





























































































































34 CHAPTER 3. NETWORK FORMATION DURING EXTENSION

Figure 3.7: The set-up of the piece-wise linear approximation of the total trajec-
tory space to search for the trajectory with optimal combined efficiency for each
weight. Within the arena (grey), seven lines (black broken lines) were set up.
These lines reach from the inside boundary of the arena to the centre line (but
don’t extend to the outer boundary). Along each of the lines a parameter (a,
b or ¢) determined the position of the anchor point that would mount the tra-
jectory (red, blue and yellow lines for three different value triplets). Parameters
a and ¢ were raised to a power in order to narrow the search spread in certain
areas where, from experience, trajectories of Physarum could be found more fre-
quently. Note that this is a bias only in accuracy, not in the resulting geometry.
Two additional anchor points were fixed at the middle points of the ends of the
arena. The red line is the globally shortest path with a = b = ¢ = 0, and the
yellow line is the centre line with @ = b = ¢ = 1. The blue line is an example for
a trajectory for intermediate values (e.g., a = 0.4, b = 0.6 and ¢ = 0.9).
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Figure 3.8: One-dimensional example for the results of the calculation of ef-
ficiency for all possible trajectories with only one free parameter a and fixing
b = c = a (see figure 3.7 for the definitions). Shown are the results of the over-all
efficiency E for w = 0 (‘length only’, blue), w = 1 (‘distance only’, red) and
w = 0.225 (‘weighted efficiency’, yellow). It can be seen clearly that in the case
where only length is regarded (w = 0), the optimal trajectory is found at a = 0,
which corresponds to the globally shortest trajectory. Likewise, when only dis-
tance is considered (w = 1), the optimal trajectory has a parameter a = 1, which
is the centre line. At an intermediate value w = 0.225, the optimal trajectory
has an intermediate geometry parameter a = 0.4.
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Figure 3.9: Overlay of Physarum’s vein trajectory (yellow) and the trajectory
with the geometry parameters a = 0.4, b = 0.6 and ¢ = 0.933 (black), which has
the optimal over-all efficiency for a weight w = 0.167.



3.2. VEIN TRAJECTORY AND THE PHYSARUM SOLVER 37

3.2 Centre-in-centre vein trajectory and the
Physarum Solver

The Physarum Solver developed by [81] is a powerful tool to simulate the de-
velopment of the vein network of Physarum (section 2.2.1). The premise of the
model is that the organism has fully extended over the available arena with all
possible veins within its domain being of essentially the same diameter. How-
ever, this is not the situation we are dealing with in the extension experiments
discussed above, where the organism’s, and therefore, the network’s domain is
continuously extending concurrently with the formation of the vein network.

Running the Physarum Solver model on an U-shaped arena, with the end
points serving as sources and sinks of the flow, we therefore find a vein pattern
very different from the experimental result (figure 3.10). In this simulation, the
single main vein follows the geometrically shortest possible path closely. This
is best seen in the stretch between the two 90° turns where the vein does not
separate from the inner boundary of the arena and, as a consequence, does not
produce the typical centre-in-centre pattern at the corners.

This means that the Physarum Solver is able to find the globally optimal
solution where Physarum does reproducibly not find the shortest possible so-
lution. Nevertheless, the organism is able to come close to it even in the ab-
sence of complete information, and the centre-in-centre vein pattern is of key
importance to this. The geometric reason for this is that the main contribution
to the additional length of a divergence from the globally shortest path comes
from the behaviour at the corners. Rounding the corners of a path reduces its
length significantly. However, a rounding of corners itself is a local phenomenon,
whereas omitting rounded trajectories in favour of sticking to the globally optimal
path is obviously only possible under complete spatial information. Therefore,
since Physarum vein patterns do produce (rounded) centre-in-centre trajectories
whereas the Physarum Solver model does not, but finds the global optimum, we
have to conclude that the vein network dynamics described by the Physarum
Solver model alone are insufficient to capture the mechanism driving the emer-
gence of the vein network during extension.

However, a recent study [2] found centre-in-centre trajectories reproduced by
the Physarum Solver model, although the arena used in that publication was
much more complex than the ones used here. As a consequence, the appearance
of centre-in-centre trajectories depended on the configuration and interaction of
neighbouring corners, on the local ‘randomness’ of the mesh, and on fluctua-
tions in the initial vein thickness (figure 3.11). In other words, the trajectories
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Figure 3.10: The result of a Physarum Solver simulation based solely on the
current reinforcement principle. A network spans the whole of the arena. Two
points are defined as entry and exit points of some arbitrary flux, the rest of the
grid is allowed to adapt its edge diameters to the fluxes. The resulting single
vein is the shortest possible path [81]. Most critically, the vein does not return
to the centre between the turns. Modified from [69].
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found in that study can be considered a result of strict global optimisation under
complicated conditions.

