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Abstract. Competition for limited resource is a common concept in
many artificial and natural collective systems. In plants, the common
resources — water, minerals and the products of photosynthesis — are a
subject of competition for individual branches striving for growth. The
competition is realized via a dynamic vascular system resulting in the
dynamic morphology of the plant that is adapting to its environment. In
this paper, a distributed morphogenesis algorithm inspired by the com-
petition for limited resources in plants is described and is validated in
directing the growth of a physical structure made out of braided mod-
ules. The effects of different parameters of the algorithm on the growth
behavior of the structure are discussed analytically and similar effects
are demonstrated in the physical system.

1 Introduction

Nature is full of patterns and forms. A huge diversity of natural patterns emerges
from self-organization of several components interacting with each other and
with their environment. Many patterns are regular repetitions of semi-identical
units of forms, e.g. regular patterns on the outer skin of animals, or nonlinear
non-equilibrium chemical oscillators, i.e., the Belousov-Zhabotinsky reaction [12,
4]. Such patterns can be described by self-organizing “Turing processes” [28,23].
More complex patterns are usually multi-level hierarchies of forms. A mechanism
of developing such complex structures in nature is morphogenesis—a generative
process starting the system from single units and developing it into a complex
organism as a result of interactions between several components of the system
and the environment, driven by the laws of physics and chemistry and directed
by encoded information in the genome [12]. The wide diversity of patterns in
both natural and artificial developmental systems and their inherent adaptiv-
ity to environmental conditions are investigated by many researchers [12, 4, 33].
Various models of developing systems have been introduced and used for ar-
tificial systems. One example are L-systems [22] which are abstract generative
encodings devised to describe development of multicellular organisms, particu-
larly plants. Variations of the model are used in developing structures of artificial
organisms [16, 26]. Other examples of morphogenesis are models that are inspired
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by cells, i.e. cell types and division, gene regulatory networks, and diffusion [10],
or cellular automata with different types of cells [19].

A related area of research dealing with the development of complexity from
local interactions is the field of multi-agent systems. Multi-agent systems span
from swarm intelligence [2] that is widely inspired from social insects, to swarm
robotics [14, 11, 34] and to distributed approaches in microeconomics and market-
based methods [7,6,20]. A common subject of interest in all systems is the dis-
tribution of resources including distribution of labor [2,30,17,29]. Individual
agents in a swarm consume or contribute to common resources available for
the swarm while pursuing their personal motivations. Having to share resources
imposes dependencies between agents and thus the mechanisms of resource dis-
tribution can steer the behavior of the swarm in various ways. Such mechanisms
are widely investigated in microeconomics and market-based control [6, 20]. The
mechanisms of division of labor and task allocation in swarm intelligence and
swarm robotics share similar challenges, e.g. how to distribute the agents as the
limited resource to handle sets of given tasks [3, 18, 30].

Here we use a morphogenesis algorithm called Vascular Morphogenesis Con-
troller (VMC) [32] which is inspired by distribution of common resources between
branches of a plant by means of vascular dynamics. The algorithm acts based
on competition of individual agents and via local interactions. The negative
feedback mechanisms due to scarcity of resources for the branches and positive
feedback loops reinforcing vessels that transfer resources to the favorable paths
govern the dynamics of the growing system. The result is a dynamic system of
vessels that allows exploration of the environment and leads to stronger path-
ways of common resource between the root and the tips located in more favorable
regions of the environment. The concept has strong similarities with other swarm
systems of self-organized path formation, e.g. the formation of pheromone trails
connecting the nest of ants to patches of foods [8] which has inspired optimization
algorithms [9] and is implemented in many robotic swarms (e.g., [5,24, 27]).

This work is in the context of the project flora robotica [13] that explores
the symbiosis between plants and artificial structures for developing adaptive
bio-hybrid architectural artifacts. The VMC is used as an embodied distributed
algorithm reflecting environmental features in directing the growth of the arti-
ficial structures. The growth process is realized here manually by adding new
modules to the structure based on the collective decision of the distributed con-
troller. However the process is reversible meaning removal of modules is also
possible. As a method of additive construction of artificial structures, the old
technique of braiding is used. The braids consisting of reciprocally interwoven
filaments posses attributes of flexibility of topology and are well-suited for in-
corporation of wires and distributed electronics.

