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Abstract: As the global population grows, vertical farming offers a promising solution by
using vertically stacked shelves in controlled environments to grow crops efficiently within
urban areas. However, the shading effects of farm structures make artificial lighting a
significant cost, accounting for approximately 67% of total operational expenses. This study
presents a novel approach to optimizing the deployment of laser illumination in rotating
vertical farms by incorporating structural design, light modeling, and photosynthesis. By
theoretically analyzing the beam pattern of laser diodes and the dynamics in the coverage
area of rotating farm layers, we accurately characterize the light conditions on each vertical
layer. Based on these insights, we introduce a new criterion, cumulative coverage, which
accounts for both light intensity and coverage area. Then, an optimization framework is
formulated, and a swarm intelligence algorithm, Differential Evolution (DE) is used to
solve the optimization while considering the structural and operational constraints. It
is found that tilting lights and placing them slightly off-center are more effective than
traditional vertically aligned and center-aligned deployment. Our results show that the
proposed strategy improves light coverage by 4% compared to the intensity-only optimiza-
tion approach, and by 10% compared to empirical methods. This study establishes the
first theoretical framework for designing energy-efficient artificial lighting deployment
strategies, providing insights into enhancing the efficiency of vertical farming systems.

Keywords: vertical farming; artificial lighting; sensor deployment; laser diodes; controlled
environment agriculture; differential evolution

1. Introduction
The world population is projected to increase from 8.5 billion in 2030 to 9.7 billion by

2050 and 10.4 billion by 2100 [1]. As the population grows, the demand for food production
will also increase. Simultaneously, with two-thirds of the global population expected to
reside in urban areas by 2050 [2], rapid urbanization places a significant strain on available
farmland. To address these challenges, vertical farming has emerged as a promising
solution. Using vertically stacked shelves in controlled environments allows efficient crop
production within urban areas, reducing dependence on traditional farmland [3].

Light is a crucial factor in plant growth. However, in vertical farming systems, the ver-
tically arranged plant shelves cast shadows on the layers below, significantly reducing light
exposure. Studies show that the bottom layer can receive as little as 50% to 10% of the
light that reaches the top layer, making light a significant challenge [4] in vertical farming.
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As a result, artificial lights are deployed to compensate for the reduced light exposure,
but this significantly increases operational costs. Even with energy-efficient options such as
light-emitting diodes (LED), lighting expenses account for approximately 67% of the total
operating costs [5]. In addition, research on an LED alternative, laser diodes (LDs), has
been ongoing since the 1970s [6]. LDs have shown several benefits in agricultural applica-
tions, including enhanced seed germination potential [7–9], faster plant maturity [10,11],
improved disease resistance [12–14], and increased photosynthetic efficiency [15–18]. More
and more vertical farming scenarios are selecting LDs as sources of artificial lights. Despite
the advantages, the higher cost of LDs limits their widespread adoption for general lighting
in vertical farms.

On the other hand, rotating vertical farms mitigate this limitation by placing shelves in
a vertical or horizontal loop that continuously move through conveyor systems (Figure 1).
By rotating plants, this system improves the overall light distribution, increasing energy
efficiency. Due to the large illumination range of LDs, the number of LDs to deploy is
greatly reduced compared to LEDs. In practice, LDs are typically deployed based on
empirical methods. Specifically, the average intensity of the light is the only factor
considered, and an LD is placed at the top center of each “V” shaped structure. However,
this approach largely overlooks the variations in light intensity and coverage caused
by shelf movements, resulting in uneven light distribution. For example, it can lead to
certain layers receiving illumination, while others remain under-illuminated. The unique
challenge posed by continuous movement, specifically variations in light exposure, has not
been extensively analyzed.

Figure 1. The structure of a rotating vertical farm.

In addition to the light distribution, the movement velocity of rotating vertical farm
systems is another critical factor that influences photosynthetic efficiency. Plant photo-
synthesis responds asymmetrically as plants move in and out of the illumination region.
In particular, the photosynthesis rate increases steadily at higher light levels, but declines
rapidly as the light intensity decreases [19]. These fluctuations in photosynthesis rates,
caused by shelf movement, highlight the importance of rotation velocity. If the velocity
is too fast, the exposure time may be insufficient for plants to reach the stable photosyn-
thetic rate, resulting in low light efficiency. To optimize photosynthetic efficiency, the
rotation velocity should be calibrated to ensure that the duration of each exposure period
allows photosynthesis to stabilize while maintaining even light distribution across all layers
throughout the movement cycle.