Here, however, ‘centre-in-centre trajectory’ means the return of the vein to
the centre, unguided by the boundary, after each corner (given sufficient space
to do so), even if two consecutive corners turn in the same direction [69]. This
is in contradiction to strict global optimisation and can be considered an effect
of local optimisation.
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Figure 3.11 (previous page): Possible definitions of and causes for a ‘centre-in-
centre trajectory’. a: Result of strict global optimisation if starting and ending
points are at a distance from the inner boundary. b: In a pre-defined mesh not
all trajectories are available. Therefore, there might be a number of trajecto-
ries of equal length that are all at the global minimum. Random fluctuations of
initial conditions might choose one such trajectory that appears to exhibit the
characteristics of a centre-in-centre trajectory (solid line), although other initial
conditions might have resulted in a trajectory that is clearly not centre-in-centre
(broken line). ¢: In a random mesh not all space around a corner may be avail-
able. In such circumstances, strict global optimisation may produce a trajectory
that looks as if it starts from and returns to the centre of the lane, although
the reason for this is that a path closer to the inside boundary is simply not
available in the mesh. d: Strict global optimisation between orthogonal turns in
opposite directions lead to trajectories that cut to the turns’ inside but approach
them from the centre line. However, this is a result of the arena’s lay-out. e: If
two consecutive turns in the same direction and the space between them are not
considered individually, but rather one combined turn, strict global optimisation
may lead to a trajectory that follows the inside of the ‘turn’ while starting from
and returning to the centre of the lane due to the arena geometry outside of the
spot considered. However, the trajectory around each individual corner is clearly
not centre-in-centre. f: Only if the trajectory of the vein robustly returns to the
centre of the lane even between two consecutive turns in the same direction and
even if other choices are available we speak of a ‘centre-in-centre trajectory’.
This is the only definition that is in contradiction to global optimisation of path
length, allowing us to differentiate between trajectories being optimised globally
and locally.
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Chapter 4

Modeling the network formation
during extension

In this chapter we will introduce two models to recreate the vein trajectory
formation of Physarum polycephalum during exploratory migration in the absence
of food sources. The first model is generative, that is, it is based on certain
experimentally determined physiological characteristics, but is not fed with any
of the experimental results it is meant to recreate. That is to say, no information
on the actual explorative behaviour of the real organism is used in this first model.
This will allow us to check which physiological processes and their interactions
need to be modeled in order to recreate the behaviour accurately. The second
model is based on the understanding gained from the first, but is unrelated in
mathematical terms. The quintessence of the relevant building blocks of the
first model and their interaction are used to make simple, phenomenological
predictions on the trajectory of the vein. However, these predictions are based
on the input of some experimental data, specifically, the growth front history.
The simplicity of the second model will give us a clear, intuitive understanding
of how Physarum is able to construct efficient transportation networks during
exploratory migration.

4.1 A complex model based on the physiology
of the extending slime mould

In order to predict the development of the extending tube network in its dynamic
environment, we need a model that can capture the effect of the extension of the
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growth front on the development of the tube network. In addition, we model the
rhythmic contraction waves of Physarum as a driving force for the cytosolic flux
through the tube network.

4.1.1 The elements of the model

We employ a composite model [69] consisting of three elements: the growth front,
the tube network, and the actomyosin contraction waves, which we will discuss in
the given order hereafter. However, while the growth front and the contraction
waves can be modelled in continuous two-dimensional space, the tube network
has to be modelled on a pre-defined grid of nodes and vertices stretching through
the same space.

The growth front

The first element needs to be able to reproduce the behaviour of the growth
front. Certainly there is a degree of influence of the rear part of the body on
the extension of the frontal tip, if not only for the fact that the body mass
necessary for this process is supplied from the rear through the tube network
stretching throughout the organism’s domain. However, [75] showed that growth
front extension can be accurately modelled independently of processes occurring
in the rear of the body by a Gray-Scott reaction-diffusion model.

Given that enough body mass is present for the organism to extend through-
out the whole of the available arena space, and given that most of the organism’s
body mass is concentrated in the growth front, it is plausible to model the be-
havior of the growth front independently from the rear. Thus, we employed the
above-mentioned Gray-Scott model (section 2.2.3).

As mentioned there, the physiological interpretation of the reaction-diffusion
process, that is, the identification of the model variables with actual chemical
species, is at this point only tentative. In the original study [75] introducing
a Gray-Scott-type model for the simulation of the growth front behaviour, the
model variables were identified as ‘intracellular ATP’ and ‘nutrients’. In a later
study [85] they were replaced by ‘solation factors’ and ‘solation regulation fac-
tors’, the same as used here. In addition we note that in the present implemen-
tation of the simulation the concentration of the the solation regulation factors is
high even outside the body mass. In other words, these chemicals are modelled
as if the pre-existed in the arena. This certainly is not a realistic situation.

How trustworthy, then, is a model which not only includes some clearly un-
realistic assumptions, but is not even clear about which conditions are to be
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modelled, in the first place? The answer to this question has to framed from a
different point of view: For our purposes, we are looking for a model that can
accurately describe the behaviour of the expanding growth front of Physarum
polycephalum. The only model capable of realistically doing so, to our knowledge,
is the above reaction-diffusion-type model. However, it is true that its variables
and parameters are not well defined and the model remains a phenomenological
one at this level.

The mathematical realisation of the model, equivalent to equations (2.9), is
given as

ou

TG = D, Au — uv? (4.1a)
0

Tga—: = D,Av + uv? — aqv (4.1b)
dw

TQE = h(U) (41C)

where u is the concentration of the regulatory factors and v is the concentration
of the solation factors. D, and D, are their respective diffusion constants and
A represents the Laplace operator 9?/0x? + 8%/0y?. «y is a positive constant.
Supplementing the system given in equations (2.9), the variable w is the organ-
ism’s thickness, assumed to grow as a function of the presence solation factors
h(v) = asv, ay being another positive constant. 7, defines the time scale of the
growth front extension relative to the following processes.

The tube network

The aim of the presently proposed model is to accurately describe the develop-
ment of the tube network in an extending organism. Therefore, a description of
the dynamics of the tube system is necessary. The second element of the model
is, therefore, a version of the current reinforcement model introduced in [81].
However, we have to adapt the model to work in the context of the extending
domain.

