the robustness of the different topologies[28], which we define as the fraction of maps of a
given topology that produces Turing patterns in simulations. The robustness corresponds to the fraction
in parameter space producing Turing patterns in continuously-modelled systems[29]. Figure 6d shows the
ratio of Turing maps with respect to the total number of maps for each topology, and table [| and table P show
the total number of maps and Turing maps for each topology.

We find that for the Turing topologies a surprisingly large fraction of maps produce Turing patterns, with
fractions ranging from 0.032 to 0.28. This is in stark contrast to continuously modelled systems where only
small fractions of parameter space allow for Turing instabilities, with reported robustness values in kinetic
parameters typically smaller than 0.01 [20]. We also find that the robustness decreases with increasing com-
plexity of the topologies (i.e., number of edges).

3.5 No pattern despite Turing instability

As we have seen in Section B.3, some Turing maps do not produce a pattern in simulations. This might be
expected since the Turing instability only indicates a local diffusion-driven instability and does not make
statements about the global behaviour. Moreover, we work with stochastic models here, which means the
random fluctuations can “wash out” the wavelengths emerging from a Turing instability. Another reason is
that the system can get stuck in homogeneous absorbing states. Finally, the mean-field approximation used
in the stability analysis may also contribute to such discrepencies.
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Figure 6: a) Histogram of the ratio of maps that contain Turing instabilities and those that produce patterns. b) Com-
parison of the y-value of Turing and non-Turing maps when excluding homogeneous simulation outcomes.
The ratios of spatial structure producing maps for each topology and comparisons of Turing maps and non-
Turing maps in terms of the quality of patterns they produce on average.

3.6 Pattern despite no Turing instability

As discussed in SectionB.3, we find 5, 285 maps that produce a stable pattern despite not possessing a Turing
instability. These are all distributed across the same topologies that possess maps with Turing instabilities
that produce patterns, namely topologies 8,9,15,16 and 20. 1, 011 of the 5, 285 maps possess a stable state
state and we find that these maps all have an eigenvalue whose maximal absolute value is close to one, and are
hence “close” to a Turing instability (in a loose sense). One potential explanation is that fluctuations present
in the model could push the system over the threshold into the instability and hence lead to a pattern of
the corresponding wavelength. This has also been suggested in [22]. The remaining 4, 274 do not possess
a stable steady state. Here a mechanism different to the Turing mechanism could be responsible for the
pattern.

3.7 Comparison to continuous model

We next compare the results found so far using the LGCA approach with results from the literature using the
continuous PDE approach.

3.71 Turing instabilities and emerging patterns

In Figure ] the five two-node topologies known to produce Turing instabilities in the continuous PDE case are
highlighted by purple [14, 12, 20]. Here, we find that these five topologies also produce Turing instabilities
in the LGCA framework. However, we find additional Turing topologies 6,7 and 14 (c.f. Figure P highlighted
in blue). But these three topologies do not produce Turing patterns in simulations, despite the presence of
Turing instabilities (see SectionB.9). Therefore, in terms of Turing patterns emerging in simulations, we find
a 1-to-1 correspondence between Turing topologies in the LGCA and the continuous frameworks.

3.7.2 Turing instabilities as predictors of patterns

Only 33% of the maps with Turing instability produce a pattern in simulations (see B.3; although the exact
number depends on our choice of scale v). Turing instabilities in the LGCA framework do thus not guarantee
an emerging pattern in simulations. This is independent of how many stable states a map possesses. In
contrast, in continuous PDE models Turing systems with a single stable steady state have empirically been
found to always give rise to patterns in simulations [20]. Only Turing systems with multiple steady states
have been found to sometimes converge to homogeneous steady states. Overall, Turing instabilities that do
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not lead to patterns in simulations seem to be substantially more frequent in the LGCA framework. We thus
conclude that a Turing instability in the LGCA formalism is a weaker predictor for the existence of a pattern
than in the continuous case.

3.7.3 Robustness

Even though we found the same five Turing topologies for the LGCA and continuous frameworks, we observe
considerable differences in terms of their robustness. In Section B.4 we defined the robustness of a topology
as the fraction of maps that produces patterns in simulations. In the continuous modelling framework, this
roughly corresponds to the fraction of kinetic parameters producing Turing patterns in a given topology
(note that we do not consider robustness with respect to changes in diffusion constants or topology here as
has for example been done in [20]). Importantly, we find that the topologies are substantially more robust in
the LGCA framework, with robustness values ranging from 0.032 to 0.28%, as opposed to robustness values
smaller than 0.01 in the continuous-modelling case for the same two-node topologies [20].