The above challenges highlight the importance of developing optimized artificial
lighting deployment strategies to improve energy efficiency and ensure consistent light
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distribution for optimal plant growth in vertical farming systems. Inspired by optimiza-
tion techniques in sensor deployment, this study addresses the challenges of optimizing
artificial lighting deployment in rotating vertical farms by developing a comprehensive
strategy to enhance plant growth while reducing energy consumption and operational
costs. The first key issue is to model the illumination of LDs, considering factors such as
beam patterns and free space loss to characterize the light condition of the target point.
Second, a geometric model is developed to characterize the variations in the illuminance
area caused by shelf movements. Based on these, a new criterion named cumulative
coverage is introduced, quantifying the total illuminance a shelf receives over an entire
rotation cycle by integrating coverage area and light intensity over time. Third, the rotation
velocity is also taken into account to ensure that the plants maintain a stable photosynthetic
rate. Finally, the deployment of LDs for complementary lighting is formulated as an op-
timization problem with the aim of maximizing cumulative coverage across all shelves.
A swarm intelligence algorithm, the Differential Evolution (DE) algorithm, is employed
to derive solutions for this complex problem. Experiments are conducted to evaluate the
performance of the proposed approach. To our knowledge, this study establishes the first
theoretical framework for designing energy-efficient artificial lighting deployment strate-
gies in stacked vertical farming systems, offering novel insights and practical solutions to
improve lighting efficiency. The contributions of this paper are threefold.

• Illumination Strength and Coverage Analysis: This study examines the illumination
strength of LDs, incorporating the beam pattern and free space loss to better under-
stand the variations of the light intensity in different layers. In addition, to characterize
the shading effect, a coverage model is established that describes how the coverage
area changes as the shelf moves in and out of the illuminance region.

• Optimization on Novel Criterion: A new criterion called cumulative coverage is
proposed to quantify the total illuminance a shelf receives during a full rotation cycle,
in terms of coverage area and intensity, offering a comprehensive measurement of
lighting efficiency under the rotation dynamics.

• Experimental Validation: Extensive experiments are conducted to demonstrate the
technical implementation and effectiveness of the proposed optimization strategy,
validating its practical applicability.

The organization of the rest of this paper is as follows: Related work is presented in
Section 2. The factors of the illumination strength of the LDs are introduced in Section 3.
The light coverage models of the rotating vertical farm are theoretically analyzed in
Section 4. The optimization formulation with a novel criterion called cumulative cov-
erage, along with the solution algorithm, are introduced in Section 5. Some numerical
simulations and experiments are designed in Section 6 to verify the effectiveness of the
proposed deployment method. Conclusions and future work are provided in Section 7.

Throughout this paper, we use the notation in Table 1.

Table 1. Notation and definitions.

Notation Definitions

l, w, thk Length, width, and thickness of shelf.
h Distance between two shelves.
N Number of vertical layers.
v Velocity of shelf movement.
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Table 1. Cont.

Notation Definitions

ϕ Angle of chain.
ψ Pitch angle of light.
θ Angle of radiation (AoR) of light.
η Deviation angle.

Kc Attenuation constant factor of illumination.
Kp Attenuation primary factor of illumination.
Kq Attenuation quadratic factor of illumination.

2. Related Work
2.1. Artificial Lighting in Vertical Farming

Light is a critical factor in vertical farming. A combination of blue and red spectra
(450–495 and 620–750 nm) in artificial lighting has been evidenced to significantly improve
productivity. Extensive research has focused on optimizing light recipes, including the ideal
combination of light spectra, duration, and intensity, and how these factors interact with
the environment [20–22]. For example, Linn [23] investigated optimal lighting conditions
in controlled vertical farming environments, offering experimental recommendations for
various crops based on LED technology, photosynthetic photon flux density, crop photope-
riods, light color, and overall plant production. Although optimizing light recipes has been
a focal point, energy efficiency remains a critical challenge. Kaya et al. [24] highlighted
that the exclusive use of artificial light can significantly increase energy consumption. Ad-
dressing this, Olvera et al. [25] found that pulsed LED lights, while showing no statistical
difference in plant growth compared to continuous LED light, can greatly reduce energy
usage. Yalçın et al. [26] explored a solar illumination system with fluorescent coatings,
demonstrating that the incorporation of fluorescent reflectors based on optical glass and
pigments could significantly improve crop production. Furthermore, Kim et al. [27] de-
veloped a crop architecture model using 3D scanning and ray-tracing techniques to better
interpret light interception, photosynthetic rate, and light use efficiency. As for rotating
vertical farms, Chua et al. [28] explored the light deployment for columnar rotating vertical
farm, but only light intensity was considered.

However, most of these studies focus on conventional vertical farming systems with
static shelves that ensure uniform light exposure and consistent photosynthetic rates.
In contrast, the rotating vertical farms examined in this study differ in two fundamental
ways. First, rotating shelves lead to variations in light exposure, affecting both intensity
and coverage area, unlike the constant exposure in static systems. Second, as the shelves
rotate, photosynthetic rates exhibit asymmetric responses to changing light intensities,
whereas in static systems, plants maintain stable photosynthetic rates under constant
lighting conditions. The dynamic and automated nature of rotating vertical farms makes
them particularly suitable for centralized large-scale plant production. However, the unique
challenges posed by continuous movement, specifically variations in light exposure and
photosynthetic response, have not been extensively analyzed. There is a notable gap in the
literature regarding the optimization of artificial lighting parameters for rotating vertical
farms, which this study aims to address.