Since the growth front is propagating largely independently from the devel-
opment of the tube network, cytoplasmic flow sinks may not always be available
at the same rate as fluid is supplied from the rear — there could either be more
flow than the growth front extension can absorb at a given time, or the growth
front has expanded more than what can readily be filled by cytosol. In either
case, an area of the organism’s domain newly made available to the tube network
is, in this model, spanned by empty tubes of zero diameter that do not, initially
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conduct any flow. Therefore, the tube network must be able to compensate for
flow in a pressure-dependent manner by distensible tube walls [64].

As a consequence, the interaction between pressure and flow is not fully cap-
tured by the analogy of the electric circuit normally employed for a pure current
reinforcement model, with pressure taking the place of voltage and flow the place
of current. Instead, the interrelation between pressure and flow is modelled ex-
plicitly and individually, and has to incorporate the material properties of the
tube.

Together, these dynamics are written in mathematical form as

dqij 1 ~
== pi — pj) — Rij(Dij)Gij 4.2a
i~ T ) - RuDoan) (4:22)
dp; 1
dp g~ 1 (4.2b)
dt = Cy(Dy)
dD;; lq]"
= —1D;; 4.2
dt 1 + aqlg|* ik (4.2¢)

where ¢;; is the flow through a vertex between nodes ¢ and j, and p; is the pressure
at node 1. Ej, éij and a-j are the fluid inductance, resistance and capacitance,
respectively, of the tube between nodes ¢ and j. These are model properties of
distensible tubes, modified such that they don’t diverge at a tube radius of zero,
which is the default state of the grid vertices in this model. Inductance, resis-
tance and capacitance are defined respectively as I;;(D;;) = Li;/(a; + aiDilj/ %),
EZ](‘DZ]> = Lij/(dr + CLTDZ'j>, 62(Dz]) = (C_LC + CLCD?]-/4)LZ‘j, where we define
Di;(t) := dj;(t), di; being the radius of the tube between nodes i and j, for
convenience and will refer to it as ‘conductivity’. L;; is the length of the tube.
a; = 47 /9p, a, = 87/81v and a. = 27 (1—0?)/(E0) are constants that are defined
by the fluid density p, the ordinary coefficient of viscosity v, Young’s modulus
for the tube wall E, the thickness of the boundary wall § and the Poisson ratio
for the wall 0. a;, a, and a. are arbitrary constants to generate the saturation
terms. The third equation (4.2c) represents the current reinforcement dynamics
as in equation (2.1), with a4 and p being constants controlling the non-linearity
of the feedback.

The actomyosin contraction waves

The model for the tube network described in the preceding section is usually
realised by choosing, at each iteration, two random nodes in the network’s mesh
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and designating one as an inlet node and the other as an outlet node with an
arbitrary (though fixed) ‘full” pressure level at the inlet and a zero-pressure level
at the outlet. All other nodes have to follow mass conservation for the flows
in and out and are assigned pressure values in analogy to assigning voltages to
points in an electric circuit.

However, in a situation where the organism is extending more or less unidirec-
tionally over a surface, this implementation is neither practical nor realistic. It is
not practical, since the domain changes size at each iteration and, therefore, the
chance of choosing a node at the growth front would decrease rapidly over time;
it is not realistic, since the over-all flow would not follow a consistent pattern,
whereas such a pattern is evidently present in unidirectional extension.

Therefore, flow has to be generated in a different manner than by choosing
random inlets and outlets. We achieve this by creating pressure waves that are
generated at the starting point for the simulation and propagate throughout
the organism. We employ a Smith-Saldana-type model [73] for calcium-driven
contraction waves, where the calcium concentration and the phosphorylation
state (and, therefore, the activity) of the myosin light-chain kinase influence
each other, thus generating a series of self-propagating waves.

The mathematical formulation of the oscillator (cf. equations (2.9)) is

noe = —hvn(e,p) + k(N — ) + DAe
(4.3)
0
m e = Kone(e,9))(1 = ¢) = ko

where ¢ is the concentration of total cytosolic calcium and ¢ the probability of
the myosin light chain kinase (MLCK) being phosphorylated. 7; defines the time
scale of the contraction waves relative to the dynamics of the growth front and the
tube network. ky and kp are the respective rate constant for calcium pumping
into the vacuole and leakage out of it into the cytosol. N, is the total calcium con-
centration in the cell and n. the concentration of unbound cytosolic calcium, so
that V. —cis the concentration of calcium in the vacuole. D, is the diffusion con-
stant of calcium and A the Laplacian operator as above. kg is the rate constant of
the MLC-MLCK complex de-phosphorylation, whereas the rate of the phosphory-
lation process K is a function of the free cytosolic calcium concentration n, (see
section 2.2.2), given by Kg(n.) = ko[K.n.(c,»)/(1+K.n.(c,¢))]. Here, kg is the
maximum rate of MLC-MLCK phosphorylation and K, is the Michaelis-Menten
constant. The relative quanitities, finally, of the total cytosolic calcium ¢ and the
free cytosolic calcium n. depend on the phosphorylation state of the MLC-MLCK
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complex and are given by n.(c, ¢) = [1 4+ 0.17(c — 7.5)](ap + a1 + a2p? + azp?)
which is a fitted version of equation (2.5) with fitting parameters ag, a1, ay and
as [72]

4.1.2 Layers, interactions, time scales, and numerical scheme

The models above fall into two broad categories: the network dynamics are ex-
pressed by a discrete model for the dynamics at pre-defined nodes and edges
of a planar network. On the other hand, the reaction-diffusion process and the
actomyosin contraction waves are descriptions of processes in continuous space.
We therefore implement the model as the extension of a continuous ‘organism’
over a discrete and pre-defined network, with the reactions taking place in the
appropriate ‘layer’. However, the dynamics of vein formation, actomyosin con-
traction and leading edge formation interact with each other. There are four
such interactions.