3.8 A modified definition of Turing instabilities

Recall that we used the conventional definition of a Turing instability used in the literature [22, 23]: the ab-
solute value of an eigenvalue of the Jacobian of the system linearised around a stable steady state becomes
larger than 1 (c.f. Section p.3). However, since a negative real part of an eigenvalue indicates an oscillatory
behaviour (c.f. Equation pd), it is questionable if this is a sensible definition if one is not only interested in
a stable state becoming unstable, but in the emergence of stable patterns. Indeed, topologies 6,7 and 14 in
Figure [}, for which we did not find any stable Turing patterns in simulations but only oscillatory patterns g
despite the presence of a Turing instability, the real part of the eigenvalue in the instability is always nega-
tive. We therefore suggest that in addition to the absolute value of the eigenvalue having to be larger than 1,
to include the condition that the real part of the eigenvalue is also required to be positive in the instability.
Applying this modified definition of a Turing instability gets rid of oscillatory patterns, and it also leads to
a 1-to-1 correspondence between Turing-instability possessing topologies in the LGCA and continuous PDE
framework. Moreover, this definition of a Turing instability seems to be a better predictor of an emerging
pattern: about 53% of maps with such a Turing instability produce patterns in simulations. With the origi-
nal definition, this were only 33%. Positivity of the real part of the eigenvalue hence appears as a reasonable
additional criterion for defining a Turing instability with the LGCA model.

4 Discussion

Recent experimental findings [z, 9, B8, 11, 10] have resulted in Turing patterns being widely accepted as an
important mechanism for spatial patterning in developmental processes. These findings have raised impor-
tant questions about the key features underlying the Turing mechanism and its robustness[2§]. A variety of
theoretical endeavours aiming to answer these questions have accordingly taken place since. However, most
of these have focused on single models. More recently, some large-scale studies have systematically analysed
large parts of possible design spaces, thereby providing a novel understanding on how common and robust
Turing pattern mechanism are [12, 14, 2¢]. The majority of these theoretical studies have used differential
equation models with continuous concentrations.

Since every mathematical model of a biological system is an abstraction, it is difficult to untangle those dy-
namics and features attributable to the true mechanics of a given biological system and those artificial dy-
namics arising from the modelling technique itself. Describing a biological system by different modelling
frameworks can hence help to identify true underlying mechanisms; combining qualitative and quantitative

2We would like to point out that the exact quantitative results depend on the exact modelling details. For the LGCA case, the numbers
might change if we considered all maps and not just asymptotic maps. Also, changing the threshold for the scale -y for the criterion of
what we define as a pattern influences the results (c.f. Section (description of Lorentzian fitting)). Similarly, in the continuous case, the
robustness values depend on the modelled parameter ranges [(14, 20].

3 Also referred to as “checkerboard patterns” in [23]
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modelling frameworks[30]; or augmenting modelling by evolutionary/comparative methods can provide re-
assurances as to the validity of modelling studies [31].

Here, we have performed a large-scale survey of all possible two-species networks using a discrete lattice
gas cellular automata (LGCA) framework. This framework is much more restrictive than the continuous ap-
proach, in that it confines the concentrations to a small number of discrete values (four in our case) and
comprises discrete maps between these states rather than continuous kinetic parameters.

Using this approach, however, we found the exact same five network topologies capable of producing Turing
patterns as in the continuous modelling framework [12, 14, 20]. Moreover, we found these five topologies to
be even more robust in the LGCA framework than they appear to be in the continuous counterpart.

We also found that the presence of a Turing instability is neither sufficient nor necessary for pattern for-
mation in the LGCA framework, and that it is a much weaker predictor of an emerging pattern than in the
continuous counterpart. This can, to some extent, be attributed to the stochasticity of the LGCA framework
which makes the definition of a pattern less straightforward, as stochasticity can wash out patterns and lead
to breaking down of the employed mean-field analysis. To a certain degree this can also be attributed to
the original definition of a Turing instability in the LGCA framework [22, 23], and we proposed a modified
definition which leads to a stronger predictor.