2.2. Sensor Deployment Optimization

Sensor deployment is a widely studied problem in sensor networks, with applications
such as camera placement, light positioning, and base station deployment. The goal of
these coverage problems is to effectively monitor a designated target area by strategically
deploying sensors. Coverage criteria vary according to task requirements and can include
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maximizing the coverage area, ensuring comprehensive coverage without blind spots,
and optimizing coverage quality, such as signal strength or data rate.

In the context of camera coverage, the primary objectives are often to maximize
the coverage area or to ensure even illumination for high image quality. For example,
Lei et al. [29] proposed a visual sensing quality criterion that incorporates factors such as
resolution, angle of radiation, focus, occlusion, and relative pose between the camera and
the object. This criterion was used to formulate an optimization problem to maximize the
target coverage area. In another study, Chen et al. [30] incorporated light reflection and
attenuation to optimize the placement of the spotlight in dark indoor settings, with the
goal of minimizing the variance in the intensity of the illumination.

In wireless communication networks, the focus shifts to ensuring robust communi-
cation links, enhancing coverage, and maintaining network connectivity. For example,
Vegni et al. [31] optimized the placement of LEDs in indoor visible light communication
systems to balance illumination with reliability of data transmission. Bi et al. [32] stud-
ied optimization of the placement of energy and information access points in wireless
powered communication networks, optimizing for cost while meeting energy and commu-
nication performance standards. Richter et al. [33] studied the effect of micro base station
deployment strategies on power consumption in mobile radio networks.

Although these approaches address related optimization challenges, their objectives
differ significantly from ours. Sensor network optimization typically focuses on maximizing
user coverage, minimizing the number of base stations or access points, or improving
metrics such as signal strength and data rate. In contrast, our problem involves optimizing
cumulative coverage, a dynamic criterion that is represented as the integral of coverage
area and intensity over time. This introduces unique challenges and complexities that are
not addressed in traditional sensor network optimization problems.

3. Illumination Strength of LDs
In this section, the illumination strength of LDs is modeled by the beam pattern and

free space loss subject to physical properties of LDs.

3.1. Beam Pattern

Conventional light sources often produce non-uniform beam profiles, such as a
Gaussian-like distribution, Lambertian distribution, etc. Their spatial distribution can
vary depending on the design of the light chip, lenses, and optics. Consider the com-
mon Gaussian-like distribution as an example, as shown in Figure 2a. This non-uniform
distribution presents challenges in plant illumination due to the central concentration
of light that can lead to uneven light distribution, negatively affecting the uniformity of
plant growth. To overcome this limitation, optical diffusers can be employed to generate
flat-top beams. In contrast to Gaussian beams, flat-top beams offer a more uniform intensity
profile, ensuring consistent light distribution over the entire target area. This characteristic
makes flat-top beams highly beneficial for plant illumination applications where even light
exposure is essential. A comparison between Gaussian and flat-top beams is depicted in
Figure 2.

While optical diffusers effectively scatter light in the central area, intensity decreases
towards the edges. This attenuation effect becomes more noticeable as distance increases,
making the deviation angle a critical factor in maintaining consistent illumination across
a given area. Therefore, we define the angle of radiation (AoR) of an LD as the angular
range where the laser light maintains uniform intensity. AoR is represented by θ and can
be visualized in Figure 3. Let η be the deviation angle between the target point P and



Electronics 2025, 14, 445 6 of 24

the central direction of the light source n. Inspired by [30], a flat-top beam pattern can
defined as follows:

IAoR(P) =

1 0 ≤ η ≤ θ/2

0 otherwise.
(1)

The deviation angle η can be calculated by

η = arccos
−n · S⃗P
∥n∥∥S⃗P∥

. (2)

(a) (b)

Figure 2. Experimental irradiance profile of a Gaussian beam (a) and a flat-top beam (b).

Figure 3. Geometrical illustration of beam pattern of LDs.

Free Space Loss

Free space loss is the decrease in light intensity as the distance from the source increases.
This phenomenon follows the Inverse Square Law, which indicates that light intensity
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diminishes in proportion to the square of the distance from the source. As provided by [30],
the attenuation can be mathematically represented as follows:

IFSL(d) =
1

Kq · d2 + Kp · d + Kc , (3)

where Kq, Kp, and Kc are the quadratic, primary, and constant attenuation factors, re-
spectively. The constant attenuation factor Kc is necessary and is often set to 1, ensuring
that the illumination is strongest at the light source and attenuates with increasing dis-
tance. d = ∥S⃗P∥ is the Euclidean distance between the light source S and target point P.
IFSL(·) is a monotonically decreasing function of distance d, satisfying IFSL(0) = 1 and
limd→∞ IFSL(d) = 0.