(1) The tube network advects chemicals that take part in the reaction-diffusion
process in the growth front. As stated earlier, this process, as modelled here, can
sustain itself independently due to the regulation factor v being ubiquitously
located to model excess amounts of body mass, nevertheless the advection of
additional reactant v destabilises the behaviour of the growth front [70, 12]. We
assume that v is advected to network nodes in amounts proportional to the con-
ductivities D of all tubes ending at the node. Thus, we adapt equation (4.1b)

to
% = (DyAv + uv® — a1v) /7 + kB(w)D(x) (4.4)

where k is the interaction strength (for example the concentration of advected
v), D(z;) := >, Dy; is the sum of the conductivities of the tubes ending at a
node i located at x;, and B(w) is the location of the growth front since we claim

that the emergence of v from the tube network only occurs at the growth front:

. 1 w e [wexta wint]
B(w) = { 0 otherwise. (4.5)

where wey and wy,; are constants chosen such that w < wey everywhere outside
the organism and w > w;,; everywhere inside the organism except at the growth
front.

(2), (3) The pressure at any point in the tube network is determined by
the contraction state of the actomyosin, that is, by proxy, by the local calcium
concentration [89, 91]. Since this is the driver of the cytosolic flux, we include
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it in equation (4.2b). In addition, the pressure change is also influenced by the
stiffness of the wall which is in turn affected by the local concentration of solation
factors [30, 40]. The high concentration of solation factors at the growth front
and the resulting low pressure there creates a sink at the growth front. This,
too, is considered in equation (4.2b) as

dp; 1 _
— = — i — k(c; — C 4.6
dt ; Cij(Diz)(1 + av”z’j)% (=) 0

where v;; = [v(=x;) + v(x;)]/2 is the average concentration of v in the tube
between nodes ¢ and j and a, is a positive constant. Since the contraction in
Physarum is small when the calcium concentration is large, we take s to be a
positive constant. ¢; := ¢(x;) is the concentration of calcium at node j and ¢ is
the basal concentration of calcium.

(4) Finally, a rather technical point, which is a consequence of the model
being set-up in two layers. Although a fine and dense grid of veins pre-exist in
this implementation of the model, they are only allowed to expand their diameter
to assume non-zero size when the vein is in the region occupied by the organism.
Therefore, we assume that equation (4.2c) for the conductivity change depends on

the organism’s thickness so that tube growth can only occur inside the organism,
defined by a threshold thickness:

= T'(w;;) rD..
dt Y1 p Y
T(w): — 1 W > W
' 0 otherwise
where w;; = [w(x;) + w(x;)]/2 is the average thickness of the organism along a

tube and wyy, is the threshold thickness defining the border between ‘inside’ and
‘outside’.

In addition to influencing each other numerically, the three model compo-
nents also have to have co-ordinated time scales. The relative time scales of the
contraction waves and the growth front extension, that is, the ratio between 7
in equations (4.3) and 7, in equations (4.1) was chosen such that approximately
600 contraction waves run through the body until it has extended over the whole
arena, which is in concordance with experimental observations. The absolute
values of 7 and 75 were chosen such that the resulting vein network visually
resembles the structure in the real organism. We will revisit the latter point
further down (section 4.1.4).
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We used the finite element method to solve the contraction wave and the
growth front dynamics, employing Neuman boundary conditions. We generated
the spatial mesh (figure 4.1) by using the software FreeFEM++ [32]. The pa-
rameter values for the numerical evaluation are listed in table 4.1.

Figure 4.1: Examples for the spatial mesh generated for the evolution of the tube
network. a: The snake-shaped arena. b: The U-shaped arena. )y indicates the
starting position representing the location where a biological sample would be
placed. Modified from [69].
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The initial values for the variables are
pj(o) =0 (] =1, ’N)
qw(O):O (Z,jzl,,N)
0.1 ifax; €Q e€Qq(i,j=1,---,N
Dyy(0) = if ‘(]OI' x; 0o (4,7 )
0 otherwise

0.0 x e Q\Q
o(x,0)=0 xe€Q
u(x,0) =3 x €

1. Q
U(w’o):{o.g ziﬁigo
w(z,0)=0 €

1.0 €l
c(x,0) = { v X

where 0 C R? are the points within the arena and Qg C € represents the region
in which the organism is initially placed (figure 4.1).

In order to generate an actomyosin contraction wave [88], we take 71 to be a
function of space (see table 4.1). In particular, we assume that 7; in the starting

region {2y is smaller:
71/3, Y]
n(z) = {ﬁ/ TE (4.8)

T, otherwise

With this setting, a periodic contraction wave propagating from €y to the
leading edge is observed. In addition, due to the interaction term k(c; — ¢) in
(4.6), a to-and-fro sol flow reminiscent of the ‘shuttle streaming’ in Physarum
(39, 90, 73] occurs.

The components of the model are summarised visually in figure 4.2 a, and
the distributions of the variables in equation (4.1) are shown in figure 4.2 b.

