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Plant production factories and agricultural robots are
being studied and developed these days. In these cul-
tivation systems, however, it has been difficult to man-
age the state of each individual plant. We propose
a cultivation system that uses a swarm of plant pot
robots to automatically move each plant to an optimal
environment, based on the plant’s sensory information
and surroundings. In this paper, we propose a control
method for the swarm of plant pot robots that uses ar-
tificial potential fields for effective temporal and spa-
tial utilization of sunlight, and we show its effective-
ness through simulation and experimentation.
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1. Introduction

Plant production factories and agricultural robots have
recently been studied and developed to improve plant pro-
ductivity and reduce agricultural labor cost [1-5]. In ear-
lier cultivation systems, plants were fixed in the ground,
and the environment, including the temperature, humid-
ity, and carbon dioxide concentrations, were controlled
by air conditioners or other means. However, it has been
difficult for such systems to control the state of each indi-
vidual plant. We propose a cultivation system that uses a
swarm of plant pot robots that automatically move to an
optimal environment based on sensory information from
each plant and the surrounding environment, and we aim
to realize a system capable of maximum utilization of sun-
light.

Kawakami et al. [6] developed a mobile robot that sup-
ported a potted plant. This robot, called PotPet, automat-
ically moved to communicate with people like a pet. Our
research envisions a swarm of these plant pot robots to
create an efficient cultivation system. In this paper, we
propose control methods for the swarm and present tri-
als studying the effects of crowding on successful mobil-
ity. We have adopted an artificial potential field method to
control individual plant pot robots. The method, proposed
in the 1980s [7], has been widely used in various appli-
cations of swarm robots, and there have been many in-
vestigations and improvements, including clarifying lim-
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itations mathematically [8] and avoiding local minimum
problems [9, 10]. The main focus of the paper is not the
potential field method; our proposed application is very
different from previous applications of the method in sev-
eral points. In our proposed application, the goal of each
robot is not a point but an area, and obstacles are also
moving, so we basically don’t have to worry about local
minimum or deadlock problems.

2. Effective Temporal and Spatial Utilization of
Sunlight

In order to maintain the high photosynthetic capability
of plants, or, to make plants grow, the following impor-
tant factors for effective temporal and spatial utilization
of sunlight can be considered.

« High-density placement of plants in the sun

o Location changes of the plants between the sun and
the shade

Regarding the high-density placement of plants in the sun,
we seek to increase the photosynthetic capability of plants
effectively in spatially limited areas by locating plants
densely in sunny places. However, when the tempera-
ture of the leaf surface gets too high due to continuous
strong sunlight, the photosynthetic capability of plants
declines [11, 12]. Our proposal also targets a system in
which plants under the above conditions are moved to the
shade, while plants in the shade are moved into the sun.
Ultimately, we seek a system in which plants can be al-
ternately repositioned between sun and shade as needed,
based on their individual requirements.

Using these methods, we can optimize the photosyn-
thetic capability of the plants per unit time per unit area.
This in turn will promote the growth of the plants, in-
crease their yields, and increase the amount of carbon ab-
sorbed.

3. The Proposed System of a Swarm of Plant
Pot Robots

A schematic illustration of the “swarm of plant pot
robots system” is shown in Fig. 1. The system consists
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Fig. 1. Proposed cultivation system using swarm of plant
pot robots.

of a camera fixed on the external environment, the control
computer, and the swarm of plant pot robots. The control
computer calculates the location and shape of the sunny
place, obstacles, and plant pot robots based on the visual
information from the camera. In addition, various sensors,
such as soil moisture sensors, illuminometers, thermome-
ters, and others, are installed on the plant pot robot to ob-
serve the conditions of each plant. Information from the
sensors is transmitted to the control computer. The con-
trol computer calculates control commands for the plant
pot robots based on the sensory information and transmits
the commands to the robots.