The fact that our restricted model identifies the same Turing topologies identifeid before in the continuous
case suggests that the exact molecular details might not be as important as previously thought and hints at
a deeper underlying principle of Turing mechanisms that is independent of the modelling framework. The
larger robustness we found suggests that Turing patterns might be more robust than previous continuous
studies suggest.

Acknowledgements

This work has been supported through a Life? programme grant from the Volkswagen Stiftung to HS and
MHPS; TL gratefully acknowledges a PhD scholarship from the EPSRC; and DS and MPHS thank the BBSRC for
funding (BB/RO00816/1). HS acknowledges financial support through the DFG Forschungszentrum MATH-
EON initiative. MPHS is funded through the University of Melbourne Driving Research Momentum program.

A Reaction step

Following from section p.] we derive the general expression for the channel after the reaction step. Recall
from section p.1 that the total number of particles of a given species o at a given position r and time k is

3
ne(n,)(r,k) = Z Noa(r, k). (8)

After the reaction step the newly updated total number of particles of species o at a given r and time k is

3

ng (n(r. k) = Z D Wil (r 0)Fo (i) Wy (ms (. K)), ©)

3
i=0 j=0

where ¥(n, (r,k)) = (4°(n,(r,k)), %! (1, (1K), %% (0, (1K), 1% (0, (1, K))) with ¢(n, (r k) = 1
when i particles of species o exist at the lattice position rand 0 otherwise. See supplementary S4 for a full ex-
pression of U(n,(r,k)). F,(i,j) denotes the updated value of species o from the state x = (i, ) as defined
in section p.]. The superscript ® indicates the variable after the reaction step. We add stochasticity to the
interaction step by introducing sequences of spatial and time independent identically distributed Bernoulli
random variables e € {0,1},r € £,k € N. These variables determine whether the reaction takes place or
not. We further define p = P(e(r, k) = 1), where p is the probability of the reaction taking place. We refer
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to p as the “noise parameter”. With these definitions the post-reaction total number of particles of species o
atagiven r and time k reads

l l

ng(n(r,k) = (1= eng(rk) +ed > Wi (rk))Fo (i) W (s (r, k), (10)

i=0 j=0

Once the total number of particles n® are updated they are redistributed back into the individual channels
1 ; for all i, such that

0, ifnB(r,k) <i.

1, otherwise.

s i(r k) = { (11)

B Shuffling step, diffusion step and difference equation

In this section we provide a formal definition of the shuffling and diffusion steps described in Sectionp.1, and
give the full expression for the difference equation in (§). We start by expressing the random shuffling step
in terms of permutation matrices. The set of permutation matrices for a system with three velocity channels
is

1 00 1 00 010 0 0 1 0 1 0 0 0 1
A3={|0 1 0|, |0 O 1|, (1 0 Of, |0 1 0|, |0 O 1|, |1 O Of} ()
0 01 010 0 0 1 1 00 1 00 01 0

Using these we can write the updated channels in terms of the set of local channels at spatial position r as

6 3
(k) =G k) > 0k (rk)d], (13)
j=1 I=1

where the superscript R indicates the variable after the shuffling step. a{i denotes the element of the j™
permutation matrix at row [ and column i, and (; € {0,1}, j €1,...6areBernoulli type random variables,
such that ; = 1foronej € {1,...,6} and zero otherwise. After the shuffling step we apply the jump
diffusion step as

Noi(r+doci,k+1) = nf’i(r, k). (14)

Combining Equations (f), (13) and (L4) we obtain an expression for the change in expression level over a
single time step, C,;(n(r, k), n(r + d,, k + 1)), in terms of the variables of the previous time step:

Coi(m(rk),n(r+do,k+1)) = ngi(r+do, k+ 1) — 154(r, k) (15)
=01, k) = noa(r,k) (16)
6 3
= Gl > 0k () — (k). (17)
=1 =1

and we canwrite C,;(n(r, k), n(r+do, k+1)) = Co:(n(r, k)). Equation (17) describes how each individual
channel evolves over time.