4.1.3 Evaluation of the model

A typical sequence of the model’s evolution is depicted in figure 4.3. It is clearly
visible that the model re-creates the key features of the organism’s extension: the
main veins are formed at a short distance behind the growth front; the position
of the main vein, once it has emerged, remains constant over time; and the
trajectory of the main vein follows a centre-in-centre pattern at each corner.
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Figure 4.2: Visual summary of the numerical model. a: The main model com-
ponents. b: The distributions of the solation factor v (equation (4.1b)) and the
regulatory factor u (equation (4.1a)), the thickness of the organism w (equa-
tion (4.1c)), and the definition of the ‘inside’ of the organism I' relative to the
modelled processes. Modified from [69].
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Figure 4.3: A typical sequence of the model’s evolution in comparison to a time
series of an experiment with the real organism. a: 3 frames from an experiment
with Physarum polycephalum in a snake-shaped arena. Note how multiple major
veins emerge after the growth front (e.g., arrow at 543min), while only those that
connect to the growth front at later stages are maintained (compare to the same
location at 726min). b: 3 frames from a model run. Highlighted are the growth
front (thick solid line), the main vein (solid line), and the location of solation
factors v (grey dots, indicating the growth zone of the organism; see text for
details). Note that the model not only qualitatively recreates the trajectory, but
also produces multiple veins behind the growth front, only one of which is kept
later. From [69].
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ap = 0.349353 D.= 02 Wext = 0.1
ap = -0.0454567 D, 0.2 Wip 0.9
ap = 1.15905 D, 0.02 wyy, = 1.0
az = 1.823858 k 0.01 a; = 0.01

a.= 0.03 kp= 0.1 a;= 0.1
ag= 0.01 kp= 0004 k= 1.0
a;= 5.0 ko= 1.0 p= 13
a = 10.0 ky = 012 7= 0.0072
a, = 135 K.= 175 1= 20
a.= 0.1 N.= 25.0

a, = 0.01 r= 0.15

a = 2.5 R= 10

= 7.0

Table 4.1: Parameter values for the numerical simulation. Values from [73, 72,
3], see also [69].

These observations are statistically stable (figure 4.4). Moreover, a compar-
ison between the experimental data and the model data (figure 4.4) shows that
the two coincide at almost all places, save for a single location where the model
exhibits exceptionally low variability. However, even this deviation, while quan-
titatively significant, is qualitatively irrelevant, since both data show the typical
centre-in-centre trajectory.

It is interesting to compare the time scales of the components of the model.
The time scale of the tube development is difficult to calculate and may, in fact,
have multiple time scales, depending on the geometric situation. The effective
time scale of the vein formation process in the experiment can, however, be
determined by fitting an exponential function through data indicative of the
process. For example, the absorbance of a given piece of plasmodium decreases as
that piece goes through various stages in the vein formation process concurrently
with the growth front moving away. Then, the denominator of the exponent is
the time scale. Thus, we could determine the effective time scale of the vein
formation process to be 195 seconds (see figure 4.5). In other words, the tube
network formation is not on the same time scale as the (faster) growth front
extension, but the difference (a factor of roughly 10) is not so large as to call
the two processes uncoupled (as is, for example, the case between the actomyosin
contractions and the other two processes). In the next section, we will investigate
the relevance of this ratio of the two processes’ time scales.
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Figure 4.4: Quantitative analysis of the vein trajectory of the model. The model’s
main vein’s position was measured at intervals equivalent to the experiment with
the real organism. The average vein (solid black line with standard deviations at
the measurement points) is in most parts statistically indistinguishable from the
position of the real organism’s vein (grey area indicating the area spanned by the
standard deviation around the average position) at almost all positions. Only at
the second corner there is significant difference due to the very low variation in
the model’s results. We also show the geometrically shortest path (broken line)
and the arena’s centre line (dotted line). The model exhibits the same centre-in-
centre trajectory at each corner seen in the experiments with Physarum and is
clearly different from the globally shortest path. Modified from [69].
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Figure 4.5: The absorbance of a given location in the plasmodium decays ex-
ponentially. This is indicative of the recruitment of body mass into the vein
network as the growth front moves away. The fitting curve follows the equation
A= T6e"15 + 9. Thus, the time scale of the process is 195 seconds.

4.1.4 Variation of model parameters

Now that we have established that the model is able to reproduce the natu-
ral behaviour well, it is instructive to examine its performance under different
numerical conditions. We do this to investigate the importance of individual
elements to the model’s over-all performance and the interrelation of model com-
ponents with each other. In particular, we are interested in the relevance of the
interaction between growth front and vein network dynamics for the emergence
of the typical centre-in-centre vein trajectory.

First, we examine the disappearance of the explicit interaction term between
the vein network and the growth front. By setting k in equation (4.4) to zero, we
eliminate the destabilisation of the self-propagating wave front by the advection
of the solation factors through the tube network. In other words, the shape of
the growth front does not any longer depend on the state of the tube network.

The result of this (figure 4.6) is that the model constructs the main vein much
more closely to the globally shortest path and diverges from the experimental
results more strongly and in more places. However, a centre-in-centre trajectory
is still visible. This may be attributed to the fact that vein network formation still
occurs in close temporal and spatial connection to the growth front extension.
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Therefore, the position of the emergence of the main vein is still mainly guided
by local information. But we learn that the shape of the network sensitively
depends on the specific shape of the growth front.

Figure 4.6: Quantitative analysis of the vein trajectory of the model with no
explicit interaction between the growth front dynamics and the vein network
(k =0). The average vein (solid black line with standard deviations at the mea-
surement points) is statistically different from the position of the real organism’s
vein (grey area indicating the area spanned by the standard deviation around the
average position) at a greater number of positions. The vein’s trajectory is much
closer to the geometrically shortest path (broken line), but still exhibits a centre-
in-centre trajectory at each corner (especially obvious in the stretch between the
two turns). Modified from [69].