4. Control of the Swarm of Plant Pot Robots
Using Potential Fields

In this paper, we propose a movement control method
using a potential field method for the swarm of plant pot
robots. Potential field methods for robotic applications
were first described by [7] and have frequently been used
with mobile robots for tasks such as navigation and ob-
stacle avoidance. Potential field methods generate artifi-
cial potential fields, such as mountains and valleys, based
on environmental information, such as the positions and
shapes of obstacles as well as robots. In the method,
a robot is navigated to the target position using virtual
forces, such as attraction and repulsion, based on the slope
of the artificial potential fields. In this case, artificial po-
tentials are described as follows:

« Attractive potential to navigate the robot to a target
position

« Repulsive potential to avoid collisions with obstacles

To utilize sunlight effectively using the two methods writ-
ten in Section 2, we design the attractive potential based
on the sunny place and the repulsive potential to avoid
collisions of the robot with the other robots and obstacles.

Our goal is to achieve effective sunlight utilization
through high-density plant pot placement in sun or shade
as needed. The potential field method is employed for this
goal by identifying sunlight with an attractive potential
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Fig. 2. The sunny potential field is designed to attract plants
to sunny places.

and identifying the proximity of neighbors and obstacles
with a repulsive potential to avoid collisions.

4.1. Designing the Sunny Potential Field

The sunny potential field Us (an attractive potential) is
designed to be able to get a mobile robot to move to a
sunny place (Fig. 2). In this paper, we assume that the
robot moves in a two-dimensional (2-D) workspace. Its
position in the workspace is denoted by q = [x y|T.

Different attractive potential functions have been pro-
posed in the literature. The most commonly used attrac-
tive potential takes the form [7-15], described below.

1
Uatt(Q)Iiﬁp(q,qgoaz)m B ¢ )

where & is a positive scaling factor, p(q, Qgoar) = ||Qgoar —
q|| is the minimal distance between the robot q and the
goal qgoqr, m =1 or 2. For m = 1, the attractive potential
field is conical in shape. For m = 2, the attractive po-
tential field is parabolic in shape. Although the purpose
of the previous attractive potential fields was to navigate
the robot to a target position, the sunny potential that we
propose aims to navigate the robot to the sunny place. The
major difference is whether the target is a point or an area.
We design the sunny potential field based on any shape of
boundary between the sun and shade. The sunny place is
denoted by Q. We define the sunny potential Us as fol-
lows:

_ ) —Pmin(a) (q€9)
wo={ i Gge) oo @

where pnin(q) is the minimal distance between the robot
q and the boundary between the sun and shadow. Accord-
ingly, the sunny potential field U is 0 on the boundary,
and its gradient is 1 in the normal direction of the bound-
ary curve.

4.2. Designing the Potential Field Between Robots

We install a potted plant on the mobile robot. It is as-
sumed that there are plants of various sizes, so the repul-
sive potential field between the robots should be designed
to keep the robots carrying plants of different sizes from
colliding. In this paper, we assume that the shape of each
plant pot robot viewed from above is a circle, and we de-
sign the repulsive potential field in consideration of each
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Fig. 3. The robot potential field is designed to avoid colli-
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Fig. 4. The wall potential is a repulsion designed to avoid
collisions of the robot with the walls.

diameter. We define the repulsive potential field /Uy; as
follows:

g2 )"y
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where p(q;,q;) = ||q; — q;|| is the distance between the
robot q; and the robot q;. d; and d; correspond to each
diameter of the robots. Based on the simulation results
of the following section, we determined a = 3.0, b = 3.0,
and ¢ = 6.0 to be suitable choices. Assuming that d; and
di=1,q;=[3 —3]T, Fig. 3 shows that the repulsive
potential field /Uy, generated by the robot q;, affects the
robot q;. By making its gradient steep near the robot ¢,
we design the field so that the robots can be placed very
closely together but still without colliding.

4.3. Designing the Wall Potential Field

The wall potential field is designed to avoid collisions
of the robots with the walls. We define the repulsive po-
tential field Uy (q) as follows:

1

where pi(q) is the distance between the robot q and the
wall k. Assuming that d = 12, Fig. 4 shows that the re-
pulsive potential field Uy (q) generated by x; = 10,x, =
—10,y; = 10 and y, = —10 affects the robot q.