In the following, a general formulation of the VMC algorithm is introduced
and the effects of parameters in the morphogenesis behavior of the structures are
described following a formal approach. The parameter effects are then demon-
strated in a set of experiments with physical structures built out of braided
modules hosting sensors and VMC controllers.
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2 The Model: Vascular Morphogenesis Controller

Vascular Morphogenesis Controller (VMC) is inspired by the mechanisms of
growth and branching in plants. Individual branches in a plant act as agents of
a swarm competing with each other for shared resources. Each branch explores
its local environment and according to the modality of the local resources in the
environment (e.g., light) it produces amounts of a hormone, called auxin [21].
The hormone flows root-wards and adjusts the quality of the vessels along its
way. The vascular system of a plant is responsible for distributing essential re-
sources (e.g., water and minerals) from the roots to all the branches. According to
the canalization hypothesis [25, 1], a well-positioned branch (wrt. environmental
resources, i.e., light) produces high amounts of auxin which leads to better qual-
ity of vessels and therefore more share of the common resources and ultimately
more growth for the branch. The larger share of the resource for well-positioned
branches means lower shares being distributed among the others. The growth of
a well-positioned branch can locate it in even better regions of the environment
and gives it more new branches which leads to a positive feedback loop of auxin
production and growth. The collective decision making process enables the plant
to find the favorable regions of the environment and to benefit the growth in
those regions.

Sensors

Sensors

Sensors

Fig. 1. An example structure guided by VMC. A value, called Successin, is produced
at the leaves based on the sensor values and encoded parameters in the genome and
flows root-wards through the internal nodes. The flow is modified at those nodes based
on sensor values and parameters. The Successin flow adjusts the thickness of vessels
which in turn are responsible for distributing the common resource from the root.

The VMC abstracts the above mentioned dynamics by introducing the growth
process of acyclic directed graphs. Fig. 1 shows a schematic representation of
VMC. The figure shows the flow of a value, we call Successin in analogy to
auxin in a plant, produced at the leaves of the graph and propagating towards
the root. The flow of Successin (S) regulates the thickness of vessels (weights
of the edges of the graph). A common Resource (R) starts at the root and is
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distributed between the children of each node proportional to their vessel thick-
ness (V). Growth happens at the leaves by adding new nodes.

Similar to production of auxin in growing tips of plants, Successin is produced
at the leaves (of the VMC graph) based on the local sensory inputs and constant
parameters:

Sieay == PRODUCTION (params, sensors) (1)

Successin flows towards the root. At an internal node i, the flow of Successin
is influenced by the inputs from the local sensors and constant parameters via a
transfer function in the range of [0, 1]:

Shon-leat := TRANSFER (params, sensors) Z Sh. (2)
béEchildren

The weight of each connection (7, 7) (thickness of the vessel) is adjusted based
on Successin passing the connection (vessel) and the parameters determining the
competition rate between the siblings:

Vij=Vi;+ a(Sfi —Vij), with pB; = COMPETITION(params,sensors), (3)

where V; ; is the connection between node i and its child node j. S; is the
Successin of node j flowing towards .
The above mentioned functions are implemented in this work as follows. The
production rate of the Successin at the leaves is defined as

PRODUCTION (params, sensors) = f(Weonst + Z wsls), (4)

sEsensors

where f(z) = max(0, ), Weonst 18 the constant production rate of Successin at

a leaf and w; is the sensor dependent production rate which is the coefficient

determining the dependency of Successin production on the sensor input I.
The transfer rate of Successin passing a node is defined as

TRANSFER(params, sensor) = ¢g(pconst + Z psls), (5)

sEsensors

where pconst 1S @ constant transfer rate, p, is the sensor-dependent transfer rate
for sensor s, and g(z) = max(0, min(1, z)).
The competition rate is defined as:

COMPETITION (params, sensor) = Bconst + Z Bs1s, (6)

s€sensors

where Beonst 18 the constant competition rate and (§, is the sensor-dependent
competition rate for sensor s.

Each of the parameters above can be set to zero depending on the particular
applications.

