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1 Introduction

Our main objective in flora robotica is to create plant-robot bio-hybrids. In the following we
report our progress on early basic models of these anticipated bio-hybrid organisms. This includes
a variety of works including the report of formal models, simulation frameworks, results from
experiments with plants, and early work with robots.

In Section 2 we discuss a set of tropisms (plant growth and motion triggered by stimuli)
because they represent an essential link between the artificial part (robots) and the natural part
(plants) of the bio-hybrid. Tropisms are one of the main tools that allow us to influence the
growth and motion of natural plants via our robots. Within flora robotica we are going to use
especially phototropism (triggered by light) and thigmotropism (triggered by touch). Advantages
and disadvantages of both of them are discussed.

In Sections 3 and 4 we report how the artificial part of the bio-hybrid system can be mod-
eled. We discuss two approaches of emulating the artificial growth processes in embodied sys-
tems. With alternative hardware for now, we emulate artificial growth in two-dimensional and in
three-dimensional using two different robot platforms. We use real robots to advance our skills
in dealing with embodied systems and to test our approaches early on under the challenging
conditions of the real world.

In Sections 3 the embodied model is tested in a 2-d setting which allows us to even investigate
an autonomous growth (self-assembly) system. While certain important features such as the
influence of gravity are not tested, we can test a large-scale setup with 50 robots.

In Section 4 the embodied model is tested in a 3-d setting which allows us to investigate the
influence of gravity. Robots that are sensitive to gravity are tested in a self-organizing growth
process to grow a 3-d embodied robotic structure.

In Section 5 we report early results of a simulation approach. The objective is to find represen-
tations of structures that we can grow in an artificial growth process. The simulation approach
allows for very rapid test cycles and the application of optimization techniques (evolutionary
computation).

In Section 6 we report an early model of the natural part of the bio-hybrid, that is, of the
natural growth process. The approach models both growth and motion of a natural plant and is
a simplified empirical approach. In addition, we discuss options of how the model improve and
extend the model in the future by using additional sensors.

In Section 7 we give early ideas about how we plan to integrate the models of biological
growth and those of artificial growth into one tool. This includes the encoding of an artificial or
natural plant’s topology (e.g., number and position of branches) and considerations for the our
future effort of the so-called social garden.

Due to the early stage of this project all presented models represent only parts of the bio-
hybrid system. In future work, we plan to integrate these approaches step by step to create
an integrated model of the bio-hybrid system that we are going to create in investigate in flora
robotica.
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2 Tropisms

2.1 Introduction

In this Section we discuss a set of different tropisms. Tropisms indicate a plant’s growth and
motion triggered by a stimulus, such as light, touch, or gravity. Tropisms represent an essential
link between our robots that represent the artificial part of the bio-hybrid and the plants that
represent the natural part of the bio-hybrid. In this project, we use tropisms as a tool to grow
into desired directions and to grow desired shapes. Within flora robotica we are going to use
especially phototropism (triggered by light) and thigmotropism (triggered by touch). In the
following we give an overview over tropisms, relevant results, advantages, and disadvantages of
using certain tropisms in this project.

2.2 Tropisms

Movement of different plant organs is strongly related to a regulation of direction in which a
plant or organ is growing. Plant tropisms depend on the direction of a stimulus. That way they
have a much bigger potential to control a plant’s growth than nastic plant movements. The main
tropisms, which determine the shape of above-ground parts of most land plants are gravitropism,
phototropism and thigmotropism. All kinds of tropisms depend greatly on a plant’s ability to
receive specific signals, to interpret them, and to remodel growth. Auxin transport, signaling,
and apoplast acidification are just examples of processes that determine changes in a plant’s
cell wall structure, which induce cell growth and modifications to an organ’s shape. Influence
of light, gravity, and mechanical stimuli on a plant’s growth lead to different developmental
processes called accordingly photo-, gravi-, thigmomorphogenesis. Information is exchanged
between different cells, tissues and organs of the organism.

We have developed models for shoot tropism, which took into consideration either gravit-
ropism (Sec. 4) or phototropism (Secs. 3, 5, and 6). These early models will help us to control
the growth of flora robotica bio-hybrids and to extend our models of growth also by using pub-
lished approaches [3]. Beans are one of our model plants in flora robotica. They encircle the
branch of other plants or scaffold elements that they have approached. Fast growth, strong pho-
totropism in parallel with the ability of continuing first stages of growth even in the lack of light,
and positive thigmotropic response of shoot make the bean an ideal plant for our preliminary
experiments and cultivations in flora robotica.

2.3 Thigmotropism

The possibilities of actuation in flora robotica in the context of thigmotropisms are discussed
in the following. One of the best known examples of thigmomorphogenesis is the shaping of
trees by wind. Plants have general responsiveness to mechanical stimulation and living tissues
respond by rebuilding the tissues and changing their growth process. The research of identifying
plant mechanoreceptors is seemingly more complex than in the case of phototropism and there
is still a lot of research to do. Mechanosensitive ion channels are the most probable candidates
for explaining thigmotropism. Also receptor-like kinases are taken into consideration as a key
molecular component in mechanoperception [34]. More is known about signaling triggered by
mechanical stimuli. Ca2+ is a key secondary messenger and action potentials probably are
involved in propagation of the signal, too. Although the role of different electric potentials
in plants’ distal communication is not yet described in great detail, it was shown that rapid
organ to organ signaling after a leaf’s wounding was proven to depend on changes in the surface
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potentials and the presence of GLUTAMATE RECEPTOR-LIKE genes [36]. In many cases
thigmomorphogenetic effects are restricted to reduction in shoot elongation and to an increase in
radial growth. As a result, plants with shorter stature and stiffer stems can grow. Changes in the
tissue structures related to mechanical stress are under extensive investigation, especially in the
case of woody plants and organs. Dynamic organ reorientation induces the formation of reaction
wood (compression wood in gymnosperms and tension wood in angiosperms) usually at the side
of the reoriented organ. Compression wood differs from normal wood by its shorter tracheids
(or vessels), which are also more round (from transversal direction). The model of the trade-
off triangle was developed trying to combine all these different properties, such as mechanical
influences, conductivity, and resistance to embolisms between reaction and normal wood, while
there is still a lack of agreement between experiments and models concerning this subject [1]. This
issue is important for growing bio-hybrids because the xylem structure is relevant here and also
the plant growth rate is relevant (sap flow), including resistance to drought, wind, and frost. It is
suggested that wood formed under thigmomorphogenetic process should be less prone to freezing;
hence, adding another effect of thigmomorphogensis besides shaping and strengthening [1]. Also
the development of meristematic cells is critical for growth. The mechanical strains and stresses
are key factors for their development. For example, it was proposed that stem cell niches in
plants are developed in regions where tension and compression forces are equilibrated [18]. Shoot
meristem morphogenesis also depends on mechanosensitivity of plant tissues and organs [35].

In flora robotica mechanical stimuli produced by dispersed small mechanical stimulators (such
as vibration motors or changing forces due to loading/unloading masses, see Sec. 4) could enable
us to develop plants with unique mechanical properties. It is possible to strengthen parts of
plants which will then be exposed to greater strains in the future, depending on the need of our
bio-hybrid’s growth. Moreover, mechanical stimulation allows to diversify the pace of growth
for individual branches. Branches could undergo similar stimulation, for example, due to light
and gravity, but vibrations could add another factor for the modulation of the growth of a single
branch. Although mechanical stimulation is limited to a small area of plant organs, mechanical
stress could be distributed over even the whole plant. Hence, careful observations are required
when or before applying mechanical stimulation [35]. Such effects can be modeled and potential
effects of applied forces can be investigated. It should be taken into consideration that plants
reveal tensegral structures and local changes in their structure have a global influence [23, 24].

It is important to take different thigmomorphogenetic reactions of woody and non-woody
plants (such as our first model plant, the bean) into consideration. In the case of long living
woody plants, such as trees and bamboo, the implemented plan of shaping the plant can hardly be
changed after secondary growth occurs in the stem and branches. Then a much bigger and long
lasting force needs to be applied to change the shape of the organ. Non-woody plants, in turn,
require weaker and shorter stimulations by vibrations. Their effects are different due to different
mechanical properties (lower rigidity/ greater elasticity) of such plants. Simple methods for
measuring local and global vibration modes were shown for the small weed Arabidopsis thaliana
and young poplar (Populus tremula × alba) [7]. This kind of analysis is useful for testing plant
organs that undergo thigmomorphogenesis with the use of vibration actuators and is anticipated
to be done within flora robotica.

Different implementations of thigmotropism will be needed in the case of controlling growth
of climbing plants, like ivy or creeper. The use of appropriate scaffolds, which is especially
important in the case of climbing plants, will be a critical point. Recently, the braided structures
are being projected in CITA as structural elements which will also play a role as scaffolds for
plants. Climbing plants are using diversified ways to attach to surfaces or scaffolds. Generally,
they have organs which show positive thigmotropism and the ability to attach to some kind
of vertical surface. For example, attachment roots of ivy (Hedera helix) can be presented as a
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four-phase process: (i) initial physical contact, (ii) form closure of the root with the substrate,
(iii) chemical adhesion, and (iv) shape changes of the root hairs and form-closure with the
substrate [33]. As a result, a very strong bond between ivy’s shoot and almost any kinds of
surface is formed. The strength of this bond is meaningful for flora robotica, it makes possible
to establish permanent links between plant, scaffold and electronics. This hybrid would be the
subject of scaffold manipulation with restrictions coming from the resistance of ivy’s shoot to
bending and constraints. Potential destructive effects of ivy’s attachment to electronic devices
should be taken into consideration during production of them. An advantage of cultivating
climbing plants within flora robotica is their big plasticity in growth pattern and ability to adjust
to diversified shape and surface of the scaffolds. Unique possibilities concerning cooperation of
dynamic/elastic scaffolds and climbing plants will arise. Bearing in mind that climbing plants in
general don’t have very stiff branches, the slight modification of the bio-hybrids structure will be
possible without great disturbances. In turn, it will also be possible to easily change the growth
pattern of a plant towards different (unnatural) ones. For example, the negative gravitropism
could be overcome by reorientation of the plant to achieve a desired form of bio-hybrid. Also,
the effect of negative or positive phototropism of climbing plants organs could be modified by
mechanical manipulation of the scaffold. In this way not only results of different tropism will be
overcome. Moreover, the plants will be placed in different environmental conditions due to the
change of their orientation (gravity vector). Another effect are changes in light stimulations due
to repositioned organs. Also changes in how organs are bent as a result of reorientation will be a
new signal that will be perceived by the whole plant as a proprioceptive signal. Proprioception
is an important factor in plants tropic reactions [2, 3].