The total potential field U; that finally affects the robot
q; is given by:

Ui=U+Y Ui+Y U - . . ... .0
i#i k

Journal of Robotics and Mechatronics Vol.26 No.4, 2014

A Control Method for a Swarm of Plant Pot Robots

Potential
Dmau-;g

Fig. 5. The total potential field.

Fig. 6. Relations of coordinate systems between robot and
world coordinate.

Adding up the potential fields of Figs. 2, 3, and 4 gives
the total potential field U; which is shown in Fig. S.

4.4. Velocity Control of the Robot Based on an Ar-
tificial Potential Field

Potential field methods determine the speed reference
given to the robot by using the steepest descent direction
of potential fields. In this section, we assume that the
robot is a differential two-wheeled robot, and we deter-
mine its speed reference based on the potential fields. The
schematic illustration of relations of coordinate systems is
shown in Fig. 6.

The steepest descent direction d,,; of the robot i in
world coordinates ¥, is given by

aU;
0xyi
dy; = -VU;=— 8{;; N ()
aywi
Accordingly, the steepest descent direction d; in the
robot i coordinates X; is given by
aU;
i 8x,~
d,='R,d,i =— U, N )
dyi

where ‘R,, is the rotating matrix to transform X, into X;.
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The speed reference V; = (v; ;)T for the robot i

based on d; is given by

Vi=Kd;, . . .. ... ... ... .(0®
| kO
K= [ 0 ke ]
where k, and kg, are constant parameters for adjusting the
translation velocity and turning angular velocity. Accord-
ing to Eq. (8), the velocity control of the differential two-
wheeled robot can be done onboard by a simple algorithm

that adjusts wheel speeds based on the theta angle and to-
tal potential gradient.

4.5. Possible Problems of the Potential Field
Method

Although the potential field method has the problem of
local minima, it would not be a serious problem in the
case of realizing high-density placement of plants in the
sun. Because the boundary shape between the sun and
shade always changes, trap situations due to local minima
are temporary, and we can expect a kind of simulated an-
nealing effect. In addition, since the goal for each robot
is not a point but just an area, the probability that every
robot can reach the goal without being trapped by local
minima is comparatively high.

Yet another difference we should note is that in most
previous applications of the potential field method, the
obstacles did not move. In our application, obstacles are
also plant pot robots and are also affected by all other
agents. The behavior of the swarm is similar to that
of a gas which consists of numerous particles (gaseous
molecules). Therefore, we do not need to be so careful
about problems such as local minima or deadlock.

5. Simulation of the Swarm of Plant Pot Robots

In this section, we simulate moving the swarm of plant
pot robots by using artificial potential fields designed in
the previous section, and we demonstrate an effective uti-
lization of sunlight.

In the following simulations, we assume that each plant
pot robot has separately driven two wheels and that its
location can be accurately observed. The workspace is
20 m x 20 m, and the diameter of each plant ranges from
0.5 m to I m. For simplicity, we draw only the robot
without the plant and assume that the robot size is equal
to the plant size.

5.1. Simulation of High-Density Placement in a
Sunny Place

In order to utilize the sunlight effectively, we succeed
in putting the plant pot robots in a spatially limited sunny
area. The results of the high-density placement simula-
tion of plant pot robots in the sun is shown in Fig. 7.
The initial position of each robot is scattered around the
workspace. By moving to the sun by using the poten-
tial fields, as written in the previous section, every robot
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Fig. 7.
robots in a sunny place.
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Fig. 8. Simulation of changing places of plant pot robots
between the sun and shade.

can finally be placed in close proximity in the sunny area
without colliding with the other robots.

5.2. Simulation of Changing Places of Plant Pot
Robots Between the Sun and Shade

When the temperature of the leaf surface gets too high
(e.g., when sunlight is strong and continuous), the pho-
tosynthetic capability of plants declines. Accordingly,
plants under the above conditions should be moved to the
shade, while plants in the shade should be moved into the
sun. The results of the simulation of changing places is
shown in Fig. 8. Every white plant pot robot, whose plant
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is capable of photosynthesis, moves to the sunny place,
while every black plant pot robot, whose plant is inca-
pable of photosynthesis, moves to the shade. Moving
to the shade can be realized by inverting the sign of the
sunny potential. The simulation results show that chang-
ing the places of plant pot robots is feasible in a high-
density workspace.