Resource distribution over the structure. common resource starts at the root and
is distributed throughout the structure according to vessel thickness (weight of
connections). A part of the resource, R;, reaching node i can be consumed at
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that node and the remaining is divided among its children proportional to the
thickness of their vessels. A given child j with vessel thickness V; ; receives

Vi

R; .= Ri — S U —
! ( C) ZbEChildren Vib

: (7
where c is the constant consumption rate of the resource at a node and ‘children’
is the set of children of node i. ¢ can be set to zero in order to use the resource
only at the leaves (for growth). The common resource initiated at the root can be
a constant value or a function of the environment and/or Successin that reaches
the root from anywhere within the graph. In the current implementation, the
R0t 1s fixed to a constant value.

Addition of nodes. When the graph grows at a leaf, a number of new leaves
appear as the children of the old leaf. The decision about the occurrence of
growth on a particular leaf follows a growth strategy based on the share of the
common resource reaching the leaf. Different strategies can be used to make the
growth decision. For example, one strategy is to use a threshold th,qq on the
value of resource at the leaves to determine whether or not they should grow.
In this case, the consumption rate of the nodes (¢) in relation to the amount of
resource at the root (Ryoot) puts a constraint on the overall graph size. Another
example strategy is to consider the resource at the leaves as the probability
of growth. In the current implementation, the leaf with the maximum resource
value is the candidate node to grow next.

Deletion of nodes. Leaves can be removed from the VMC graph following a
deletion strategy based on the resource reaching the nodes. A threshold thge
can be used to decide on the deletion of a node’s children. For example, a leaf
i can be removed if R; < thqe. Another example strategy is to remove all the
children of a node 7 if they are all leaves and the amount of the resource at the
node ¢ is below the threshold. In the implementation used in this work, there is
no deletion of nodes.

3 A Closer Look on the Effects of Parameters

The parameters described in the previous section and their meanings are sum-
marized in Table 1. Here we use a formal approach to look into the effect of some
of these parameters.

Intrinsic tendency towards shorter paths A simplified 1-dimensional VMC struc-
ture is defined in Fig. 2. The root in this setup has two children and all the other
nodes have a single child at most. The number of nodes between the leaves and
the root on the left and the right side are n and m respectively. The sensor-
dependent transfer and competition rates are set to zero (ps = 85 = 0).

In a structure as in Fig. 2, the amount of Successin reaching the root from
the left and right branches converge to Syainr, = SL - p”* and Smaing = Sr - P
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Table 1. List of parameters

parameter | description
« adaptation rate of vessels
Be competition rate of sibling vessels, constant rate
Bs competition rate of sibling vessels, sensor-dependent
Pc transfer rate of Successin at the internal nodes, constant rate
Ps transfer rate of Successin at the internal nodes, sensor-dependent
We production rate of Successin at the leaves, constant rate
ws production rate of Successin at the leaves, sensor-dependent
c consumption rate of resource in every node
Rroot constant resource value at the root
S| = - - Smaint Smaink - ] - Sy
o = O O—0— - —0
i} 1 C C ‘
R, : Rinaint R maink Re

Fig. 2. An example 1-dimensional VMC graph

correspondingly. If the resource value at the root is R.,ot = R, and with the
competition rate ., the vessel thicknesses for the branches of the root converge
t0 VinainL = SffainL and Viaink = SffainR with a speed of a as the adaptation
rate. The amount of the resource reaching each leaf converges to

(Stpe™)% (Srpe™)"
R =R —n-¢, Rrn= R —m-c,
LT e + (Smpemype O TR T G e + (Sepemype 1 E
(8)
In the case of Sy, = Sg, the equations are simplified to
nBe mpBe
RL=R—F'  _—n.¢ Rr=R—F _ _m.q (9)

pcnﬁc —+ pcmﬁc pcnﬁc —+ pcmﬁc

and therefore, the leaf with the shorter path to the root gets more of the resource.
The preference for shorter paths is previously demonstrated in a case study of a
maze scenario with a simulated VMC-controlled organism [31].

Regulation of growth in particular branches by using the sensor-dependent trans-
fer rates. In the previous example, the transfer rate, p, was assumed to be identi-
cal in all nodes. However, the transfer rate can be also dependent on sensors (see
Eq. 5). For instance, one can imagine a scenario with using light sensors influenc-
ing the production rate of Successin at the leaves, and accelerometers (providing
the tilting angle of branches) or stress sensors (associated to physical joints) for
influencing the transfer rate at the internal nodes. As an example, in the struc-
ture of Fig. 2, with Sy, = Sg and m = n (see Eq. 9), a high stress or bending
that influences an internal node at the left branch may decrease the p for that
node and leads to Spaint, < Smainr and consequently Ry, < Rg, which results in
a preference for growth at the right branch.