Next, we investigate the importance of the relative speeds (that is, time scales)
of the growth front’s migration speed and the vein network formation. One of the
possible parameters that can control the migration speed is 7 in equation (4.4),
the time scale of the leading edge dynamics. By decreasing 75 the migration
speed of the growth front increases. But since we also decrease 7y, thus keeping
the ratio between 71 and 75 constant, the number of contraction waves until full
exploration is unchanged.
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The over-all effect of this is that the time scale of the tube network formation
is much slower relative to the modelled organism’s extension and the main veins
do not any longer emerge shortly behind the growth front (figures 4.7 a and b).
This change has a clear and significant impact on the tube network’s lay-out
(figures 4.7 ¢ and d). The main vein does now not exhibit the centre-in-centre
trajectory, but runs alongside the inner boundary between the two 90° turns.

Since in this situation the network is forming in a globalised hydrodynamic
regime, that is, with most of the arena’s geometry accessible to the developing
network, this lends heightened credibility to our assessment (section 3.2) that the
centre-in-centre geometry is a product of local optimisation in the tight interplay
between growth front and tube network dynamics.

4.1.5 Interpretation

It is remarkable that a simple organism like Physarum polycephalum, without
means to perceive its distant environment, is able to produce network solutions
‘on-the-go’ that are close to optimal solutions even in the absence of full spatial
information. It is even more remarkable that this phenomenon could only be
modelled by the ‘complex reduction’ of available information. This is to say,
the model we propose above is highly complex (even though very incomplete) in
that it employs very disparate sub-models; however, the resulting whole does not
integrate a greater deal of information than each of the sub-units, but rather,
each sub-unit determines and, therefore, restricts the way others can unfold. For
example, instead of allowing the tube network to develop over the whole space
at once, the growth front grants access to the network only gradually; or, vice
versa, instead of letting the growth front propagate freely, its speed was limited
to the developmental time scale of the tube network.

In the real organism, Physarum polycephalum, these limitations are not, of
course, arbitrary but a result of its physiology. In other words, the complicated
model was necessary to understand the specific limitations the organism is facing
and how it is overcoming them to arrive at such efficient network solutions. The
answer to this seems to be that the organism couples the development of its vein
network to the extension of the growth front such that current-reinforcement-
based optimisation can work locally, while still allowing for the rapid construction
of a tube network. This combination guarantees efficient body mass supply from
and (chemical or hydrodynamic) communication with the rear of the organism.
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Figure 4.7: Effects of dissociating the time scale of the growth front extension
from the network development. 75 controls the time scale of the growth front
propagation relative to the vein network development. Smaller values result in a
faster growth front. a: Development of the vein network under standard model
conditions. Multiple veins form directly after the growth front, reducing to a
single main vein at a short distance further back. b: Development of the vein
network with the growth front developing on a much faster time scale than the
vein network. Veins emerge only at a distance behind the growth front and, until
this point in the simulation, have not yet converged to single main vein. c: Final
vein lay-out under standard conditions. Note that the vein detaches from the
inner boundary between the two turns. d: Final vein lay-out under dissociated
conditions. The vein trajectory approaches the global optimum. Modified from

[69).
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4.2 Derivation of a simple algorithm to predict
the vein network’s lay-out

The take-away message of the above model is that the vein development is closely
controlled by the growth front extension. Not only is the network’s emergence
spatially linked to the extension zone, it also depends sensitively on the shape of
the growth front. A corollary of this finding is that growth front extension history
alone should be sufficient to make a prediction on the main vein trajectory. This
prediction can be made using only the quintessence of the above model: the local
optimisation of vein trajectories [69].

4.2.1 Algorithm principle

If it is true that the shape of the growth front is the major determinant of the lay-
out of the organism’s internal tube network under extension, a series of growth
front positions as it sweeps through the arena should be enough to predict, or
rather, reconstruct the trajectory of the main vein. The input of the algorithm
is, therefore, simply the sequence of extension front shapes (figure 4.8).

Two consecutive growth front positions are then connected tentatively by
straight lines such that for each point in the later (newer) position, the closest
point in the earlier (older) position is sought (figure 4.9, but see next para-
graph). This follows the rationale that, during extension, a large number of
proto-channels are formed in more or less straight lines outward from [29]. This
process is simply repeated for all consecutive pairs of growth front positions. In
the end, however, only those tentative connecting lines are kept for the final re-
sult that link up to a continuous connection from the very last (newest) growth
front position to the very first (oldest) position. The idea behind this is that all
channels that end blind will not continue to carry flow, and thus they will be
depreciated, whereas those that continue to experience flow because they connect
the organism end-to-end will not only remain, but also grow in diameter. This
method will usually lead to only one remaining vein which is the prediction for
the trajectory of the real organism’s main vein.