5.3. Simulation of Changing Places Based on the
Model of Photosynthetic Capability

In order to maintain the high photosynthetic capabil-
ity of plants, plants should be alternately repositioned be-
tween sun and shade based on their individual require-
ments. In this section, we design a model of photosyn-
thetic capability of plants and propose a control method
based on the model. Finally, we show its effectiveness
through a simulation involving changing places.

5.3.1. Modeling of Photosynthetic Capability

Photosynthetic capability dependent on leaf tempera-
ture is described in detail in [12], which defines a pho-
tosynthetic model. Although the photosynthetic model is
related to various parameters, we assume for simplicity
that the model is only related to leaf temperature and is a
quadratic function. We define the model relating photo-
synthetic capability P, to leaf temperature T as follows:

P
P(T)=——"—(T—Topt)* + Puax - - 9)
(Tsat_Topt)

where Pp,x is maximum photosynthetic capability, and
Ty and Ty are high and optimal leaf temperature, re-
spectively. When the leaf temperature 7 rises to gy, pho-
tosynthetic capability P, becomes zero. When the leaf
temperature T is equal to Tq,, photosynthetic capability
P, becomes maximum capability Ppx.

In order to maintain the high photosynthetic capability
of plants, every plant pot robot that is low in temperature
should be given priority to move into the sun, while ev-
ery robot which is high in temperature should get out of
the sun. In order to realize such conditions, we introduce
a parameter Ky, adjusting the gradient of the sunny po-
tential VU;, and we replace VU; by Kgpaq() VUs for each
robot (i). We define Kgp,q as follows:

. T — (Topt + Tk)
Tgar — (Topt + Tk)

where T; is the average temperature of the leaves of each
robot i, and 7} is a temperature offset. If 7; is less than
(Topt + Ti), the plant pot robot i will move into the sun. If
T is set to a greater value, robots will have more desire
to move into the sun. By suitably determining 7, plants
with high photosynthetic capability will want to go inside
the sunny area.

Kgrad(Ti) = . (10)

5.3.2. Simulation Results

In this simulation, we assume that every leaf tempera-
ture changes according to a constant temperature chang-
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ing ratio Kyyp = d7; /dt [°C/s] (differentiation of temper-
ature by time) in the sun or shade. We define Kiyp as
follows:

Tsun - Tshade
— (T <T; < T
Ktmp _ { T ( shade i sun) ( 1 1)

0 (Tz thade or, Tsun ST;)

where 7 is a parameter representing leaf temperature
changes, Tyyy is the maximum leaf temperature in the sun,
and Tgpade 1S the minimum leaf temperature (i.e., room
temperature). In the sun, the leaf temperature rises lin-
early to Ty, according to Kiyp with time. In the shade,
the leaf temperature falls to Tgpage also. By using this
Kimp as the gradient coefficient Kgraq(7;), the gradient
based on the sunny potential for each robot i becomes
Kgrad(Ti)VU&

The results of the simulation of changing places based
on the model of photosynthetic capability are shown in
Figs. 9 and 10. The photosynthetic capability of each
robot is indicated by its color: black is lowest and white
is highest. The color of the head of the robot indicates
leaf temperature, which is generally higher in the sun and
lower in the shade. We chose Ppax = 1.0, Tope = 30°C,
Tsat = 50°C, Tihade = 20°C, Tsun =45°C, TH =7°C, 7=
300 s, and k, = ki = 0.8. The sun is 12 m in diameter,
and there are 250 robots. The initial leaf temperature for
every robot is Tpip.

Figure 9 shows two simulations. One (lower row) is
changing places of plant pot robots based on the photo-
synthetic model by using Egs. (9) and (10), and the other
(upper row) is changing places not based on the model.
For non-model-based place changes, plant pot robots are
divided into two groups and change places every 300 sec-
onds, as mentioned in Section 5.2. The photosynthetic
capability and the leaf temperature of the plant is repre-
sented by the color of the robots in the simulation. At
t =100 s to 150 s, the leaf temperature of the plants in the
sun rises to Top. For model-based place changes, robots
with rising leaf temperatures gradually move out of the
sun. As aresult, it is possible to maintain the high-density
placement of high photosynthetic capability plants in the
sun.