Figure 4 depicts the light intensity at different spatial locations. The color spectrum
reflects the intensity levels, with red denoting high intensity and blue indicating low
intensity. The beam exhibits a pyramid-like shape, with the highest intensity concentrated
at the light source. Points sharing identical horizontal coordinates exhibit uniform intensity
levels. The parameters are set as Kc = 1, Kp = 0.45, Kq = 0.75. The intensity decreases as
the distance from the light source increases, with the most significant drop occurring near
the source (shown in Figure 5).

Figure 4. Two-dimensional illustration of spatial intensity distribution.

Figure 5. The relationship between intensity and distance to the light source.
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3.2. Illumination Strength of LDs

To determine the illumination of a target point, we define illumination strength based
on the AoR and free space loss, which can be formulated as

LP = LS · IFSL(d) · IAoR(η), (4)

where LS is the initial intensity produced by the laser source S. IFSL(d) is the illumination at-
tenuation due to free space loss over distance d, while IAoR(η) denotes the angle-dependent
illumination change concerning deviation angle η.

4. Coverage Models of the Rotating Vertical Farms
4.1. Simplified Model of the Rotating Vertical Farm

The rotating stacked farm is a complicated system that consists of the following core
parts: (1) Central Structure: The central structure serves as the pivot point of the entire
system. This sturdy central structure enables the rotation of the stacked layers. (2) Stacked
Layers: The farm comprises multiple horizontal shelves, arranged vertically by chains,
forming multiple “V” shapes. These layers hold plant containers or trays, which are
typically rectangular. Each layer, with a width w, length l, and a vertical separation h from
the neighboring layers, is stacked vertically N times. (3) Rotating Mechanism: A motorized
rotation mechanism is used that gently rotates the stacked layers to evenly distribute light
and nutrients for optimal growth conditions. The angular difference of the chain and the
vertical is denoted as ϕ, while the layers move along the chain with velocity v.

The aim of this study focuses primarily on the variations in the illumination coverage
area, light intensity, and their influence on overall photosynthesis when coupled with the
rotation velocity. In the previous section, we found that the beam pattern of an LD forms
a four-sided pyramid (shown in Figure 3), and the light intensity is only related to the
deviation angle and the distance to the light source. Therefore, the deployment of light
sources can be studied in a 2D model of a rotating vertical farm system, as illustrated in
Figure 6.

Figure 6. Vertical rotating farm in 2D view.

Other than this, the positions of a light source usually comprise the spatial coordinates
and orientations, i.e., pitch, yaw and roll. However, including all three angles would
unnecessarily complicate the problem without significantly improving its effectiveness.
Examining the orientations in this deployment scenario more closely, the pitch angle
determines the angle at which light is projected relative to the vertical direction of the
plants, which significantly affects the intensity and uniformity of light received. In contrast,



Electronics 2025, 14, 445 9 of 24

the yaw and roll angles are related to horizontal directions and have minimal influence
on the vertical coverage of light on plants. Therefore, we focus only on optimizing the
pitch angle and exclude the yaw and roll angles from consideration in the optimization.
The position parameters to be optimized are defined as follows. Assume M lasers are
employed to perform the illumination task. Denote LDi = [x, y, ψ]T ∈ R3 (i ∈ [M]) as the
position parameters of the i-th LD, where [x, y] gives the spatial coordinates, and ψ ∈ [0, π

2 ]

is the pitch angle. The above simplifications significantly reduce computational complexity,
enabling more efficient optimization while maintaining accuracy and effectiveness.

4.2. Coverage Models

To precisely examine the dynamics of the illuminated area, we categorize the coverage
into three stages, depending on how the layers move in relation to the illuminated region:

1. Entering the Illuminated Zone: As the layers rotate in the illuminated zone, the cov-
erage area gradually increases.

2. Maintaining Coverage: After complete entry into the light zone, the coverage stays
constant for a period.

3. Exiting the Illuminated Zone: As the layers rotate out of the illuminated zone,
the coverage area decreases until illumination diminishes.

This three-stage framework allows for a precise analysis of how light coverage fluctu-
ates based on the rotation of the layers within the stacked farm. The following part will
explore these stages in depth to understand how the coverage area changes.

The Entering Stage

The geometrical relationship between the light source and the layers is illustrated in
Figure 7. Denote the coordinates of the light source as S = (Sx, Sy). Layers move along
the chain with velocity v. The angle between the chain and the vertical axis, measured
counterclockwise, is denoted by ϕ. The coordinate system is constructed based on the
movement trajectory of point A. Specifically, the origin O of the coordinate system is
defined at the initial point of A. x and y represents the coordinates of point A, as shown in
Figure 6. Based on this setup, the movement of point A can be mathematically represented
as a straight line:

y = x · tan ϕ + b, (5)

where b is the interception. Incorporating the shading effect resulting from the stacked
structure, the essential points of focus are specified as follows:

• A(t): The upper-right vertex of the layer at time t.
• B′(t): The lower-right vertex of the layer directly above, primarily responsible for the

shading impact.
• B(t): The intersection of SB′ with the lower layer.