In order to simplify the calculation, we run the vein prediction algorithm on
an inverted time sequence of growth fronts (figure 4.9). Thus, we first calculate
the shortest linear connections of all points in the last (newest) growth front to
points in the growth front just before. For the next step and all steps after that,
we only consider the points in the earlier (older) growth front that the algorithm
has arrived at from the later (newer) growth front in the previous step. The
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Figure 4.8: A representation of the growth front history of Physarum poly-
cephalum extending through a U-shaped arena. Growth front positions are shown
at 60-minute intervals. Note that the main vein seems to connect its intersection
point with the later (younger) to the closest point in the earlier (older) of two
consecutive growth fronts. The data used for the algorithm is are the positions
of the growth fronts only. From [69].
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Figure 4.9: Illustration of the procedure used to obtain a prediction of the posi-
tion of the main vein from the history of the expansion of the organism’s growth
front. The organism extends from the (top) left to the (bottom) right. The wave
front is defined as the largest set of newly occupied pixels in each frame. To
predict the position of the vein at (m — 1)AT, the minimal distance connection
of the vein position at mAT to the growth front at (m — 1)AT was determined.
This was done for every frame from the last (M AT') to the first. From [69].
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rationale is that all other points in the considered growth front will not connect
to the growth front after it and any connection to these points from the growth
front before it will, therefore, disappear. The result is necessarily the same as in
the natural time sequence. However, not all shortest connections from all points
in all consecutive growth fronts have to be calculated but only those that will
link up to the final growth front.

4.2.2 Evaluating the algorithm’s performance

The algorithm is able to predict experimental results with remarkable accuracy
(figure 4.10). Here, we used the algorithm to predict the trajectory of the main
vein of a sample of Physarum extending through a more complicated, snake-
shaped arena.

The good performance can be expressed quantitatively by the very low av-
erage distance (figure 4.11 a) of the predicted vein from the actual major vein
(figure 4.11 b). By comparison, the average distance between the real vein and
the shortest possible path (figure 4.11 ¢) is more than twice as large. This also
means that the hypothesis that the organism tries to minimise its global path
length is less predictive than the hypothesis that the organism’s behaviour is
driven by local optimisation.

In addition, the prediction algorithm also manages to accurately capture the
branching pattern of the vein network directly behind the growth front, with
many parallel veins coalescing into a few major veins, which finally merge into a
single vein.

The data presented above are based on time differences between growth front
positions of 9 minutes. However, since we took pictures of the growth front at a
smaller time interval, i.e., every 3 minutes, we made the predictions using only
every third picture of the full data series. Therefore, three possible predictions are
possible, which we superimposed. All three predictions yielded almost identical
results in all samples (n = 8) but one.

Figure 4.12 shows an example of a partially failed prediction. In this super-
imposition of three parallel predictions, based on the three different subsets that
can be chosen for a time interval of 9 minutes, two of these predictions trace the
actual major vein of the organism, but one prediction deviates between the third
and the fourth 90° bend. Interestingly, though, this deviation traces a secondary
vein that the organism did in fact construct, but dismantled shortly thereafter.

Generally, a multiplicity of veins is encountered either immediately behind
the growth front or where the growth front has expanded to a wide arch, e.g. at
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Figure 4.10: The vein prediction algorithm (right: black lines superimposed over
pictures of the experimental data) predicts the position of the organism’s main
vein (left: experimental data) with remarkable accuracy. From [69].
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Figure 4.11: Quantitative evaluation of the performance of the vein prediction
algorithm. a: Comparison between the average normal distance of each point of
the predicted vein (PV) to the real vein (RV), compared to the average distance
of each point of the globally shortest trajectory (ST) to the real vein. The
average distance of the algorithm is less than half that of the globally shortest
path, demonstrating that local optimisation yields a better prediction of the real
vein’s position than global optimisation. b: Highlight of the real vein’s position
(black line). c: Globally shortest possible path through the arena (dotted line).
From [69].

a corner where a new direction for expansion opens up [29, 76]. In both cases
this is due to the geometric fact that if the angle of aspect of the growth front is
large from a given distance from it, local path length minimisation will require
more than one end point. But both in the organism as well as in the algorithm,
as the growth front moves away and refocuses, the number of paths is reduced,
as many of the now disappearing veins do not connect to the growth front in an
efficient way anymore. However, sometimes (usually: two) parallel veins survive,
at least for an extended time [43]. This is true for the organism in a literal sense,
but even in the algorithm this can occur when looking at the composite image of
numerous parallel predictions based on different subsets of the same image series
(as described above and shown in figure 4.12).

We interpret this occurrence as examples for situations in which, in the real
organism, two veins are virtually equally efficient for supplying body mass to
the growth front at one point in time, so that current reinforcement (or, in the
algorithm, local path minimisation) cannot decide on one particular path. In
these cases, the organism keeps both veins functional, a trait that might pay
off at a later point in time, when the geometry of the environment is explored
to a higher degree. Then, one of the multiple veins might be in a preferable
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Figure 4.12: Partially failed main vein predictions. Left side: Experimental data.
Right side: Algorithm results (lack lines) over-laid over experimental data. Mul-
tiple lines result from the over-laying of multiple predictions based on different
sub-sets of the full growth front history. Note that the failed prediction (black ar-
row in the middle panel of the right column) seems to trace one of the secondary
veins of the organism (small arrows in the middle panel of the left column). From
[69].
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position and will be used to a greater extent than the other, which will disappear
as a consequence. Therefore, the appearance of a multiplicity of veins can be
interpreted as an adaption to a fundamental problem of Physarum, that is, the
lack of remote sensory abilities, and the need to entertain multiple behavioural
options to be able to react to ‘unforeseen’ environmental conditions.