Figure 10 shows the average of the photosynthetic
amount per unit time in the simulation (Fig. 9). We define
a photosynthetic amount as the integral of photosynthetic
capability P, over the time the robot is in the sun. It shows
that changing places by using the model can maintain the
highest photosynthetic amount.

5.4. Simulation of High-Density Placement Based
on Sunny Place Detection by Image Processing

We performed an experiment using a real camera and
virtual plant pot robots, as shown in Fig. 11. We sought
to move the plant pot robots to a sunny area of any shape
based on images from a camera fixed on the ceiling. We
got images from the camera fixed on the ceiling and de-
tected the boundary between the sun and the shade based
on image processing by using OpenCV, an image pro-
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cessing library. We generated a perspective-transformed
image which was viewed from above, and we detected
sunny places based on their brightness. The sunny poten-
tial field was generated using the sunny place boundary.
The results of the experiment showed the capability of
high-density placement in sunny places of any shape by
using a real camera.

In a real workspace, there might be plural sunny area
of different sizes, and a robot might go to a smaller sunny
place crowded with other robots. In such a case, however,
it would be easy to determine where the robot should go,
because we could calculate the size and state of conges-
tion of every sunny area by using the ceiling camera.
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6. Experimental Evaluation of the Control
Method

Finally, we performed a preliminary experiment involv-
ing high-density placement in the sunny area and using
real mobile robots in a real workspace. We manufactured
mini plant pot robots to experimentally evaluate the con-
trol method. Fig. 12 shows the setup of the experiment
and one of the plant pot robots. The experiment con-
sisted of four mini plant pot robots, the ceiling camera,
and a control computer. Each plant pot robot communi-
cated with the control computer via the XBee module in-
corporating the ZigBee networking protocol. As red and
blue markers installed on each robot were detected by the
ceiling camera, visual information was used to localize
each robot. The control computer calculated control com-
mands for the robots based on the visual information and
transmitted the commands to each robot. The workspace
was 900 mm x 670 mm, and we assumed that the diam-
eter of every robot was 120 mm. To simplify the robot
localization, we didn’t install a real plant on each robot.

Figure 13 shows the experiment of the high-density
placement in the sunny area. The results show the capa-
bility of the robot to move to the sunny area while avoid-
ing collisions with other robots in the same way as in the
simulation.
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Fig. 12. Experimental setup consisting of the ceiling camera
and mini plant pot robots.

Fig. 13. A preliminary experiment of high-density place-
ment by using real mobile robots.

7. Conclusion

In this paper, we proposed a method for controlling
a swarm of plant pot robots by using artificial potential
fields to realize a cultivation system that utilizes sunlight
efficiently. For effective temporal and spatial utilization
of sunlight, we designed the sunny potential field to nav-
igate each robot to the sunny place based on the dis-
tance from the robot to the boundary between the sun
and shadow. The simulation showed that it was possi-
ble to realize densification in the sunny area and change
the placement of robots if potentials were appropriately
designed. We proposed the control method based on
the photosynthetic model and conducted a simulation of
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changing places based on the model to show that it was
possible to maintain high photosynthetic capability. We
manufactured mini plant pot robots and verified the con-
trol method in a preliminary experiment involving con-
centrating robots in a sunny area detected by a real cam-
era.

Energy efficiency is one of the most important factors
in our research. In general, this paper has discussed how
to increase the utilization of a given light source (sun or
artificial light) for photosynthesis. Using plant pot robots
requires more energy than not using them. The important
question is whether the increase in the storing of light en-
ergy (to photosynthesize is to store light energy as carbon
compounds) is greater than the increase in the energy con-
sumption by the robots or not. We have not yet confirmed
it, but we believe the answer may very possibly be yes.
One of our future works will include verifying the effec-
tiveness of the proposed method through practical experi-
ments using plant pot robots on which real plants and var-
ious sensors are installed. Marker occlusions and overly
bright sunlight will also be issues. In the future, it would
be better for the robots to also consider other environmen-
tal conditions, such as the CO; density gradient.
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