The first step to calculate the coverage area is to determine if a target point lies within
the illumination region. A point P is defined to be within the illumination region if it
satisfies the following conditions:

1. Position Relative to the Start Arm: The point P must lie counterclockwise relative to
the start arm of the sector.

2. Position Relative to the End Arm: The point P must lie clockwise relative to the end
arm of the sector.

3. Distance Constraint (optional): The Euclidean distance between the target point P
and the light source S must be less than the coverage radius r. That is, ∥SP∥ ≤ r.
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Figure 7. An illustration of the entering stage.

The detailed algorithm can be found in Algorithm 1.

Algorithm 1 Check if a given point is inside a sector.

Input: light source (Sx, Sy), point (Px, Py), pitch angle ψ, angle of radiation θ, coverage
radius r.

Output: if point P is inside the coverage region of S.
1: The slope of the start and the end arm is k1 = tan(ψ − 0.5θ) and k1 = tan(ψ + 0.5θ),

respectively.
2: Two straight lines will form two sector-shaped regions. The one where the illumination

is directed toward the bed is kept.
3: The interception of each arm is calculated as b1 = Sy − k1 · Sx and b2 = Sy − k2 · Sx.
4: Calculate the distance of point P to S, d = ∥S⃗P∥.
5: The vector of the start arm v⃗1, the vector of the end arm v⃗2, and the vector of S⃗P.
6: Find the normal vector of v⃗1 and v⃗2 as n⃗1 and n⃗2.
7: if d < r (optional) and n⃗1 · S⃗P < 0 and n⃗2 · S⃗P ≥ 0 then
8: Point P is in the coverage region.
9: end if

Next, we determine the coverage area by applying geometric principles. Since the
laser beam is focused and directional without dispersing into multiple directions, we only
consider the direct transmission of light and ignore the reflection and scattering.

When a layer enters the illuminated region, the coverage area is decided by A(t) and
B(t). The following calculates the movement and positions of these functions:

• Point A(t): Point A(t) moves along the straight line y = x · tan ϕ as the layer rotates.
The coordinate of A(t) at time t is

A(t) = (Ax(t), Ay(t)) = (vt · sin ϕ, vt · cos ϕ). (6)

• Point B′(t): The lower-right vertex of the layer above onto the current layer, has the
following coordinates:
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B′(t) = (Ax(t) + h · tan ϕ, Ay(t) + h + thk). (7)

• Point B(t): Point B(t) is the intersection of S⃗B′ and the current layer. The horizontal
coordinate of B(t) is determined by the intersection of the line S⃗B′ and x = Ax(t). It
shares the same vertical coordinate as A(t).

• Coverage Area Formula: When point A(t) enters the illuminated zone, the coverage
area is calculated by

Area1(t) = abs(Ax(t)− Bx(t)). (8)

The detailed algorithm can be found in Algorithm 2.

Algorithm 2 Calculation of coverage area of the entering stage.

Input: light source S = (Sx, Sy), height between two layers h, angle of the chain ϕ, thick-
ness thk.

1: Assume the initial point of A(t) is the origin O, its coordinate can be represented as
(Ax(t), Ay(t)) = (vt · sin ϕ, vt · cos ϕ).

2: The coordinate of B′(t) can be represented by (Ax(t) + h · tan ϕ, Ay(t) + h + thk).
3: The slope of line SB(t) can be calculated by k = (Sy − B′

y(t))/(Sx − B′
x(t)), and the

interception can be calculated by b = B′
y(t)− k · B′

x(t).
4: The coordinate of B(t) = ((Ay(t)− b)/k, Ay(t)).
5: return The coverage area is Area1(t) = abs(Ax(t)− Bx(t)).

4.3. The Maintaining Stage

As the layers move, the upper layers may no longer block the light, allowing the lower
layers to be completely illuminated, as shown in Figure 8. During this stage, the shading
effect from the upper layers is no longer a factor, and the illuminated area remains constant,
which is the width w of the layers with the following formula:

Area2(t) = w, if abs(Ax(t)− Bx(t)) > w. (9)

Figure 8. An illustration of the maintaining stage.
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4.4. The Exiting Stage

As the layer moves out of the illumination region, the coverage area gradually de-
creases. As illustrated in Figure 9, this stage begins as the upper right point of the layer,
C(t), moves out of the illuminated region. Let C′(t) represent the point where the layer
intersects with the boundary of the illuminated region. Here we describe how to calculate
the coverage area for the exiting stage.

• Since C′(t) and A(t) share the same coordinate y, the coordinate x of C(t) can be
calculated by finding the intersection of the layer and the boundary of the illumination
region. Assume that the boundary that intersects the layer has slope k1 and intercept
b1, the coordinate of C′(t) is as follows:

C′(t) = ((Ax(t)− b1)/k1, Ay(t)). (10)

• Conditions for Coverage Area Calculation: During this stage, C(t) is checked to
ensure it is outside the illuminated area, while A(t) remains inside. This condition
indicates that the coverage area is shrinking as the layer exits the illuminated region.