We also varied the time interval between growth front positions used for
making the predictions. Using time intervals that are too small often fails to
correctly identify the main vein. In these cases the algorithm returned predictions
that retrieved the position of some secondary vein or a temporary main vein (see
figure 4.12 for an example). On the other hand, if the time interval for the vein
prediction is too large the accuracy of the prediction decreases (figure 4.13). This
is due to the fact that the growth reacts to environmental conditions (e.g. corners
or obstacles) and in turn influences the position of the vein, and this information
is ignored for the frames skipped when working with large time intervals. In
practice, time intervals around 15 min yielded the smallest median distance of the
predicted vein from the actual major vein. However, owing to the large variation
among the samples, the differences between the time intervals in figure 4.13 were
not statistically significant, and we could not establish a single time interval
AT (<30min) yielding the best result for all studied samples. We interpret
this as hinting at a variability in the duration of the determination process in
the organism itself, possibly depending on expansion speed and environmental
conditions.

4.2.3 Conclusion

The algorithm is based on the observation that the tube network development
in Physarum is coupled to the growth front extension and is using current rein-
forcement dynamics to choose between available locally optimal solution.

The good performance of the algorithm suggests that it captures a central ele-
ment of the real organism’s behaviour. This is supported by the fact that its core
mechanism is derived from a model incorporating physiological characteristics of
Physarum.
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Figure 4.13: The distance of the vein prediction (PV) from the real vein (RV)
, averaged over all samples, depends on the chosen frame interval. The lowest
average distance is at AT = 15min, but the large variation makes the choice of a
single best time interval for all samples impossible. However, at intervals larger
than 30 minutes the distance becomes larger, too. From [69].
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Chapter 5

Outlook

In the preceding chapters we described how the uni-cellular slime mould Physarum
polycephalum constructs its vein network during exploratory migration. We char-
acterised the network in experimental studies and introduced a numerical model
that integrates three physiological features that are necessary for migration and
tube formation. Based on the model’s success we introduced a simplified, phe-
nomenological algorithm that draws on the model’s main assumptions.

In the following, we will discuss the natural setting of this description of
Physarum tube network development, regarding the biological reality of the or-
ganism and, briefly, the applicability of the description to other networks. We
will then review which other questions are connected with the present issue.

5.1 The biological setting of the current rein-
forcement dynamics

The migration behaviour of Physarum consists of three processes: uni-directional
growth front expansion [12, 29, 65], cytoplasmic streaming generated by acto-
myosin contraction [39, 52, 5, 80], and plasmodial vein network formation occur-
ring in the inner part of the body [76, 12, 22]. Each of these phenomena have
been described separately by mathematical models that allowed their prediction
in computer simulations [75, 73, 69]. However, in nature, Physarum employs
all three mechanisms simultaneously while foraging. As a consequence, the vein
network formation depends on both the contraction waves and the growth front
expansion, while the latter requires advection of protoplasm which also desta-
bilises the wave propagation [70, 12]. Describing these three processes in concert
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provides, therefore, natural boundary conditions such as coordinated temporal
and spatial scales for each of the components, as well as sheds light on their
interplay.

In particular, the importance of the growth front expansion for the vein net-
work development had been neglected so far, even though it dynamically deter-
mines the area within which the vein network is to be formed. This is relevant
since the static situation [81, 84, 92| yields results very different from the dy-
namic one (section 3.2) and is therefore an incomplete and inaccurate description
of the biological situation. In addition, the global consequences of a local process
such as employed by the current reinforcement model in a dynamic setting are
interesting in themselves.

Under the assumptions of the static model, the food sources act as attractors
for the body mass of Physarum and generate a directional body mass flow nec-
essary for the current reinforcement mechanism to work, thus creating a highly
efficient network connecting the food sources [82, 83]. But being spread out over
a large area and then be presented with food sources placed at different positions
in the area occupied is not a natural situation for the slime mould. In nature, the
organism extends over surfaces and in soil in the search for food sources and am-
icable environmental conditions. In this process it has an incentive to transport
body mass efficiently to the growth front, that is, to expend as little energy (lost
due to viscous drag) as possible and to maximise extension speed [50, 77]. Here
it is the expansion of the growth front, in particular the sol-gel transformation,
that acts as the body mass sink causing a directional flow. Therefore, we claim
that the advantage the current reinforcement mechanism confers to Physarum
mainly lies in it affording the organism very efficient spatial exploration.

5.2 Generality of the algorithm

There are many models inspired by slime mould behaviour (for example [85, 40,
81, 37, 73, 61, 27, 57|, also see [24] for a review), however, many are quite phe-
nomenological. The benefit of the numerical model presented in this work is that
it contains many parameters that physically relatable to physiological processes
in Physraum. This allows us to study the biological meaning of and connections
between the processes in the slime mould. On the other hand, because of this,
the numerical model does not enjoy wide applicability.

In contrast, the derived phenomenological algorithm is based on very general
principles: the local minimisation of connections and the pruning of globally dis-
advantageous connections due to their carrying less flow. Due to this generality,
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it would be interesting to see whether the algorithmic formulation can also cap-
ture the development of other systems in which the expansion of the system’s
boundaries are in step with the construction of its internal network.

Can, for example, the lay-out of overland road networks be understood in
terms of its contribution to the expansion of civilisation, or the growth of roots
or mycelia by the flow of nutrients necessary for their construction? There are, of
course, differences, as civilisations have ‘remote-sensing capabilities’, and roots
and mycelia have no body other than the transport network (they are the trans-
port network). Nevertheless, in all these cases the network depends on the bound-
aries and will develop according to flow requirements through the body, and in
all these cases some form of local optimisation may yield an advantage to the
efficiency of the over-all system. Therefore, it might not be unreasonable to think
that the phenomenology and the mechanism discussed above are shared among a
wide and significant group of natural networks, namely flow-responsive networks
that form within an expanding domain.
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