One of the simplest ways to apply mechanical force to the bio-hybrid is adding an extra
weight. In natural environments, snow is a great example of rapidly appearing weight, which
often lead to damages and breaks. Usage of mass loading for modification of plants growth
patterns or shape is convenient due to the gravitational force, which releases us from a need
of using energy consuming external force. Appropriate weight will reorient/bend the subjected
organ in relation to the vertical axis. This stimulation will often act oppositely to a shoots
negative gravitropism. Deleting of weight could result in partial or even full reversal of weight
induced deformation. The usage of a set of small mobile robots with defined mass is one of the
options to choose effective mass for target bending results. Another option that will be tested
in flora robotica is the development of elastic tubes that could be filled with different amounts
of water. The tube will have an expansible end, where water will be stored according to applied
pressure (see Fig. 1). Trees and shrubs are especially prone to be formed in this way, but also
climbing plants will be subjected to this. This kind of weight mediated plant shaping offers
a restricted opportunity for modulating the growth pattern, but in concert with different flora
robotica actuators, will make possible the development of bio-hybrids according to the needs of
the project.

2.4 Gravitropism

Gravitropism is one of the most important and common tropic reactions in plants that shapes
a plant and directs its growth. Molecular mechanisms of gravitropism are intensively investi-
gated for roots and shoots. They differ in the type of gravitropic responses and even in the
gravisensing mechanisms. Usually, shoots show negative gravitropism and roots show positive
gravitropism. Statocysts were found in different types of organs, thus gravisensing is not a lo-
cal reaction only. Gravitropism together with phototropism is a key factor in establishing the
orientation of a growing plant [3]. Statoliths are specialized amyloplasts that are key organelles
in gravisensing. The contribution of the cytoskeleton is crucial, too. Polar transport of auxin
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Figure 1: Screenshots of a simulation where a tube getting filled with water bends a branch due
to the added weight (CITA).

is the main process which triggers gravitropism. Many molecular components of this signaling
network were identified, but still new important elements are identified in ongoing research [56].

In flora robotica we could use a mobile platform for plants that can be tilted to change the
gravity vector. That could, for example, be interesting for small plants that grow on the scaffold of
the bio-hybrid. Also the manipulation of braided structures in connection with plants climbing
them may trigger changes in growth due to gravitropic reactions. In these two cases plant
gravitropism allows to work with an additional stimulus that manipulates the growth process.
Coordinated, appropriate changes in the applied forces allow to shape plants, for example, to
grow spirals or curved patterns.

The crucial role of gravity in plant growth and plant development is also indicated by experi-
ments in microgravity that report phenotypic changes [21] and that we can use as an inspiration.
Additional, interesting suggestions for applications of changing the gravity vector may come from
experiencing self-organized growth of modular robots in the presence of gravity as discussed in
Sec. 4.

2.5 Phototropism

Light is indispensable for plants and it determines plant photosynthesis, growth, and develop-
ment. Light-directed growth of plants is a crucial phenomenon and phototropism was investigated
in depth for several centuries. That resulted in extensive knowledge but a complete explanation of
phototropism is still pending [6]. One of the discrepancies between known molecular mechanisms
and physiology is the fluence rate (‘intensity times time’) that is enough to induce phototropic
curvature, but too weak for the activation of photoreceptors as far as it is known [6]. Restricted
plant organs are photosensitive (in the context of phototropism). Example organs are coleop-
tile, shoot apex, and hypocotyl. Blue light receptors, phototropins, were found to be the most
important photoreceptors involved in phototropism, but also phytochromes and cryptochromes
play a role [32]. Phototropins are not exclusively dedicated to phototropism, as these receptors
also mediate stomatal openings and chloroplast movement. UV-A and blue light (approximately
between 320nm and 500nm) induces phototropic reactions. Also red light has an impact on
phototropism. The importance of blue light in phototropism might be explained by the fact
that blue light is perceived in plant tissues as a gradient. That is probably important in the
regulation of growth reactions [19]. Interestingly, red/far-red light can inhibit the phototropism.
Hence, the application of far-red light is an option in flora robotica. The key players in signal
transduction and formation of lateral auxin gradients have been identified [32]. A differential
gradient of auxin is required for effective phototropic reactions in plants, but also different phyto-
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Figure 2: A bean that was grown on a windowsill in February 2016. The constant LED light
was applied from the side opposite to the window. The light amount measured during a moder-
ately cloudy day was similar nearby stem’s basis (about 30µEm−2s−1). The dominance of the
LED light concerning phototropism was observed, although strong phototropic movements were
observed during day, especially during sunny days, where the dominant influence of sunlight was
observed as expected.

hormones are involved in the regulation of phototropic growth. Eventually, phototropic bending
relies on an increased growth rate on the shaded side. The growth process with mechanisms
of cell wall modifications, acidification, and cell elongation are well described. Furthermore,
phototropism can dominate over gravitropism, which is also important for the guidance of the
bio-hybrid growth in flora robotica.

Light is an important factor in maintaining and modulating the growth of bio-hybrids. Light
actuators (i.e., light sources) are easy in use and they can also be applied at a distance to the
plant, that is, direct contact is not needed. Usage of LEDs allows to choose appropriate light
intensities and wavelengths, thus giving us great opportunities for controlling the direction of a
plant’s growth and development (e.g., vegetative to generative stage transition). Blue light is
an obvious choice for inducing shoot bending or other phototropic reactions. Red light, in turn,
can be used for promotion of branching, but careful handling is required because an appropriate
proportion of red/far-red light needs to be applied and species-specific reactions could occur [28].
Guiding of plant growth with light is restricted by the fact that light is needed first of all for
photosynthesis and a plant usually does not grow for long in darkness. We cannot control light
with a precision that allows to direct it directly to organs that are critical for the phototropism.
The main light source (be it sunlight or an artificial source) have to be supplied, which directly
influences the direction of growth (phototropism). The phototropism depends on light fluence,
hence the dominance of the light sources, that are dedicated to the guidance of growth, could
be obtained by bigger intensity or longer exposition. However, increasing the intensity too much
could result in “photodamage” and also for some species constant light exposure is deleterious
(e.g., tomato) [49]. Another important function of light is the determination of the circadian
rhythm, which is necessary for the regulation of the plant’s metabolism and development. Al-
though in preliminary experiments of bio-hybrid systems, such as our experiments with beans,
only one type of a light source was used (i.e., the guiding light is also the life sustaining light),
in future experiments the distinction between these two types of lights will be unavoidable. The
balance between life-sustaining light and guidance light should be optimized experimentally and
could require different settings in different bio-hybrid systems or could be required to be changed
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even dynamically during the seasons (Fig. 2). Differentiated lighting is useful also due to the
taxonomic diversification of plants used in flora robotica. For example, eucalyptus and ivy are
species with different lighting requirements, so additional lighting restricted to the eucalyptus
surface or applying shade to ivy is required.

Plants need light to produce organic substances and to construct themselves. Hence, light
supplied by robotic elements is an action that perfectly fits into concept of bio-hybrid and is a
key factor to functionally link plants with robots. Growing plants, in turn, provide a scaffold
where light sources could be placed where required. Energy harvesting via microbial activity
at the roots in soil could in principle be possible to power LED light sources as experimentally
shown before [47]. Another option is to work with shaded areas instead of adding light, or to
restrict the light intensity, or only the light spectrum.

Experiments based on the phototropism of beans have been performed and are presented
in Sec. 6. Multiple tropisms could be exploited in combination, like in a planned device called
“light-trap node”, where light and mechanical stimulation will occur. The light will be the
attractor to the plant’s apex and after successful ingrowth of a plant to the inner space of the
“light-trap”, the mechanical force would be applied. Presence of the plant within the inner space
of the node will be detected by touch or proximity sensors. Detection of a plant will result in
triggering mechanical actuation. The mechanical stimulation could be done by the vibration
motor or else by rotation of the whole node with the plant inside, for example, for a fixed angle
of 30◦ or 60◦ to the left or right in relation to the vertical axis. Eventually, light induced growth
of a plant will lead to application of a mechanical force, which will in turn influence the growth
of the plant.

2.6 Conclusion

The above exploration of plant tropisms shows their potential in the development of bio-hybrids.
We plan to apply diverse physical stimulations to ensure appropriate conditions for the growth
and to guide the growth of the biological parts.
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3 Emulating artificial growth in 2-d

3.1 Introduction

Self-assembly of structures that mimics the growth of natural plants is part of flora robotica.
Actuators and sensors of our robotic nodes need to be placed close to certain positions of the
plant (e.g., plant tip, stem) to control the growth and to perceive relevant information. Hence,
a scaffold that growths in sync with the natural plant helps us to place the robotic nodes at
appropriate positions in space. In addition, such a scaffold can also be used by the plant to
climb and can hence be used by us to shape the plant (cf. thigmotropism, Sec. 2.3).