• Coverage Area Calculation:

Area3(t) = abs(C′
x(t)− Ax(t)). (11)

Figure 9. An illustration of the exiting stage.

It is crucial to understand that the movement of layers within the illuminated area
may not consistently cover all three coverage stages, and the variation of coverage exhibits
different patterns, as shown in Figure 10. Note that the farm system is simplified into a 2D
view. In this context, the movement and positions of the light sources directly influence the
width of the coverage area. As a result, the width is considered equivalent to the coverage
area. Several factors may contribute to this uncertainty, such as the initial position of the
layer, the position of the light source, and the beam pattern of the lights. These factors
can result in different coverage behaviors based on the system setup and dynamics. For
instance, if the Angle of Radiation (AoR) is small and the layers are wide, only the edges of
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the layer receive illumination, leaving the central area under illuminated. In such cases,
the entire layer is not illuminated before transitioning to the exiting stage.

Furthermore, depending on the configuration and velocity of movement, some layers
may not progress evenly through all stages. For example, with a small pitch angle of the
light source, the duration of the exiting stage is significantly reduced, leading to a rapid
decrease in the coverage area to zero. This variability highlights the need for adaptable
models that can effectively depict the dynamic coverage nature in vertical rotating farms.
By accounting for these complexities, such models are significant in ensuring optimal light
exposure, even under varying conditions.

Figure 10. Coverage patterns under various parameter settings as the layer moves along one side of
the “V” shape of the rotating vertical farm.

5. Optimization
5.1. Optimization Formulation

The main objective of this work is to deploy a number of LDs such that illumination
efficiency is maximized. Existing approaches or practices primarily focus on light intensity
when determining the positions of light sources, but they often overlook shading effects,
which significantly impact overall illumination performance. Therefore, we propose a new
criterion, called cumulative coverage, which considers both intensity and coverage area.
Let Λ = {LD1, ..., LDM} be the set of positions of M lights. Let P ∈ Ω denote the target
point to be covered, and Γ denote the velocity range. The cumulative coverage is defined
as follows:

H(LD1, ...LDM, P, v) =
∫ T

0
(Area(t) + Area2 + Area3(t)) · Lp(t) (12)

Mathematically, it is the integral of Area(t) · Lp(t) over the total operating time T,
where the T is measured in seconds, Area(t) is measured in cm2 and Lp(t) is a scalar
representing the relative illumination strength relative to the light source. Therefore,
with the given target and laser lights, the deployment optimization problem for coverage
can be formulated as

arg minLD1,...LDM ,vH(LD1, ...LDM, P, v) (13)

s.t. LD ∈ Λ, P ∈ Ω, v ∈ Γ. (14)

Here, we provide a visual illustration of the illumination for regular farms and rotating
vertical farms in Figure 11. Assume that the intensity of the light source is 1, and the width
of the layer is 30. The light is deployed in the top center of the “V” shaped structure.
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The red dotted line represents the illumination condition in regular farms, where each
point receives even illumination. The solid blue line represents the illumination status, as a
single layer completes the movement along an entire “V” shape. Focusing on the motion of
the layer along one side of the “V” shape, it first enters the illuminated region, where it
receives high light intensity. As the layer descends, the light intensity gradually decreases
as a result of free space loss. Eventually, the layer exits the illuminated region and reaches
the bottom of the “V” shape. The process is mirrored on the other side of the “V” shape.

Figure 11. Illustration of illumination difference between regular farm and rotating vertical farm.

5.2. Optimization Algorithm

The goal of optimization is to find the position parameters, i.e., [x, y, ψ], that maximize
the criterion proposed in Equation (13), which considers both intensity (Section 3) and
shading effect (Section 4). To solve this problem, we adopt a population-based stochastic
optimization algorithm for several key reasons. First, the parameters to be determined,
that is, spatial positions [x, y], pitch angle ψ, and velocity v, differ in meaning and units,
making normalization between variables challenging. Second, the search space for light
positions consists of multiple potential deployment location sets. Other algorithms, such as
gradient-based algorithms, struggle to handle such constraints effectively, often leading
to violations. Lastly, the objective function is non-differentiable, rendering gradient-based
methods unsuitable for this optimization task.

For these reasons, we employ the Differential Evolution (DE) algorithm, introduced
by Storn and Price in 1996 [34]. DE is a robust, population-based optimization technique
that is well suited to non-linear, non-differentiable problems. The DE algorithm optimizes
the solution iteratively through the following steps: (1) The initial population of candidate
solutions is randomly generated within the variable bounds. Each candidate represents
a potential configuration of light positions, poses, and velocities. (2) In each generation,
a mutant vector is created by combining a target vector (parent) with the weighted differ-
ence of two randomly selected variables from the population. This introduces diversity
and explores the search space effectively. (3) The mutant vector is then combined with
the target vector to form a candidate solution (offspring). This step ensures variability
while retaining key characteristics of the parent. (4) A comparison is made between the
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parent and the offspring. The better performing solution is retained for the next generation,
ensuring continuous improvement.

