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Abstract: Image-based control and sensing has been applied in a wide variety of next
generation manufacturing fields. Utilizing methods of simulating closed-loop image-based control
may be advantageous for improving control performance and design without the need for an
experimental setup. One software capable of these simulations is the open-source 3D modeling
software Blender, which has many capabilities aided by a Python API. This work explores the
use of Blender as an image-based control test bed, where both the process and the controller
are simulated, in the context of a greenhouse supplemental lighting control system.
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1. INTRODUCTION

Next-generation manufacturing strategies can take advan-
tage of new sensing technologies, such as image-based
sensors and models based on image data, to improve pro-
cess operation. Image-based sensing and control has been
important in applications in a variety of fields, including
in robotics (Mezouar and Chaumette (2002)), automotive
(Trivedi et al. (2007)), aerospace (Scorsoglio et al. (2022)),
and process systems (Yan et al. (2014)) applications. In
these contexts, sensors and image-based controllers are
studied to allow for improved process performance on real
systems. Also desirable are methods of simulating closed-
loop test beds of image-based control, where both the
controller and system are simulated together. Simulations
like this have been applied in many fields, such as, for
example, autonomous vehicles (Aradi (2020)).

One potential software for test beds of closed-loop image-
based controllers is Blender, which is a open-source 3D
computer graphics software with several useful features.
These include that the code is maintained and easy to
download, a user interface for creation and modification of
a virtual 3D geometry, and the inclusion of a Python ap-
plication programming interface (API) for Python coding
and interfacing Blender geometries. The use of Blender in
the process systems engineering field for closed-loop image-
based control has been studied in several contexts. This
includes investigating image-based proportional-integral
(PI) control of the level in a tank (Oyama et al. (2022a)),
a study of cyberattacks on image-based control systems
(Oyama et al. (2022b)), and a path-finding study for use of
image-based control of an actuated nanorod as a precursor
to image-based control of self-assembly (Leonard et al.
(2024)). Such simulations may help in probing the effects

of modeling and control strategies and investigating the
use of different computing platforms on control operation.

This work seeks to demonstrate and expand upon the
capabilities of Blender with the Python API as a test-bed
for closed-loop image-based control through the study of
a greenhouse supplemental lighting control system. The
overall problem involves the study of a controller that
determines the optimal powers of individual light-emitting
diodes (LEDs), considering sunlight, for a greenhouse that
considers a virtual representation of the process. To rep-
resent the virtual geometry, individual plant leaves are
represented using the Blender image creation tools. Fol-
lowing this, the Python API is used to gather point cloud
information (representing a 3D imaging method), create a
mesh from the point cloud using a triangulation algorithm,
perform ray tracing to model energy absorbed by each
leaf from each LED and the sun, represent growth of
the plant geometry, and solve an optimization problem
that minimizes energy usage and maximizes plant growth
by selecting optimal LED powers. The purpose of these
coding objectives is to demonstrate the broad capabili-
ties of Blender to capture a variety of dynamics, and to
demonstrate how Blender could be used to explore novel
control objectives and strategies. We begin by detailing the
Blender and Python API test bed, explaining an overview
of the workflow. This includes descriptions of the creation
of a sample geometry, the point cloud data collection
and triangulation algorithms, the optimization problem
formulation, the ray tracing model, and a plant growth
strategy. Following this, we discuss the selection of simu-
lation parameters for the ray tracing algorithm, where we
determine the minimum number of vectors for independent
results (ensuring enough vectors are simulated so that the
results do not depend on the number of vectors). Finally,









Fig. 6. Independence testing for the number of reflections,
NR.

Test Number 1 2 3 4 5 6 7

NR 0 3 5 7 10 12 15

nr 3 5 10 15 20 25 30

nθ 3 5 10 20 30 40 50

Table 1. Values of the number of reflections
(NR), the number of radial divisions in vectors
generated for the LED (nr), and the number of
angular divisions in vectors generated for the
LED (nθ) used for the independence testing in
Fig. 6 and Fig. 7. The number of sun vectors

was set to nx = ny = 10 for these tests.

of ray tracing simulations. The objective was to determine
appropriate numbers of vectors from each LED (nr and
nθ), the number of reflections (NR), and the number of sun
vectors (nx and ny). Utilizing too few vectors will result in
inconsistent results. For example, if each LED only uses 4
vectors, it is possible that none of them will intersect any
leaves. A simulation using too many vectors will lead to
excessive computation time. Here, the number of vectors /
reflections is increased and results are plotted. When the
results stop changing (indicated by a ‘leveling off’ on the
plots), the corresponding number of vectors or reflections
is deemed independent. This means that the results are
independent of the number of vectors or reflections used
(hence why this is called ‘independence testing’).

We begin by determining how many vectors each LED
should emit and how many times these vectors should
reflect. This was accomplished using the geometry from the
right image in Fig. 1 and assuming a single (NLED = 1)
LED located at coordinates (x, y, z) = (0, 0, 4). A set of ray
tracing simulations was performed using all combinations
of parameters listed in Table 1. In these simulations, the
number of sun vectors was set to nx = ny = 10 with a
total energy of 1. For each combination of nr and nθ in
Table 1, a plot was created, where the energy absorbed by
the plant is plotted against the number of reflections NR.
The plots for all combinations are shown in Fig. 1. While
Fig. 1 does not demonstrate which nr and nθ values are
independent, it is helpful for determining an independent
value of NR. To see this, note that for every combination
of nr and nθ in Fig. 1, the amount of energy absorbed by
the plant approaches a constant value as NR increases at
approximately NR = 7 (a conservative estimate). For this
reason, NR = 7 is selected as an independent value.

Next, for determining the number of vectors nr and nθ per
LED, the data found using all combinations of parameters
listed in Table 1 was analyzed. This time, for a given value
of NR, the energy absorbed by the plant versus number

Fig. 7. Independence testing for the number of vectors from
one LED. FROM TOP TO BOTTOM: NR = 0, 5, 10.

of vectors per LED (nr × nθ) was plotted. The absorbed
energy results, which are shown in Fig. 7 for the NR = 0,
NR = 5, and NR = 15 cases, tend to all approach a similar
value at approximately nr × nθ = 1000 (again chosen
conservatively). While there multiple possible values of nr

and nθ which have a product of 1000, in this work, values
of nr = 20 and nθ = 50 were selected as independent.

Finally, independence tests were performed to determine
the number of sun vectors in the x-direction (nx) and y-
direction (ny). For these simulations, it was assumed that
nx = ny with LED parameters of NR = 0, nr = 3, and
nθ = 3 (small values were chosen because these values
act independent of the number of sun vectors). Values of
nx = ny = 5 to nx = ny = 200 were considered, using a
total sun energy of 1, with the resulting energy absorbed
by the plant versus nx × ny plotted in Fig. 8. Looking
at Fig. 8, it can be seen that the value of the energy
absorbed levels off as nx×ny increases. The independence
occurs at approximately nx × ny = 2× 104 (again chosen
conservatively), which corresponds to nx = ny = 142
(rounded up to the nearest integer). For this reason, nx =
ny = 142 is used as an independent value.

In summary, Table 2 lists the values for the numbers or
vectors and reflections that were selected as independent
(which are used in the full ray tracing model representing
the actual process), and parameters used in the reduced
ray tracing model (which are used as the model in the
controller).

3. SIMULATED CLOSED-LOOP CONTROL RESULTS

Using the independent simulation parameters determined
in the previous section (see Table 2) and the initial