Autonomous self-assembly is beyond the basic requirements of flora robotica because it re-
quires robots either to climb the structure themselves or to transport them by other means
autonomously to the required position. Autonomous self-assembly allows to create structures
and scaffolds on demand and automatically. Our assumption here is that the robot nodes within
the structure signal where additional parts need to be placed. Then a human operator adds
them accordingly. This is also a viable option because time is not crucial in those system parts
that have to be in sync with the plant growth. The following work was done in M11 when we
did not yet have a big number of hardware prototypes available. Still, we wanted to test our
basic control approach to artificial growth also in hardware and with big numbers of components
as proof of concept. We use the Kilobot [43], a very small mobile robot, to emulate our flora
robotica hardware in a simplistic way. In addition, it allows us only to operate in 2-d which, in
turn, simplifies the implementation of autonomous self-assembly. The robots perform a random
walk and join the structure autonomously. Despite the differences between the robots in the
following experiments and the projected hardware of flora robotica, crucial aspects of control, in
the adaptivity, and the self-organizing process are the same.

In autonomous self-assembly the desired structure may be predetermined or alternatively it
is the result of an artificial growth process that adapts to environmental features and to the
intermediate structure itself. In a self-organizing and decentralized control approach the robots
interact only locally and form the structure collectively. Designing a complete approach that
allows the robot group to collectively decide on where to start the self-assembly, that adapts at
runtime to environmental conditions, and that guarantees the structural stability is challenging
and does not yet exist. We present an approach to self-assembly inspired by diffusion-limited
aggregation (DLA) [53] that generates an adaptive structure reacting to environmental conditions
in an artificial growth process. During a preparatory stage the robots collectively decide where to
start the self-assembly also depending on environmental conditions. In the actual self-assembly
stage, the robots create tree-like structures that grow towards light. We report the results of
robot self-assembly experiments with 50 Kilobots [43]. Our results demonstrate how an adaptive
growth process can be implemented in robots. We explain how our approach will be extended
to a 3-d growth process.

3.2 Self-Assembly in 2-d

Self-assembly is a powerful tool in nature that operates on all scales be it on the level of molecules,
cells, or organisms [52]. Trying to create similar capabilities in engineered systems is very chal-
lenging. Promising are observations of simple self-organized pattern formations, such as the
Brazil nut effect, that can inspire concise approaches in robotics [12]. Recent results in robot self-
assembly [44] show that self-organizing approaches easily scale to large robot groups (103 robots).
Other approaches that operate on smaller robot groups have shown that self-assembled robots
can adapt to challenging environments and perform better than single robots [11, 8, 40]. A re-
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Figure 3: Finite state machine of the robot controller.

lated approach is modular robotics that focuses on dynamic reconfigurations of assembled robot
modules [38, 50, 30, 15]. Similar ideas are investigated in the field of programmable matter [10]
where large numbers of robot modules assemble and interact to form desired shapes and to re-
act to external inputs. There are also approaches to self-assembly that focus on the design of
passive elements. These elements are driven by an external force (e.g., vibrations) to passively
self-assemble [26].

Approaches to self-assembly in robotics can be separated into works that focus on self-
assembly of predetermined or anticipated structures [44, 8] and works that focus on adaptive
growth processes where only certain qualities of the resulting structure are specified [37, 13].
Another dimension is added by categorizing whether aspects of self-repair are considered [42].
An often overlooked requirement of autonomous self-assembly is that for a fully autonomous
approach the robots also have to decide where and triggered by whom they want to start the
self-assembly process. A similar problem exists also in swarm construction [51] where it is also
not always considered explicitly.

We include the preparatory stage where the robots have to collectively decide on where and
triggered by whom they are going to start. We implement a collective decision-making process
that selects a ‘seed robot’ that triggers the growth process. Instead of predetermining a certain
concrete structure and shape, we predetermine reactions of the growth process to external stimuli
(e.g., growth towards light). The growth process itself is inspired by DLA, which is an aggregation
process relying on random walk of particles that aggregate in a tree-like structure [53]. Although
DLA is typically observed in chemical systems, investigations of networks with side branching
revealed that trees and the vein structure of leaves have similar properties as structures grown
by DLA [48]. Considerations about topologies that are cost-efficient, for example, that require
minimal building material, are related to optimal transport networks [4]. In the following, we
focus on a self-organized robot assembly forming trees that grow towards light (phototropism,
see Sec. 2.5) that have predetermined features. In our experiments we use the Kilobot [43]. We
include the preparatory stage of collectively deciding on a seed and grow structures that were
not predetermined and that adapt to the environment.

3.3 Control: BEECLUST and emulating growth

The robot self-assembly here is structured in two stages: preparatory stage and self-assembly
stage. The robot controller is accordingly based on two different approaches. The preparatory
stage is controlled by the so-called ‘BEECLUST’ algorithm [45, 25, 14] that implements an
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aggregation process that reacts to environmental features. It is inspired by the behavior of
young honeybees that aggregate at warm spots within the hive. Here we implement it such that
it reacts to the light intensity field and selects a dark spot. We defined to aggregate at a dark
spot for the practical reason that we want to grow the self-assembled structure towards the light
later and need enough space within the arena. The preparatory stage is completed once a seed
robot has been selected. The self-assembly stage is inspired by growth process in natural plants
(e.g., trees). As an example we chose a DLA [53] like tree structure that we call ‘DLA tree’.

In Fig. 3 we show the robot controller as finite state machine consisting of five states and
seven transitions. Initially all robots are started in state moving and the final (accepting) state
is sleeping which is the state of a robot aggregated in the DLA tree. Independent of their current
state all robots (also those in states napping and sleeping) regularly broadcast a message via their
IR emitter. A receiving robot estimates the distance of the sending robot via the signal strength.
We define that messages from senders at a distance of more than 5 cm are ignored. That scales
the DLA tree and ensures that it fits into the robot arena. This message contains the robot’s
state, its depth (topological distance to the seed robot) within the tree (if applicable otherwise
it is zero), the maximum depth of the tree (if applicable otherwise zero), and the maximum
measured light intensity in the tree (if applicable otherwise zero).

A seed robot is determined by transition 4 which is triggered when a robot in state napping
has done a sequence of naps with only short interruptions by the moving state. Each robot checks
every for how long it has napped during a certain period. If the overall napping time is above a
threshold, then it switches to state sleeping which is the state of robots that are aggregated in
the DLA tree. Hence, a robot doing transition 4 becomes a seed robot and starts a new DLA
tree. This is a probabilistic control approach and we cannot exclude the possibility that several
robots become seed robots. That is acceptable because also several but few DLA trees still serve
our purpose. Robots in state moving that receive a message of a robot in state sleeping have the
chance to join a DLA tree. However, we define that as a probabilistic behavior because we want
to grow DLA trees of defined features.

Robots join the DLA tree only with a certain probability that depends on two features. Firs,
it depends on the relation between the ambient light at the position of this join event and the
maximal ambient light measured in the tree. Second, it depends on the relation between the tree
depth (i.e., distance to seed robot in robot-robot hops) at the position of this join event and the
maximal depth of the tree. For more details, see the appendix.

3.4 Kilobot and experiment setup

We use the Kilobot [43] as shown in Fig. 4a which also indicates the positioning of the ambient
light sensor on the robot (indicated by a circle). The robot arena is the surface of a glass table,
see Fig. 4b. The light source is positioned at the right-hand short side of the table.

3.5 Results

We have done 6 experiments with 50 robots. Initially the robots are approximately uniformly
distributed in the arena and in state moving. An experiment is run for 60 minutes. In Fig. 5
we give photos of the robot arena taken at the end of each experiment. During the preparatory
stage, the collective decision-making approach of BEECLUST successfully selects a seed robot in
the darker area of the arena as desired. The adaptive self-assembly process then is successfully
forming trees with distinguishable bifurcations and branches that grow towards the light at the
left-hand side of the arena.

To test the effectivity of the implemented phototropism, we define a measure to estimate
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(a) (b)

Figure 4: (a) Kilobot and 1-Eurocent coin, circle marks ambient light sensor; (b) experiment
setup.

the ratio of the DLA tree that was growing in the right direction. For that we define a triangle
between the right-hand north corner of the arena, the right-hand south corner and the seed robot.
As a tolerance we increase the size of this triangle as shown in Fig. 6. We calculate the ratio of
the footprints and parts of robots that are positioned on that triangle (we call that ‘biomass’)
compared to the overall footprint of the whole robot group. In Fig. 6 we give processed images
of the robots’ end positions indicating the biomass on the target area in white. The percentages
of biomass on the target area for experiments a to f are 26%, 82%, 57%, 28%, 38%, and 30%
which gives an average of 43%. Experiment b has a percentage of 82% because the seed robot
is positioned at the far left-hand side of the arena and as a consequence the target area is big.
We consider the average percentage of 43% as satisfying. The light intensity mainly differs along
the long side of the arena (left/right) and differences in the light intensity along the short side of
the arena (north/south) cannot be measured by the Kilobot. Hence, it is possible that the DLA
tree grows also in width along the short side of the arena.

In Fig. 7a we give the resulting DLA tree structure and Figs. 7b-g give the evolution of
the self-assembly over time for experiment b. The tree has relatively few and long branches as
desired.

3.6 Conclusions

We have presented a control algorithm for adaptive self-assembly that generates a self-organizing
growth process. The growth is directed by growing towards light (phototropism, see Sec. 2.3)
and we achieve a reasonable branching ratio with the resulting tree-structure even with noisy
measurements of the ambient light. Our approach includes a preparatory stage at which the
robots make a collective decision about where they start to grow the structure and who initiates
it. We have reported robot experiments that show the successful growth of tree-structures
towards light.

Besides simple tasks such as growing a maximal amount of biomass into a certain region, we
will also investigate more complex tasks in future work of flora robotica. For example, we will
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(a) (b) (c)

(d) (e) (f)

Figure 5: Photos of robot end positions for each experiment. The light is positioned at the
left-hand side. The RGB LED of the robots indicates their depth in the tree as determined by
themselves (yellow for depth smaller than 4, blue for depth between 4 and below 16, white for
16 and more). Between three and five robots are not yet aggregated in each of the experiments.