Combined effect of the number of nodes, competition rate and transfer rate. Fig. 3
shows an example VMC graph with n children for each non-leaf node. Let’s
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S ROSR SR

Fig. 3. An example VMC graph with n children for the root and its leftmost child.

assume that all the leaves of the left branch (represented in blue color) have the
same sensor values and thus the same Successin production Sy, and all the other
leaves (represented in orange color) also have the same Successin production, Sg.
The ratio between the resources reaching a leaf at the left branch and one of the
other leaves, depends on the ratio between their Successin values, as well as the
competition and transfer rates and the value of n, and is computed as follows:

Rroot Rroot
Ry =

Ry _ -1 8/ SL\p
= 1%t b 2L 1
Ve Ve mr ) (10

nﬁil(SLp)B’ Re = Rr Sk

Sy, =

where Vium = (nSLp)? + (n — 1)S§ is the sum of all the vessels at the root
node, Ry, is the resource reaching a leaf of the left branch, and Rg is the resource
reaching one of the other leaves.

In an environment with S, = Sg, €& = nf~1p%. This shows a potential
tendency for growing children in branches that already hold larger number of
nodes with large values of § and a potential tendency towards growing at the
shorter branches with small values of p. The condition for the preference of the
large branches is n% < p. Considering that p < 1, the above condition never
holds for g < 1.

4 Experiments with Physical Structures

Here we present a set of experiments representing the growth behavior of struc-
tures with various parameterizations. Most of the experiments are designed to
demonstrate the parameter effects discussed in the previous section. The VMC
is embodied in a set of controller nodes mounted on Y-shaped braided modules.
A controller board is attached to the main part of the module, and two sensor
boards, containing 4 light sensors and an accelerometer, are each attached to one
of the branches. Each branch of a module can have a child module connected
to it (see Fig. 4). The controller board maintains the communications with the
children via the sensor boards and with its parent module. The detailed imple-
mentation of the modules are described in [15]. Each controller board contains a
main VMC node. If a branch of a module has no child, the controller additionally
keeps a leaf node associated to that branch. Otherwise, it adopts the main node
of the child module as a child node of itself locating in a different module. This
way, the VMC graph is formed and distributed over the structure. Growth of
the structure is carried out by manually attaching a new braided module to the
branch that contains the VMC leaf with the maximum resource value. Other
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selection strategies could be used here (see addition of nodes in section 2), e.g.
a threshold on the resource value at a leaf can determine whether or not the
leaf should grow. Unless stated otherwise, in all the experiments here, the pa-

Fig. 4. An example braided module (left), and two connected modules (right), with
their underlying VMC graphs (inset images). The circles with thick outline indicate
the root nodes. The small circles are the leaf nodes associated with the branches of the
modules with no child modules connected to them.

rameter settings are as follows: a = 0.9, Bc = 2, pc = 0.5, peix = 0.5, Wiight = 1,
Rioot = 1. All the other parameters are set to zero. The values from all the 4 light
sensors are averaged and scaled to [0,1] to make the input variable Iz, used
in production of Successin at the leaf nodes. The value of the accelerometers
indicating the tilting of the branches are also scaled to [0, 1] to make the input
variable I influencing the transfer rate at the internal nodes. Due to technical
reasons regarding the communication protocol between the modules, the value
of the Successin at all the leaves are rescaled with a factor of 0.167. In all the
experiments Ij; >~ 0.99 unless stated otherwise.

Growing a structure with different competition rates. The effects of the compe-
tition rate § is investigated in this experiment with 3. € {1,2} and with a light
source at the top-left of the structure. Fig. 5 shows the growth of the braided
structure with 8. = 2. At each step of the growth, a new module is added to
the leaf branch with maximum resource among all the leaves. Fig. 6 shows the
growth of the structure with 5. = 1. Since . cannot have any influence on the
behavior of the first single module, we started the experiment with a second one
already connected (step A in Fig. 5). As can be seen in the figures, the structure
with larger competition rate grows strongly towards the brighter region of the
environment while the other structure tends to grow all the branches with slight
preference for the brighter region (see a video!).