The use of DE has the following advantages: (1) Increased likelihood of finding
global optimum: The diversity introduced by mutation and crossover reduces the risk
of the solution getting trapped in local optima, improving the probability of finding the
global optimum [34]. (2) Adaptability for various deployment tasks: DE easily adapts to
different deployment requirements. For example, in this study, we specify the number of
lights to be deployed and allow DE to identify optimal placements. This adaptability also
allows DE to handle related tasks, such as determining the optimal number of lights or
minimizing installation and operational costs.

Since lights can only be installed in specific spaces, such as within the inner space of the
“V” shaped structure, a constraint handling method is required to ensure the feasibility of
output positions. We employ a heuristic approach in which a constraint check is performed
each time a new individual is generated. Any offspring that does not meet the constraint is
discarded. The pseudocode for the modified DE is presented in Algorithm 3.

Algorithm 3 DE algorithm

Input: GENMAX {maximum number of generations}, NP {population size}, f {objective
function}, CR {crossover rate}, F {mutation rate}.

Output: position vector x
1: g = 0
2: Population initialization xi,0 for i = 1, ..., NP.
3: Evaluate the f (xi,g) for i = 1, ..., NP.
4: for g = 1 : MAXGEN do
5: for i = 1 : NP do
6: Randomly select r1 and r2.
7: for j = 1 : D do
8: if (randj[0, 1) < CR then

9: uj
i,g+1 = xj

best,G + F(xj
r1,g − xj

r2,g)

10: Consistently check if the offspring ui,g+1 satisfies the constraints or not; dis-
card the offspring that fails to meet the constraint.

11: else
12: uj

i,g+1 = xj
i,G

13: end if
14: end for
15: Evaluate f (ui,g+1)
16: end for
17: end for

6. Simulation
In this section, simulations for deploying LDs for optimal illumination coverage are

carefully designed, and the effectiveness of the proposed approach is demonstrated by
analyzing the results.

6.1. Simulation Settings

As shown in Figure 6, a rotating vertical farm consisting of six “V” shaped struc-
tures is chosen as the target. Suppose that the layers are composed of the same material,
whose intrinsic parameters are shown in Table 2. The simulation was performed using R
version 4.4.2.

We define the spatial constraints for the lights to be within the “V” shaped structure
and set the number of light equal to the number of “V” shaped structure, which is six in
this case, for the following reasons. First, the upper part of the system receives sufficient
sunlight, while the lower part of the structure experiences insufficient light. Installing
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lights within “V” shaped structures maximizes their effectiveness. Additionally, these
constraints ensure that the solution adheres to the geometric and practical limitations of
the system. In addition, as the layers traverse all the “V” shaped structures, they cycle back
to the starting point through the lower part of the farming system, where space is limited,
and light efficiency is significantly reduced. Therefore, the number of lights is set to six,
with the focus placed exclusively on the layers within the “V” shaped structures to achieve
optimal illumination.

Table 2. Values of lights and rotating farms.

Description Parameter and Value

Intensity reference value I = 1
AoR θ = 100◦

Attenuation quadratic factor Kq = 0.075
Attenuation primary factor Kp = 0.045
Attenuation constant factor Kc = 1
Width and thickness of shelf w = 30 cm, thk = 2 cm
Distance between two layers h = 38 cm

Number of layers N = 14
Angle of chains ϕ = 96.35◦ or ϕ = 83.65◦

Movement velocity v = 0.015–0.26 m/s

Furthermore, only direct light transmission is taken into account while reflection is
ignored for the following reasons: (1) In total, 80–90% of the light can be absorbed by
plants. (2) The light source positioned above causes the reflected light to typically travel
in a direction opposite to the incoming light. This phenomenon can effectively hinder
reflected light from reaching the tops of plants that are growing upward.

6.2. Impact of Single Variable on Coverage Area

We first examine the relationship between the coverage area and different values of
pitch angle, velocity, and AoR.

6.2.1. Relationship Between Pitch Angle and Coverage Area

We begin by examining how pitch affects the coverage area for one “V” shaped
structure. In this experiment, the LDs are placed in the top center of the “V” shaped
structure, with varied pitch angles. The velocity of movement is fixed at 10 cm/s. Since the
structure is symmetric, we plot the cumulative coverage against the pitch angle for two
scenarios: (1) The layers only move along one side of the “V” shape. (2) The layer moves
along the entire “V” shape. In Figure 12a, the cumulative coverage is recorded as the layer
moves along one edge of the “V” shaped path. The cumulative coverage increases rapidly
with the pitch angle, reaching a maximum of approximately 40◦ to 50◦. Beyond this range,
the cumulative coverage begins to slowly decline. In Figure 12b, we examine the cumulative
coverage as the layer moves along both edges of the “V” shape. Here, the cumulative
coverage increases monotonically, reaching its maximum when ψ = 90◦. In particular,
the slope is steepest between 40◦ and 50◦, indicating this range as a critical transition point
where coverage efficiency changes most rapidly.
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(a) One side. (b) Both sides.