(a) 26% (b) 82% (c) 57%

(d) 28% (e) 38% (f) 30%

Figure 6: End positions of robots with their ‘biomass’ on the target area (red triangle) indicated
in white and given as percentage.

investigate the growth of networks with desired features, such as balanced trees, determined edge
lengths, and minimal route factor [9]. Furthermore, we will test what artificial growth factors are
required to mimic the natural growth, such that the robot nodes can be placed at appropriate
positions at all time during growth.
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The limitation to 2-d has allowed us to do a case study of an embodied system and with a
big number of components (50 robots). In the next part of this deliverable we switch to 3-d, still
use alternative hardware, and do experiments with only up to eight robots instead.
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(a) DLA tree and final position of robots for experiment b.

(b) 2min (c) 18min (d) 27min

(e) 34min (f) 38min (g) 40min

(h) 43min (i) 45min (j) 54min

Figure 7: DLA tree and self-assembly over time for experiment b.
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4 Emulating artificial growth in 3-d

4.1 Introduction

In order to investigate the artificial growth of an embodied robotic structure in 3-d we developed
a simple model of extendable modular robots (based on the Thymio II robot [22]). Our focus
is on gravity and external forces imposed by the environment/user. The control is based on a
hormone-inspired controller. The individual modules of the robot are controlled by their local
controllers. We investigate non-autonomous self-assembly, that is, the aggregated robot system
only requests growth at its tips and a user then manually adds modules of the requested type
to the tip. A physical modular robot and a simulated version of the system are described below
and the experiments are reported where the goal of the robot is to grow while staying in balance.

4.2 A simple design of a growing robotic structure

Thymio robots [22] are small mobile robots that are available off-the-shelf (Fig. 8). In order
to test some concepts for the growing robotic structure in an embodied system (in presence of
gravity), we used Thymio robots which we had available and built a number of Thymio-based
modules that can be connected together and make a modular robot capable of growing (by the
help of users). The idea was to build a modular robot that is not very stiff in its structure, such
that we can investigate the effect of gravity and weights of different parts of the structure (cf.
Sec. 2.3). Therefore, we have used rubber bands and zip-ties for connecting the rigid parts of
the module. We built two types of modules (Fig. 9): simple modules and branching modules. A
simple Thymio-based module is built out of two Thymio robots connected to each other by using
zip-ties. One side of the two Thymios are constrained by using a zip-tie with a fixed length. The
other side is constrained by using rubber bands. This way, the module can further bend in one
direction (by stretching the rubber bands) but not much on the other direction. The lengths of
the zip ties and the rubber bands are chosen in a way that the modules are bent in their relaxed
state. Since there is no difference (both in terms of physical constraints and the controller inside)
between the two Thymios that are used for a module, the modules can be used as a right-bent or
the left-bent modules depending on the way they are mounted on the aggregated robot system.

Figure 8: A Thymio in normal use.

In order to prevent the modules from slipping over each other especially under stress, we used
two thin cords of fixed size. Each cord is fixed at one side of one of the robots and another side
of the other robot. The cords go along the side of a robot and its semi-circle and continue on
the semi-circle of the other robot and then to the side of it (see Fig. 10). This concept is similar
to “cruciate ligaments” that occurs in several joints of animal bodies, for example in our knees.
Each Thymio robot contains an accelerometer that is used to get the orientation of the module
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(a) A single bending module.

(b) A single branching module.

Figure 9: Different types of modules of the Thymio-based modular robot.

relative to the vector of gravity. The two robots of a Thymio-based module can communicate via
infrared (IR) sensors at the front side of the robots. In order to attach two different modules to
each other, we use zip ties and connect them back to back while some distance is kept between
them such that communication is still possible. The branching modules of the robot are also
built with a similar usage of zip ties, cords, and rubber bands (Fig. 9(b)) while the branches can
slightly bend.

A Thymio on the tip, indicates the orientation of the next module (right-bent or left-bent)
by using LEDs and the experimenter adds the next module. The robots are supposed to grow
against gravity and stay balanced. Since the modules are bent, the module on the tip has to
signal the correct orientation for the next module to be added.

4.3 Simulation

A simplified physics-based 2-dimensional simulation is designed based on the design of the
Thymio-based modular robot. The local communication between the modules is constrained
in the simulation in order to emulate the constraints of the physical robots. The simulation is
developed in Processing with Box2D as physics engine.

Page 20 of 58 Deliverable D2.1



EU-H2020 FET grant agreement no. 640959 — flora robotica

(a) The position of the two cords are shown by a white and
a yellow line

(b) A part of the two black cords and some of the IR prox-
imity sensors that are used for communication between the
Thymios of a single module

Figure 10: A pair of thin cords keep the two modules from slipping over each other.

4.4 Controlling the growth

The controller of the robot is distributed and the individual modules decide on the direction
of growth based on their sensory values and the values communicated from their neighboring
modules. The growth may only be indicated at the tips of the modular robot. The tips display
growth-requests to the user and indicate the desired direction of the bending of the next module
if the tip desires to grow.

In every module of the robot, the upper parts (a single Thymio in a bent-module, or two
Thymios in a branching module) perform computations of the status variables. The lower parts
are used for preprocessing of some sensory data if necessary and pass the communication signals
received from the neighboring modules.

The upper parts of every module perceive their orientations against gravity by using 3-axes
accelerometer existing in the Thymio robots. The modules use the IR sensors (in front and back
of the Thymios) in order to communicate internally and also with other modules.

Since each module is built out of two or three Thymio robots, every part (every Thymio)

Deliverable D2.1 Page 21 of 58



EU-H2020 FET grant agreement no. 640959 — flora robotica

Figure 11: A simulated vs. physical module

needs to be switched on independently. When a Thymio is switched on, it has a starting period
(10 sec) when it can decide if its an upper part of a module or a lower part. If the robot does
not receive any communication signals from the IR back sensors, the module is an upper part,
otherwise its a lower part. This way, the modules can be easily turned in order to be used as a
right-bent or a left-bent module without a need to upload different codes in the different parts
of the module. A module recognizes itself as a tip as long as its upper part does not receive
any communication signals from another Thymio after the starting period. A tip can indicate a
growth signal to the user telling them the desired direction of bending of the next module that
can be added by the user to this module.

The controller is inspired by transfers of hormones in biological organisms and the direc-
tionality of growth in plants. Variations of hormone inspired controllers has been previously
developed for generation of diverse patterns driving self-organized behaviors in robots [57, 16].
In a hormone-inspired system, state variables of the system act as the concentration level of hor-
mones leading to different outputs of the controller. Here we use a simplified hormone-inspired
controller where the vector of gravity is the main influential factor on the state variables of the
system.

Every module holds a state variable, namely H. The value of H is used at the tips to decide
on the desired direction of the bending for the next modules. The value of H flows from the lower
modules towards the tips, giving some information about the orientation of the lower modules.
H is updated as follows:

Hi
t+1 = c Hi

t + (1− c) S0 + d Hi−1
t − d Hi

t , (1)

where c is the decay rate, d is the flow rate, S0 is correlated with the orientation of the module
(vector of gravity in the upper part of the module) and can be a negative or a positive value.
Module i− 1 is located below module i.

If module i is a tip and Hi ≥ 0, the module requests for a left-bent module to be added.
Otherwise it requests for a right-bent module. The parameter d influences the curve of growth
and c indicates the sensitivity to the fluctuations of the robot due to the elasticity of the structure.

In Fig. 12 we show the resulting structures of the physical robot growing on a horizontal
base (see Fig. 12(a)) and a tilted base (see Fig. 12(b)). Note the difference in the shape of
the robot grown from the horizontal and from the tilted base. Fig. 13 shows the resulting
structures from the simulation. A short video about this work is available online: https:

//www.youtube.com/watch?v=4Edm8H9SPIw .
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(a) Growth on a horizontal base (b) Growth on a tilted base

Figure 12: The robot grows against gravity.

4.5 Branching nodes

The branching nodes try to keep the balance between their branches. In the physical robot, the
deviation from the balanced status is evaluated at the lower part of the module. The lower part
compares the values from two proximity sensors at its right and left side. The value is then
sent to the upper parts (branching parts) indicating them whether they should speed up their
growth or not. In addition to H, every upper part also holds a status variable G. The G value
indicates the motivation of growth in the module. If the motivation is higher than a threshold
in a tip module, the module signals the desired direction of growth to the user. Otherwise, it
stays silent. The initial value of G is half of a maximum value (Gmax). If the balancing signal
from the lower part indicates that the branch associated with this part is heavier than the other
branch, the G slowly decreases towards zero. If the balancing signals indicates a light branch,
G slowly increases towards a maximum. If the balancing signal indicates a balanced branch, G
changes towards the middle. The G value changes as follows:

G =











G− αG if too heavy

G− α(G−Gmax) if too light

G− α(G−Gmax/2) otherwise

, (2)

where α is the rate of change.
Fig. 14 shows an example experiment with a branching module trying to stay balanced. The

branching node is signaling the user to add modules at both nodes. At the left side, it signals
for a right-bent module and at the right side it signals for a left-bent module. We add a silent
module (non-working) to the right branch in order to add some extra weight to one side and
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(a) Growth on a horizontal base (b) Growth on a tilted base

Figure 13: A simulated robot grows against gravity.

unbalance the robot. Thus, the robot signals only for growing at the left branch. After adding
a module (growing) to the left branch, the robot signals again for growth at both branches.