C Linear stability analysis in the LGCA model

Here, we derive the equations needed for the stability analysis used to define Turing instabilities in the mean-
field approximation in Section p.3. As mentioned in Section p.3, we use a small perturbation to determine
the stability of a given steady state: let dv;(r, k) = v;(r,k) — 7 € R be a small perturbation around the
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steady-state solution  of Equation ([ﬂ), where i denotes the channel. Using this in (E) and linearizing around
7 we get the linear lattice-Boltzmann equation
6
Svi(r +dVe® k4 1) = du4(r, k) + Z Qyov;(r, k), (18)
j=1

where the diffusion coefficient d(V) is the ith element of (do=1,do=1,do=1,dy=2,ds—2,d,—2) and the di-
rection ¢ is the ith element of (1,0,—1,1,0,—1). The Jacobian € R6%6 is defined as

oC;(Sv(r, k _
o oo _, »
Consider a harmonic wave perturbation of the form

ovi(r, k) o Ak cos(%qr), (20)
where g = 0 corresponds toaspatially homogeneous perturbation. Next, we consider a general perturbation

F(q, k) = (F1(q,k), ..., Fs(q, k)) and express each of its components as a sum of sinusoidal terms as
Fi(q, k) = Z ov(r, k)e%qr. (21)

reL

Applying the discrete Fourier transformation to the linear lattice-Boltzmann equations (L) gives

6
Fi(q k+ 1) = e~ Fad®c? (Fi(q, k) + ) Qg k)) , (22)
j=1
which we write in vectorised from for as
F(q,k+ 1) = I'(k)F(q, k), Vg, (23)
where I'(k) is the Boltzmann propagator defined by
Tyg) = e o " {51 + QJ} (24)

In matrix notation this can be written as
T(q) = T(I+ Q). (25)

where T € R%*6 which is known as the “Transport matrix” and defined as a diagonal matrix with elements
2mi
Tj = et 9949, and I € RO*C is the identity matrix. (I + ) is a block matrix and reads

W] W1 W1 Wy W Wa

Wi w1 W W2 w2 W2

W] W1 W1 Wy W Wa

I+Q} = R. 26
{ + } W3 W3 w3 wyq Wi W ’ W1, W2, W3, W4 S ( )

W3 W3 W3 W4 Wq W4

W3 W3 W3 WwWqg W4 W4
See supplemental SXX for expressions for wi, wa, w3 and wy. Wedefine Apq) = (A1(q), A2(q), A3(q), Aa(q), A5(q), A6(q)),

where \;(q) is the ith eigenvalue of I'(q). The ); determines the stability of a given steady state and are ob-
tained as solutions of

IT(q) — I =0, (27)
where | - | denotes the determinant. Due to the block structure of I'(q) (c.f. equation p€) only two of the
eigenvalues are non-zero: Ar(q) = (A1(q), A2(q),0,0,0,0), with

1

A2(q) = 3 (w1u1 (q) + waua(q) £ V/4(wows — wiwa)ur (q)u2(q) + (wiui(q) + w4u2(q))2> , (28)

whereu,(q) = 1+e~ Fads 4 o*ads When q = 0, A and )\, define the stability of the non-spatial system.
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D Power spectrum analysis

In this section we provide details on how we use the power spectrum in Section p.4 to automatically identify
patterns in simulations as outlined in Section p.4. Since either both or none of the two species show patterns
in simulations, we only use the number of particles n; (r, T) of the first species defined in Equation () atend
time point T to identify patterns. The normalised power spectrum of a simulation run as described in Section

p.4is given by

L—1

12
S i me

r=0

S(q) = (29)

To average out fluctuations we perform K simulation trials. Let S(q)Y,i = 1,..., K be the corresponding
power spectra computed as in Equation (R9)). We accordingly define S(q) as the average over the K trials:

S(0) = 2 > s(0)? (30)
j=1

If S(q) possesses a clear peak at a certain wavenumber q this indicates a spatial pattern in the simulation
results with wavelength L/q. To identify such a peak we fit a Lorentz distribution to S(q) to quantify the
quality of a pattern. The Lorentz distribution is defined as

1

fxex0,7) = (31)
[32]. We determine the median x; by finding the frequency in which the cumulative distribution function is
equal to 0.5. We then use the method of least squares to determine the value of the scale parametery € [0, 1].
The smaller the scale parameter the sharper the peak and hence the clearer the pattern in the spatial domain.
We thus use a threshold on 7y to judge if a simulation result contains a pattern or not, as explained in Section

B.4.
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