Combined effect of transfer rate and competition rate. The combined effect of
transfer rate and competition rate are investigated here. The experiments are
performed in room light (no directional light is used). The final structure from

! https://youtu.be/-niKFhrXocl
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Fig. 5. The variables over the course of the growth (left) with 8 = 2, the final structure
(right), and the VMC graphs of each growth step (bottom-right). The A-C labels in
the plots mark the steps right before the start of manual growth. In the photo of the
final structure, the labels indicate the position of the growth at each step. The shaded
parts of the plots indicate the periods when the growth was physically realized.
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Fig. 6. The variables over the course of the growth (left) with 8 = 1, the final structure
(right), and the VMC graphs of each growth step (bottom-right). The A-D labels in
the plots mark the steps right before the start of manual growth. In the photo of the
final structure, the labels indicate the position of the growth at each step. The shaded
parts of the plots indicate the periods when the growth was physically realized.
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Fig. 5 is used with p. € {0.25,0.5} and S. € {1,2}. Considering that py, = 0.5
and Iy ~ 0.99, then p = TRANSFER € {0.74,0.99}. Table 2 shows the resource
and the light value of each leaf, with the maximum resource value of each setup
in bold and the maximum light values in italic fonts. The experiment shows a
tendency towards shorter paths with smaller transfer rate and the tendency for
further growth at the already grown branches with larger competition rate which
is in line with the discussion in the previous section.

Table 2. Combined effect of competition and transfer rates.

P Be | State var. 1-2 2-2 4-1 4-2
0.99 | 2.0 | Resource 0.112 0.227 0.364 0.287
Light 0.806 0.849 0.787 0.698
0.99 | 1.0 | Resource 0.252 0.268 0.247 0.219
Light 0.809 0.857 0.793 0.702
0.74 | 1.0 | Resource 0.358 0.279 0.189  0.168
Light 0.806 0.854 0.791  0.699
0.74 | 2.0 | Resource 0.231 0.289 0.263 0.205
Light 0.804 0.853 0.791 0.698

Regulating growth in particular branches by using a sensor-dependent transfer
rate. In this experiment the effect of sensor-dependent transfer rate is shown.
The final structure of Fig. 5 is used in room light. After the first few minutes of
the experiment with the intact structure, the leftmost branch is bent such that
the Iij); decreases considerably. Fig.7 shows the variable values over the course
of the experiment. It shows that bending a branch leads to small values of Iy,
decreases the transfer rate in the associated internal node and results in a lower
share of resource for that branch which may eventually restrict its growth.

The effect of adaptation rate. In this experiment, the effect of different adapta-
tion rates on the speed of dynamics of the system is investigated. A directional
light source is located at the topleft of the structure. A cardboard is used to cast
shades on the right branches in different time intervals in order to investigate
the response time of the system to the shade/no-shade conditions. Two differ-
ent adaptation rates o € {0.1,0.9} are tested. Fig. 8 demonstrates the variable
values during the course of the experiments. It indicates slower changes in the
resource values, reflecting slower change in the vessels, for the smaller a. Since
the vessels act as a spatial memory for the system, the slow dynamics of the
vessels can be beneficial in filtering out environmental noise.

5 Conclusion and Future Works

Morphogenesis of artificial structures is investigated here by using VMC, a re-
cently introduced plant-inspired controller. The collective decision of the con-
troller is based on the environmental and structural features and intrinsic prop-
erties of the controller determined by its parameters. The general formulation
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Fig. 7. Different variables in the course of the experiment with sensor-dependent trans-
fer rate. The structure is first intact, then a branch is bent and then released again.
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Fig. 8. The effects of small and large adaptation rates

of the algorithm is described here and the effects of some parameters are ana-
lytically discussed. The algorithm is validated by implementation in a physical
braided structure. The parameter effects demonstrated by the physical struc-
ture follow the results of the formal analysis. In the future, other behaviors of
the controlled system, e.g., the tendency towards asymmetry or dynamics of
the structure (deletion and addition of nodes over time) will be investigated.
Although the VMC has been so far only used in tree-like structures, nothing
prevents the implementation on other acyclic directional graphs with several
incoming connections to the nodes and several roots.
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