4.6 Conclusion

In this section we reported the growth of an example modular robot that grows against gravity.
The modular robot is designed by combining pre-built robots. The growth is signaled to a user
by the robot and the user manually attaches the new modules to the robot. The modules of the
robot are built out of Thymio robots by attaching them by elastic binders such that the modules
are bent in their relax status and can be bent further under extra loads. The growth process of
the modular robot is controller by using a decentralized hormone-inspired controller. The design
of the physical robot, a simulation of the robot, and the controller are described and the results
of the growth against gravity and balancing the branches are demonstrated with the physical
and the simulated system.
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(a) The branching node is signaling the user to add
modules at both nodes

(b) A non-working module is added to the right side
to act as an extra weight. The robot is unbalanced.
It only signals for adding a module at the left side

(c) The new module is added and the balance is back.

Figure 14: A branching node trying to stay balanced.
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5 Evolving Phytomorphologies in Simulation

5.1 Introduction

At ITU, we have been investigating how to implement a rapid robotics prototyping system based
on evolutionary developmental (evo-devo) models. With this generational model we aim to
develop robotic bio-hybrid systems. Plants, just like other types of naturally organisms, are a
product of evolution, and serve their role in complex ecosystems usually as primary consumers.
They create complex molecules by utilizing energy obtained directly from light. These complex
molecules in turn serve as energy for consumers higher in the food-chain. As urban environments
have replaced a large share of environments that used to be abundant with plants, potential up-
take of solar energy is primed for exploitation for natural or artificial primary consumers in
these areas. In this light, we investigate how to exploit the acquisition of solar energy in urban
environments. We distinguish our approach into to parts: (1) investigating how robotic systems
can be generated using bio-inspired methods; and (2) how to integrate developed methods in
bio-hybrid systems. The second part will not be discussed here but will be considered in the
future.

For an efficient, but still aesthetically pleasing, deployment of solar cells, we looked at de-
velopmental processes of plants. Hence, we are interested in gaining insights into how plant
development works, and how this can lead to bio-inspired intelligent robotic and autonomous
systems. For investigating how to properly embody such systems, an evolutionary developmental
simulation is developed for investigating various factors that have contributed to the evolution
of phytomorphologies. The development of phytomorphological elements of plants ultimately
arose from a dynamic interaction between genetic, ontogenetic and environmental forces. The
patterned phytomorphological traits have emerged through evolution and selection of plants, fa-
voring plants that were properly adapted to their environment. Different environments stimulate
the development and evolution of specific qualities in plants and contribute to the adaptation of
plants to specific niches. Light-absorption is one of the most essential characteristic prevalent in
almost all plants. The resulting role of plants as primary consumers conveys their fundamental
impact on any terrestrial ecosystem.

Various signaling mechanisms have evolved to communicate environmental factors to remote
cells and tissues. Moreover, the cell walls of plant cells contribute to the relative immobility
as well as the rigidity of plants, limiting cell migration and actuation. Lacking a nervous sys-
tem, plants are forced to utilize signaling molecules for communication. These molecules atone
for the lack in efficient communication mechanisms through various diffusion and transduction
pathways. The signaling molecules can be transported through an apoplastic (through the cell
wall) or symplastic (via the cytoplasm; through plasmodesmata) pathway. Various molecules can
also be transported over long distances through the vasculature of the plant. Conventionally,
development through local cell communication (or tissue communication) can be simulated by
simple grammars [31] while more complex communication can be mimicked by implementing
morphogens [54]. Morphogens seem to be more accurate abstractions taken from biology than
L-Systems although we found that context sensitive L-Systems would be sufficient for repre-
senting plant morphogenesis. Moreover, since L-Systems work with variables, they can easily
be extended to contain signal propagation algorithms and even morphogens themselves. The L-
System should be able to mimic various phyllotaxis properties of plants. In plants, these patterns
usually include distichous, spiral, decussate and whorled patterns [27]. Notably, the divergence
angles of primordia of the plants differ usually by 180◦, 90◦, 137.5◦ [39] and some other more
uncommon angles [27].
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Figure 15: Three illustrations of the implemented L-System are shown. The Genotypic represen-
tation shows how the production rules result in the generation of the morphology. The symbolic
representation shows the developmental instructions and the relationships between states as sim-
ilarly represented by the work of Sims [46]. The phenotype generated by the example is shown
on the right. Note that the + constant represents a three dimensional orientation to which a
new object is rotated relative to its parent.

5.2 Approach

In our system, phytomorphologies are iteratively constructed by a context sensitive L-System.
The genomic representation of the L-System is subject to mutation by an evolutionary algorithm.
Mutating the L-system parameters shapes the artificial evolution of phytomorphologies. While
evolving the morphologies, we compared the differences between evolving virtual plants that
remain static during their life and virtual plants that possess the possibility to move joints that
link the parts of the virtual plants. The L-system contains a total of 10 variables which are
referred to as specific states of the objects that are created. Each state of the object contains
corresponding rule sets that define what child objects are created. An example of how the states,
rules and constants of the L-System influence morphogenesis is displayed in Fig. 15

Virtual Robot Experimentation Platform (V-REP) [41] is used as the simulator to create and
evaluate plant-like robotic morphologies. The simulated components are controlled via a C++
based DLL plugin created with visual studio 2013. The plugin is divided into three parts: a
genetic algorithm, a morphology generator and a control part. The genome of the morphology is
encoded as the rules and parameters of the L-Systems. Two experiments were done to simulate
16 evolutionary runs for evolving static plant-like morphologies as well as 16 runs for evolving
plant-like morphologies that could rotate.

The implemented genetic algorithm is a steady state genetic algorithm [55]. And in our case,
a random offspring is generated asexually, without crossover, and evaluated against a random
individual in the population. The random selection and a population size of 100 individuals was
used to keep the population somewhat diverse and to slower the convergence of the evolving
L-System to a local optima. The genomes of the initial population were furthermore randomly
initialized. The individuals were evaluated based on their ability to absorb light in an environ-
ment that only contained a flat surface, a light-source and the individual itself. When comparing
an evaluated offspring with a random individual of the population, the offspring would only re-
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place the selected individual if its fitness value was higher. Based on preliminary experiments,
the mutation rate was set to 5% meaning that each variable of the genome had a 5% chance of
being changed. When mutating the variables, either a completely random new variable could be
assigned to the variable, or a local mutation could cause the variable to change locally. These
local mutations are most effective to explore the local search-space of a population of individu-
als. All parameters of a genome are stored in a file only after an offspring is incorporated in the
population. To recall a morphology without needing an L-System to construct it, the evaluated
morphologies are also saved in a file containing all the information necessary to create the objects
at the exact same position as initially created.

In the simulation environment, 10 evaluation steps contribute to the eventual fitness value of
a virtual plant. At each time-step, the amount of light absorbed by the simulated leaves of an
individual is calculated. The orientation and surface area of the leaves have a direct influence
on the amount of light absorbed by the leaves. mention fitness The amount of light absorbed
is calculated by the multiplying one light-sensitive surface area of the artificial leaf with the z
directional vector of the leaf relative to the direction vector that is oriented from the leaf’s origin
to the origin of the light-source. Furthermore, if there is anything between the artificial leaf and
the light-source, the leaf will not contribute anything to the fitness value. The light-source that
directly influences the fitness of the virtual plants is moved at each time-step. Starting at the
Cartesian coordinate (2.0,-4.0,10.0) and ending at the coordinate (2.0,5.0,10.0). The sun thus
moves in the direction of y with a directional vector of (0.0, 1.0, 0.0) as shown in illustrated in
Fig. 16.

Figure 16: This figure shows the top-down view of the simulation environment with an omni-
directional light-source shown as a white dot in the bottom left corner. The dashed blue line
represents the movement of the light-source.

The fitness F is the sum of the acquired fitness values at ten time-steps as represented. n
represents the upper bound of the amount of time-steps. The total amount of leaves is given
by o and p represents the total amount of objects formed by the individual. α represents the
surface area of the artificial leaves which is multiplied by the z directional vector δ. β represents
the volume of the objects. The fitness function for each individual is given by

F =

n
∑

i=1

(

o
∑

j=1

αδ −

p
∑

k=1

β) . (3)
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5.3 Preliminary results

As can be seen in Fig. 19, the average acquired fitness values of the population with static plants
is similar to the fitness of the population of plants that could potentially actuate their joints.
Since the evolutionary runs were not normally distributed (confirmed by a Shapiro Wilk test)
a Mann-Whitney U Test was performed to see whether the results were significantly different.
As can be inferred by looking at the graph (Fig. 19), The Mann-Whitney U test confirms that
the data is insufficient to reject its null hypothesis. For the amount of generations that we
have simulated the populations, no statistical difference between the efficiency of static versus
actuated phenotypes could be seen. Considering that the runs shown in Fig. 19 did not plateau,
a difference might emerge when simulating far more generations. Out of the 16 evolutionary runs
of rotating individuals, the best individuals of the final generations seldom utilized any actuation
in joints that would change the shape of the artificial plants significantly.

The phenotypes of the evolved phytomorphologies are quite diverse and different spiral pat-
terned morphologies can be seen (Fig. 17). In Fig. 18, the best evolutionary run is mapped across
different generations. Looking at the top view of this figure, one can see that the total amount
of surface area exposed by the artificial leaves (orange rectangles) gradually becomes larger.

5.4Discussion

We aimed to engender various phytomorphologies optimized to absorb light. In Fig. 17 a variety
of different morphologies can be seen. Functionally, these morphologies don’t look particularly
optimal for absorbing light and would probably improve when simulating for more generations.
Since only 250 generation have been simulated with a population size of 100 and a random
selection algorithm, having sub-optimal individuals was expected. Simulating the evolutionary
runs for a longer time might shed light on whether the evolutionary L-System can actually
generate more efficient models. Actuating the morphologies did not change the population fitness
values significantly when compared to the statically simulated populations.

The evolved virtual plants were quite voluminous considering that the volume has a negative
effect on the fitness value. However, making large objects and dispersing the morphology over a
large area, while making leaves with a thin volume but large surface area, is an intuitive result
given the simulation environment. It is expected that different phytomorphologies arise when
artificial plants have an additional restriction to grow horizontally. In biological environments,
factors such as the overshadowing of neighboring plants, form an additional pressure that stim-
ulate specific types of plants to grow tall quickly. Co-evolving the same L-System can therefore
yield results that are more diverse than the ones shown in this paper.

Considering the results, various future improvements of the evolutionary algorithm may in-
crease the efficiency of a population to traverse the search-space. Since no crossover function was
implemented, this might definitely increase the efficiency of the evolving L-System considering
that specific states and rules of the L-System can be recombined with between individuals within
the population. The implementation of neural networks in addition to artificial development can
be interesting for developing more dynamic morphologies (as in [5]). Moreover, morphogens [54]
are also an attractive strategy to implement in order to mimic long range communication in
plants. An algorithm that checks for diversity besides quality, as has been implemented in nov-
elty search [29], might also be useful to speed up the search process. Moreover, novelty search
can lead to the evolution of very distinct morphologies making it more useful for generating
phytomorphological structures for aesthetic purposes.
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Figure 17: Eight of the best evolved static individuals with their respective fitness values.
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Figure 18: A top view of individuals of one
evolutionary run are depicted to illustrate
how evolution shapes new more efficient in-
dividuals.

Figure 19: Results of evolutionary runs con-
sidering actuated or not actuated virtual
plants

5.5 Conclusion

We have shown that our evolving L-System can create various phytomorphologies that are evolved
to optimize for light absorption. These phytomorphologies were generated with the aim of im-
plementing them in urban environments for both functional and aesthetic reasons. Evolution
did not exploit possibly beneficial joint actuation, evolution converged on various types of static
phytomotphologies instead. In the future, this evolving L-System can be extended by implement-
ing additional algorithms to increase the effectiveness of traversing the state space landscape for
acquiring both more efficient and more unique phytomorphologies.
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6 Growth and motion model

6.1 Introduction

In this section we present our approach to create a simple growth-motion model of the common
bean based on empirically obtained data. We then use the model as a simulation to evolve
closed-loop controllers that maximize the plant’s motion and grow the plant’s tip to three different
targets. Then, we transfer the evolved controllers to reality to investigate how well they perform.

6.2 Plant experiments and modeling

We have created a setup that allows us to conduct simple experiments with plants in order
to study and explore the possibilities of controlling their growth and motion. The choice for
a specific plant species was driven by the facts that (a) the speed of growth and motion is of
great concern, and (b) the plant needed to grow in standard robot lab conditions and office
areas. A good compromise to cope with these constraints is the common bean plant (Phaseolus
vulgaris) in its early growth stage. In our setup, as soon as the bean plant starts sprouting, we
place it inside a box of 2m height and 1.20m width. The box is clad in black cloth from the
inside to reduce light reflections and to allow for taking high contrast photos. Next, we impose
a light stimulus on the plant (cf. Sec. 2.5) using two light sources located 30cm above the plant,
and 30cm to the left and right, respectively (see Fig. 20a). They are turned on alternating every
six hours for a total period of 72 hours.

The light sources are two Adafruit NeoPixel RGB LED strips with 144 LEDs each. In our
setting, each strip emits white light at full brightness which requires a current of up to 8.64A.
Each LED has a power consumption of 0.24W and emits 18 lumen. A Raspberry Pi is used to
operate the LED strips and a camera module1 that takes a picture every five minutes, resulting
in 864 images for each experiment, and 5184 images in total.

In Fig. 21 we show a sequence of photos from one of six experiments. The 16 photos depict
growth and movement throughout an initial time period of 48 hours, with three hours between
the shots2. After 48 hours the plant has grown to about 20cm. During the six-hour activations
of each light source, the plant bends towards it while maintaining a counterclockwise turning

1https://www.raspberrypi.org/products/camera-module/
2Find a video at: https://youtu.be/e-84bxhwpZo

(a) (b)

Figure 20: Simple growth and motion experiment: (a) The common bean plant receives light
alternating from the left- and the right-hand side. (b) Superposition of states indicating the
amplitude of the plant’s growth and its left-right motion.

Page 32 of 58 Deliverable D2.1

https://www.raspberrypi.org/products/camera-module/
https://youtu.be/e-84bxhwpZo


EU-H2020 FET grant agreement no. 640959 — flora robotica

Figure 21: Photos of the bean plant at different times during the experiment showing rapid
growth and motion towards light; the white line indicates the location of the roots, the sun
symbolizes the activation of a light source to the left or right.
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Figure 22: Plant tip positions from all our experiments. Black points denote the activation of
the left, white blue points the activation of the right light source.

behavior (standard climbing behavior of bean plants, not seen in the photos). In Fig. 20b a
superposition of several photos taken during the experiment is shown, clearly indicating the
amplitude of the plant’s left-right motion.

We processed the obtained 2D images using the OpenCV library. Due to the high contrast
between background and plant, we simply transformed the images to gray-scale, applied a Gaus-
sian filter to smooth the images and then extracted the brightest points. The highest point of the
plant (after cropping the area of actual plant growth, dismissing the pot and the light sources) is
stored as its tip with the position x = (x, y) relative to the roots of the plant. The time series xt

for each experiment is a rough description of the plant’s growth process and the effect of the
controlled stimuli (Fig. 22).

We make use of this data to create a simple bean growth–motion model. We define a model
that represents a plant’s current tip position xt and the current lighting condition Lt (Boolean
value indicating whether the left light is on). A current configuration of the system is then defined
by (x, L)t. Using the collected data we derive the next tip position xt+1 for discrete time steps,
each representing five minutes of real time. We assume that the two light sources are identical
and also that the plant has no other bias to grow towards either of the two directions. Therefore,
we mirrored the collected data to both sides (mapping x 7→ −x and keeping y identical) to
logically double the available data and hence to increase the precision of the model (note that
the light conditions can still be distinguished: light on in the same quadrant or light on in the
other quadrant).

In order to calculate the next plant tip position xt+1 for a given configuration (x, L)t, we
define a rectangle R = ((x− wx, y − wy), (x+ wx, y + wy)) with the plant tip position x at the
center, width 2wx, and height 2wy (i.e., a sliding window). Then we select all data points that
are contained by rectangle R and that have the same light condition. Based on these data points
we want to calculate a shift of the tip position ∆x and ∆y. From the selected data points and
their successors in time we obtain samples of ∆x and ∆y. In Fig. 23 we show the original data of
∆x and ∆y within 5min time periods for all data points and both light settings before mirroring
the data. The plant tip shift at the side opposite to the currently active light has the greatest
absolute values. Note that, not only ∆x but also ∆y are subject to the plant’s rotational motion
which is usually centered at x = 0. We observe that at the bottom half (y < 15) the change
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Figure 23: xy-motion of the bean plant’s tip within 5min when activating the left/right light
source (left-hand/right-hand column, respectively).
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Figure 24: Histograms of plant tip position shifts acquired from all data points within 5min time
period.
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in motion is generally smaller, probably because the plant’s size limits its motion. In Fig. 24
we show the distribution of ∆x and ∆y for all data points. We interpret these distributions as
normal distributions which can be expected for such a natural growth process.

We use three different methods to calculate the tip shift. The first is called deterministic,
implements a deterministic model, and uses the mean values ∆x and ∆y of all data points
inside the rectangular window. The second is called stochastic, implements a a stochastic model,
and directly samples uniformly from the data points inside the rectangular window. The third
method is called mixed, implements a mixture of the previous two methods, where the mean
value ∆x is used to calculate ∆x, while ∆y is randomly sampled from a normal distribution with
a mean value of 0.04 and a standard deviation of value 0.01. The mean value of 0.04 was chosen
to get overall heights of about 15cm for the chosen experiment length which corresponds to what
we observed for the experiments with the natural plant.

6.3 Possible extensions and acquiring additional data

We would like to introduce two types of temperature and humidity measurement based sensors,
which can be suitable for the use with plants to get additional information about internal features.
The data of these sensors can be used to build models and to simulate processes of living plants.
The first sensor, that we discuss in the following, is a sap flow measurement sensor positioned
at the plant’s stem which is based on the heat transmission balance method. The second sensor
measures the temperature and humidity difference at a leaf of a plant and of the ambient air.

6.3.1. Sap flow measurement sensor in a plant stem

The schematics of our sap flow sensor is shown in Fig. 25. The sensor includes a thermostat
in the middle and two temperature sensors, symmetrically placed 10mm up and down from the
edges of the thermostat. The thermostat and the sensors are placed within the same plane. The
concept of such a sensor is that the thermostat temperature is controlled at a constant level. This
temperature is based on the environmental ambient temperature and is set to a value of about
five or ten degrees above it. The system is placed along the plant’s stem, with an upper sensor
located above the thermostat and a lower sensor located below the thermostat. The thermostat
constantly transmits heat to the stem and both the upper and the lower sensor measure the
temperature at the stem above and below the heated area. The difference in these temperatures
gives a value that is proportional to the sap flow in the plant. The LM35CAZ IC temperature
sensors from Texas Instruments were used for temperature measurements. The advantages of this
sensor are: factory calibrated output voltage linearly proportional to the Centigrade temperature,
the sensor does not require any other external calibration, low self-heating (less than 0.1 ◦C in
still air), low consumption (60 µA), 10 mV/◦C Scale Factor, operating range +2 ◦C to +150 ◦C
in basic application circuit, easy to mount (TO-92 transistor plastic package), high accuracy
of measurements (±0.2 ◦C). This sensor, however, also has several drawbacks: nonlinearity
(±0.15 ◦C) over the temperature range of the sensor, errors of reading the surface temperature
in the case that the ambient air temperature is very different from the surface temperature. In this
case, the actual measured temperature of the LM35 would be at an intermediate temperature
between surface and the air temperature, due the fact that at the TO-92 plastic package the
copper leads principal thermal path to carry heat into device, so its temperature might be closer
to the air temperature than to surface temperature. In our application, the surface temperature
is particularly significant.

The first prototype of this sensor (Fig. 26) was placed at the stem of a Zamioculcas zamiifolia
plant. The LM35 temperature sensors and the thermostat with resistive heater (size of heater
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Figure 25: The schematics of operation method of sap flow sensor.

Figure 26: Photos of first sensor prototype placed at the stem of Zamioculcas zamiifolia plant.

is 8×4 mm2) we solder at tiny PCB (size 1.5×3 cm2) with 1.27 mm pitch standard connector
to connect for the data acquisition system, based at our board MU3.1. An additional feature of
the MU3.1 board compared to our previous MU2.0 board is the temperature stabilization of the
region with analog elements at the PCB.

Additionally, we add some environmental sensing, including ambient air temperature, air
humidity, air pressure, soil moisture, soil temperature, and ambient light intensity. The sensors
are sampled with a 22-bit resolution (oversampling technique from 20 to 22-bit applied). We
put the plant with this sensor system into a controlled closed dark room. Hence, the plant was
not influenced by human interaction and we provided artificial red (∼630 nm) light with a LED
strip. The on/off cycles of the light were controlled with a simple time schedule: switch on the
light at 8am and switch off the light at 10pm. Soil moisture was measured in relative values: 650
– very wet soil, 300 – very dry soil.

An additional feature, that we provided for this sensor/actuator system, was to make the
data available online. We put a 3-day data time frame on the web. The online data can be
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obtained at our web-site in the online measurement section3.
In Fig. 27 we show the captured data of a two-week time frame (from Jan, 20 to Feb, 4).

During these two weeks, the plant was not watered, but was watered three days before, at
Jan, 17. an interesting observation is that during the first four or five days the circadian cycle at
the differential upper and lower sensors (Fig. 27a, red line) is clearly visible. During the period
of drying soil (Fig. 27c, blue line) the circadian variations become less visible as well as the hole
differential trend decreases.

The first drawback, which we meet at this first stage development of our sensor prototype is
that variations in the lower and upper sensors are influenced by the external, ambient tempera-
ture. That means, when the sensors placed in the same condition, they will measure the same
temperature, and will supposedly give the same results. Due to differences in the parameters
of each individual sensor, a sensor gives different results which seem not to be constant. For
example, at an ambient temperature of 20 ◦C the difference is about 0.8 ◦C, at 25 degrees the
difference is about 1.0 ◦C, etc. This dependence needs to be investigated and we need to check
whether it is linear or non-linear. We have performed the experiment to figure that out. We pre-
pared the second prototype of the sensor with a 0.5 inch copper pipe of length 5cm (see Fig. 26).
We put the sensor with the copper pipe into a thermos jug (Fig. 28). In such conditions we
suppose that the thermostat sensor and both of the sensors should have the same temperature
due to the high thermal conductivity of the copper and system isolation from the environment
except the thermal dissipation in the air inside the jug and not tightened lid. An experiment
with linearly changing the thermostat temperature to 1 ◦C every 5 minutes in a wide range of
temperatures, from 25 up to 70 ◦C and back to 25 ◦C was performed. In Fig. 29a we show the
captured raw temperature data of this experiment. We conclude that the difference in the data
of the upper and lower temperature sensors is linear at a wide temperature range. In Fig. 29b
we show the captured sensor data with a linear correction of the upper sensor temperature data
according to

tuppercorrected = 1.02816 · tupper − 0.0088 . (4)

The linear correction was made with the objective to minimize the root-mean-square error in the
difference between the upper and the lower sensor.

In Fig. 30 we show the result of an experiment with the same conditions (sensor at the copper
pipe and put to the sensor jug), but the thermostat temperature was controlled at a constant
level of 35 ◦C. The diagram (Fig. 30a) shows that the upper and the lower sensor temperature
as well as their differential value is not only influenced by the thermostat temperature but also
by external temperature. While with the linear correction of the upper sensor (Fig. 30b) the
influence of the external temperature at the differential data sensor is reduced, we still have to
take care when interpreting these measurements.

6.3.2. Transpiration sensor

In addition to the above sensor, we provide a second type of temperature measurement to monitor
plant growth. The main idea is to measure four parameters: the temperature and humidity at
the leaf and in the ambient air. To be able to measure this data, we have developed a tiny board
with a pair of temperature and humidity sensors. The LM35 was used as a temperature sensor
and HIH-5031 from Honeywell was used as a humidity sensor. The first prototype of this sensor
is shown in Fig. 31a. This sensor was assembled to the leaf of a Ficus as well as the second
prototype of the sap flow measurement sensor (Fig. 31b). The photo of the full setup placed at
a Ficus plant in shown in Fig. 32.

3see cybertronica.de.com/OnlineMeasurements/
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Figure 27: The data from sap flow sensor placed at the stem of Zamioculcas zamiifolia plant.
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Figure 28: The photos of second sap flow sensor prototype. Mounted at the copper pipe, and
placed into the thermos jug while calibration.

In Fig. 33 we show the data of both sensors logged simultaneously and for one week. The plant
with this measurement setup was not placed at a specifically controlled environment, instead it
was positioned within an office about 1m away from a window. The plant was thus situated in
the natural lighting cycle (no direct sunlight to the plant) without using any artificial lighting.
In such a setup we can try to investigate correlations between data from different sensors. The
red line in Fig. 33b gives the temperature difference between the upper and the lower sensor.
One can notice the circadian variations from Tuesday to Friday as well as a similar cycle in the
humidity difference at the lead and in the ambient air (Fig. 33e, red line). At Saturday and
Sunday, the circadian cycle in the humidity difference data evidently is reduced, and at the stem
the temperature difference is not visible, while the plant was watered at Friday evening (gray
vertical line at Fig. 33). We suppose, that this behavior is the result of absolute darkness in the
room at the weekends when window shutters were kept closed. This circadian variations are not
evidently visible in the temperature difference at the leaf and in the ambient air (Fig. 33e, blue
line) as it is observed at the upper and the lower temperature (Fig. 33b, red line). So we suppose,
that these variations are not caused by variations in the ambient temperature but rather by the
sap flow variations in the plant.

6.4 Conclusion

We have introduced a simple plant growth and motion model which focuses on the plant tip
exclusively. Then we used this model to simulate the plant tip motion in several preliminary
evolutionary experiments. These evolved controllers were able to perform the tasks in reality
(i.e., with real plants). Hence, the effectiveness of the simple growth and motion model is proven.
As a future work, we plan to extend the existing model of the plant tip to consider the whole
plant growth and motion behavior, that is, also to model lower parts of the plant. In addition,
we plan to make use of additional sensory information to improve the accuracy of our model.
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Figure 29: The temperature data from sensor, mounted to copper pipe (with changing thermostat
temperature).
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Figure 30: The data from sensor, mounted to copper pipe in calibration purpose (35 ◦C constant
thermostat temperature).
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(a) (b)

Figure 31: The two types of temperature/humidity measurement based sensor at Ficus plant:
(a) Temperature and humidity difference measurement sensor. (b) The sap flow sensor.

Figure 32: The Ficus plant with two types of sensors assembled.
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Figure 33: The temperature and humidity difference data at the leaf and in the air and the
temperature data from the stem of Ficus plant.
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7 Integrating biological and artificial models

7.1 Introduction

(a)

(b)

Figure 34: Image-sampling technique for fine-resolution motion tracking used to extract coordi-
nates for the full plant stem.

In this section, we present our initial steps toward creating a simulation environment for
the task of integrating biological growth models and artificial growth models into a single bio-
hybrid model that can be informed by multiple types of inputs. It is important to integrate
the biological and artificial models into a single model, as symbiotic bio-hybrid controls are
to be influenced equally by the two symbionts. It is important that this model be able to
incorporate multiple types of inputs, as the bio-hybrid’s growth is to be influenced by growth
models, environmental conditions, and user inputs from the social garden. These models exist in
a simulation environment both for the purpose of testing the bio-hybrid growth models, and for
the purpose of eventual interaction interfaces with social garden users. Simulation environments
are also used for extension of the growth-motion model described in Section 6, for finer resolution
control of plant geometry necessary for more detailed tasks.
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Figure 35: Identifying branching of plant stem in coordinate set obtained from image-sampling.

7.2 Finer resolution control in growth-motion

A planned extension of the bean plant growth-motion model (Sec. 6) is to use a full description
of plant stem coordinates as inputs for evolving the controllers. In order to consistently extract
the full set of coordinates describing the stem, from photographs of widely varying brightness
and hue in backgrounds, we developed the following algorithm. The algorithm was tested in the
VPL Grasshopper3D before being implemented into Python for the purpose of real-time image
sampling of Raspberry Pi photographs.

First, the pixels within the image that contain the plant are located. The three RGB channels
(Red, Green, Blue) and three HSV channels (Hue, Saturation, Brightness) are isolated. At each
pixel, the Red value is subtracted from the Green value, and the Blue value is subtracted from
the Green value, to find the difference between these channels’ values. The values for Red-Green
difference, Blue-Green difference, Brightness, and Saturation are each passed through a step
function assigning them a value of 1 or 0. The value threshold between positive and negative
argument in the step functions is defined for each of the four values separately. The four new
values are passed through an AND logic gate, so that only pixels that surpass the indicated
threshold for all four values are identified as pixels where a plant is located.

Now that the pixels containing the plant have been identified, the coordinates of the stem
need to be extracted. This extraction process needs to deal with both a) missing patches in the
plant pixel identification, which cannot be avoided in experiments with changing light conditions
(see Fig. 34, center) the identification of emerging leaves as separate from the stem. The image’s
pixels are grouped according to their y-coordinates, thereby creating groups of each horizontal
row of pixels. The mean average x-value of each horizontal group is found. The mean x-values
are combined with their identifying rows’ y-values to construct 2D point coordinates of the stem.
In order to solve the missing patches in the photographs, the coordinates are sorted according
to their y-value, and used as vertices to form a 2D planar polyline. This polyline is then divided
into equal length sections, in order from the lowest y-value endpoint to the highest y-value
endpoint. The vertices of these new divisions are then used to form a new polyline, resulting in
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(a) (b)

Figure 36: Simulation environment built to interact with multiple inputs, showing the input
of image-sampled coordinates: (a) Photograph view with image-sampled coordinate set. (b)
Simulation view, visualizing the stem clusters in the image-sampled coordinate set.

a continuous, unbroken coordinate set with equally distributed coordinate points (see Fig. 34,
right). The length of each division can be defined in a deterministic way, or can be assigned
according to the length of the full stem and the number of desired coordinates. The second of
these methods is useful when the task of evolving a controller requires a consistent quantity of
coordinates throughout the growth process, so that the coordinates may be used as inputs for
an artificial neural network.

As the plant matures, the processes of the stem beginning to branch identifies a weakness
in using only mean x-values to determine the stem’s location. Therefore, if the x-value range of
any y-value group exceeds the maximum specified width of a single stem, the group is classified
as containing more than one stem. In rows with this classification, the plant-containing pixels
are clustered according to whether they share a neighbor. The mean x-value operation is then
performed individually on any resulting clusters. This allows the image sampling method to
identify the initialization of branching, and to find the coordinates of the two resulting stems
(see Fig. 35). A shortcoming of this method is the inability to distinguish between stem and leaf
if the plant is rotated in such a way that the leaf blocks the stem in the photograph view plane.
Our objective is to address this with a future extension by keeping a history of frame analysis,
allowing us to reference prior occurrences and locations of branching instances that later form
leaves.

When branching occurs (see Fig. 35) this approach generates information that can be analyzed
as vertices and edges, forming a graph. This is intentional, as a graph is an encoding that is not
explicitly better suited to the description of biological or artificial mechanisms, but rather can
be a neutral encoding for the symbionts to interact in the model. This choice of graph encoding
may change, as there are many options for neutral encodings.

7.3Multiple inputs for common encoding

This is an effort to create an early simulation environment with a single encoding that is able to
be connected in real-time to multiple types of inputs, and be updated according to those inputs.
The early simulation environment is prototyped in IronPython and VPL Grasshopper3D, within
Rhinoceros3D modeling software, because of speed. The environment will later be implemented
in fully opensource software, such as Python within Blender. This robust modeling environment
is to be crucial when creating the interface skin with which users of the social garden will directly
interact.
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Figure 37: Simulation of plant geometry defined by internal model, without external inputs.

Figure 38: Simulation of plant geometry updated to reflect inputs from image-sampling.

(a) (b)

Figure 39: Simulation environment built to interact with multiple inputs, showing the simulation
updating to environmental sensor data indicating the presence of light: (a) Simulation updating
dynamically to a reflect a first live-stream of sensor data. (b) The same simulation updating to
reflect a different live-stream of sensor data.
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The first input is the coordinate set derived from image-sampling experiment photos, which
can be produced in real-time with a Raspberry Pi on-board camera. This input can be viewed
in the simulation environment either in Photograph view or in Simulation view (see Fig. 36).
Though the common encoding model has a different number of nodes and connections in its graph
than the image-sampled coordinate set input (see Fig. 37) it is able, because of the translation
provided between the two types of description, to dynamically update according to the image-
sampled geometry (see Fig. 38).

The second input is environmental sensor data. In the simulation environment, the plant
geometry simulation reacts to sensor data indicating the presences of light. The simulation
updates to the live sensor data according to its phototropic growth mechanisms (see Fig. 39),
and according to the indication of sensor location within the simulation environment. This
update uses the same encoding as the image-sampled update, but requires a different translation,
because the resolution of information that is derivable from only these two sensor inputs is much
lower than than of a full image. This results in the simulation updating to reflect a trajectory
only (with all nodes and connections existing on a single trajectory vector, as can be seen in
Fig. 39), rather than the more detailed geometry that resulted from the image-sampled update.
It therefore requires a separate translation from the image-sampled input.

The third input is user-defined growth objectives. Because the social garden interface is
not yet in development, a mouse cursor acts as a stand-in for future methods of integrating user
inputs. In this simulation environment, the user indicates desires for growth by moving individual
nodes of the simulated plant with a cursor. The simulated model continuously updates to the
user’s inputs (see Fig. 40). Because the user interacts directly with the nodes of the model, this
input happens at a resolution that is different from both the image-sampled resolution (higher)
and the sensor data resolution (lower).

The simulation environment is required not only to update its model to multiple types of
inputs, but also to be able to indicate its updates to its local controller providing stimuli to
the real world plant. Therefore, the simulation is continuously abstracting the model to the
appropriate resolution for the available local controllers, and generating real-time instructions
for those controls (see Fig. 41).

In this example, the user’s desires override the other inputs in the definition of the bio-hybrid
growth model. This is a shortcoming, and in future implementations the user’s inputs will
need to balance with the other inputs affecting the evolution of the biological-artificial growth
models. Another shortcoming is that the simulation allows the user to make any modifications;
the user may even make changes that are impossible to achieve in real-world growth. In future
implementation, the model must have embedded constraints so that solutions impossible in reality
cannot occur in the simulation.

7.4 Conclusion

We have developed an image-sampling technique that may allow us to extend the bean growth-
motion model to the evolution of controllers for finer resolution tasks. This technique may also
allow us to continually record experiment growth and better compare experiment results to those
of our future bio-hybrid models. Though this technique is currently being used for understanding
plant growth geometry only, it is neutral between biological and artificial and can equally be ap-
plied to robotic elements of sufficient saturation and hue. We have also created an initial common
encoding and simulation environment, as a step toward creating integration between biological
and artificial models, and between the inputs of growth models, image-sampling, environmental
sensors, and intuitive user contributions.
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Figure 40: Simulation of plant geometry being continuously updated to reflect desired changes
indicated by the user with a cursor.

Figure 41: Simulation generating controls for real-world LEDs to provide the necessary light for
the plant to grow in the trajectory indicated by the user.
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8 Conclusion

In this report, we have presented early basic models of the anticipated bio-hybrid organism
within flora robotica. Each of the reported results addresses a crucial aspect of the project
individually: biological knowledge about tropisms and relevant stimuli, hardware emulations of
artificial growth processes in 2-d and 3-d, artificial evolution of artificial growth, and modeling
of natural growth. In Sec. 7 we have discussed our early approach on how to integrate different
models. More complex modeling approaches and more sophisticated sensor techniques will enable
us to control plant growth with higher accuracy and will open up new opportunities of plant
growth applications. We will continue our effort of integrating these diverse approaches to utilize
each of them and to achieve the ambitious objectives of flora robotica.
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Appendix
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Figure 42: Finite state machine of the robot controller.

In state moving a robot performs a random walk, that is, it moves forward and makes a
random turn in average every eight cycles. Once a robot in state moving receives a message then
it either switches to state napping or phototaxis depending on the state of the other robot (part of
the message). If the other robot is in state napping or wake-up then the considered robot switches
to state napping (transition 1). This and the following procedure implements the BEECLUST
algorithm. The robot stays stopped and remains in napping for a defined napping time which is
determined by the napping time function n. The napping time function depends on the ambient
light a that the robot measures when switching to napping. The ambient light sensor generally
gives values on the interval a ∈ [0, 1023] but in our setting we have only a ∈ [280, 1016]. The
napping time function is defined as a step function

n(a) =

{

7s, for a 6 300

1s else
, (5)

giving waiting times in seconds. The reasoning behind this is to form clusters of napping robots
in the dark area of the arena. In addition, due to the position of the ambient light sensor on the
robot it can give very different values at the same position but with different robot headings.
After the waiting time has elapsed the robot switches to state wake-up (transition 2). In wake-
up the robot does a random turn and moves forward at low speed for four seconds (low speed
because it may be in the middle of a robot cluster and run into other robots). In state wake-
up the robot ignores all incoming messages and especially does not switch back to napping.
The idea is to allow robots to leave smaller clusters. After four seconds the robot switches
to state moving (transition 3). Transitions 1, 2, and 3 and the involved states implement the
BEECLUST algorithm that we use here to select a seed robot (cf. leader selection).

In particular, we want to grow trees with a defined branching ratio (i.e., widely ramified tree
compared to the number of used robots) [20, 48]. Hence, we have to ensure that many robots
join the DLA tree at the leaves (i.e., end-positions of the branches) and avoid that too many
robots join the DLA tree at non-leaf positions. The joining robot receives the aggregated robot’s
depth within the tree d and the maximum depth of the tree dmax. The joining robot calculates
probability

Pd =
d

dmax

, (6)
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which gives high probability for depths close to the maximal depth of the tree. The second feature
of the DLA tree that we want to control is the growth towards light. In plant science that is
called phototropism [17]. The joining robot receives from the aggregated robot the maximum
measured ambient light intensity amax in the tree. In addition, the joining robot also measures
the current ambient light intensity a. The joining robot calculates probability

Pa =
a

amax

, (7)

which gives high probability for measured ambient light at that position that is close to the
maximum measured ambient light in the tree. To implement a low branching ratio and to
implement phototropism we define a probability P as product of the above probabilities:

P = PdPa. (8)

We define the probability that the considered robot joins the DLA tree as P . If the robot does
not join the DLA tree, then it uses transition 5 and switches to state wake-up (i.e., random turn
and move forward at low speed). If the robot joins the DLA tree, then it uses transition 6 and
switches to state phototaxis. In state phototaxis the robot moves towards the light for a short
time by turning back and forth, permanently measuring the ambient light, and moving towards
the light. Then it switches to state sleeping (transition 7) and stays aggregated in the DLA tree.
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