Figure 12. The relationship between pitch and cumulative coverage for one side and both sides.

6.2.2. Relationship Between Velocity and Coverage Area

According to [19], plants dynamically adjust to the change in light to optimize pho-
tosynthesis. In the rotating vertical farm system, rotation leads to fluctuations in the
photosynthesis rate. Although photosynthesis generally increases with light intensity,
plants do not react to sudden exposure instantly. Instead, upon exposure, the photosyn-
thetic rate gradually reaches a stable level, with the final rate differing depending on the
light condition. Typically, the stabilizing time is 15 min and 30 min for limited light or
saturated light, respectively. In contrast, when transitioning from saturated to limited light,
the photosynthetic rate presents two patterns according to the plant types. For species like
soybeans and rice, it initially declines sharply to a low level, then gradually rises to stability,
as illustrated by the dotted line in Figure 13. In contrast, for other species such as wheat
and pumpkin, the rate drops directly to the stable value [19], as represented by the solid
line in Figure 13.

Figure 13. Two types of plant photosynthetic responses to changes in light intensity.

The observations highlight an important point. When the movement velocity is too
fast, plants often alternate between illuminated and under-illuminated regions, leading to a
reduction in their overall photosynthetic efficiency. To promote growth, it is recommended
to set the velocity of movement such that plants have adequate time to maintain a consistent
photosynthetic rate.

In this experiment, the laser diode is placed in the top center of the “V” shaped
structure, with the pitch angle set to ψ = 90◦ and the AoR set to θ = 90◦. The velocity



Electronics 2025, 14, 445 18 of 24

of movement v varies from 2 cm/s to 20 cm/s. We analyze the cumulative coverage for
different velocities, as shown in Figure 14. Two metrics are considered: the cumulative
coverage during one complete movement cycle and the cumulative coverage in unit time. In
Figure 14a, the cumulative coverage jumps to the maximum when v = 4 cm/s. Beyond this
point, the coverage area gradually decreases as velocity increases. This occurs because as
the velocity increases, the layers spend less time within the illuminated region. However,
when analyzing the cumulative coverage per unit time, the cumulative coverage remains
relatively stable for velocities of v ≥ 6 cm/s.

(a) In one cycle. (b) In unit time.

Figure 14. The relationship between layer movement velocity and cumulative coverage size.

As the above phenomenon indicates that consistent light exposure enhances photo-
synthetic efficiency, a slower movement velocity is preferred to maximize the duration
of illumination. In addition, a pause can be introduced to let the plant maintain a stable
photosynthetic rate. When the layers reach the top of the farm, where the lights transi-
tion from artificial to natural light, this consistent exposure helps to maintain a high net
photosynthesis rate, optimizing the overall impact of artificial lighting.

6.2.3. Relationship Between AoR and Coverage Area

Next, we examine how the AoR of the LDs affects the coverage area. In this experiment,
the laser diodes are positioned in the top center of the “V” shaped structure, with the AoR
θ varying from 90◦ to 150◦. The movement velocity is fixed at 10 cm/s and the pitch angle
is set to 90◦. The cumulative coverage is plotted against different AoR values, as shown in
Figure 15. The results indicate a linear relationship between the AoR and the cumulative
coverage. While a larger AoR provides a greater cumulative coverage—e.g., an AoR of 150◦

increases the cumulative coverage by 14% compared to 90◦—this comes at a cost. Wider
AoRs typically require more expensive hardware and also lead to higher operating costs
due to increased power consumption.
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Figure 15. The relationship between AoR and cumulative coverage.

6.3. Overall Comparison

The position parameters to optimize include the spatial coordinates and pitch angles
of the LDs. These parameters are adjusted to meet plant-specific light requirements while
satisfying practical constraints. To validate the effectiveness of the proposed approach, we
compare the proposed optimization strategy with three alternative approaches.

• Setting 1: Optimization of the proposed cumulative coverage: This strategy focuses
on maximizing cumulative coverage over time, considering both the coverage area
and the light intensity.

• Setting 2: Optimization of the proposed cumulative coverage with variable height
only: Empirically, the light is placed in the upper center of the “V” shaped structure
and the pitch angle is usually fixed at 90◦. This optimization focuses solely on the
adjustment of the height.

• Setting 3: Empirical method on average intensity: This strategy is representative of
most practical scenarios, where the position of the light source is determined based on
the average intensity across layers. Specifically, it performs a random search, measures
the average intensity of each layer for each search position, and selects a position that
has the highest average intensity. The best value is recorded over 100 search times.

• Setting 4: Optimization on Desired Intensity: This approach accounts for the light
compensation point (LCP) of plants, e.g., 20–50 µmol m−1 s−1 for rice (Oryza sativa
L.) [35]. It ensures that the cumulative coverage is calculated upon the minimum
required threshold for photosynthesis. By maintaining light levels above the LCP, this
strategy supports plant energy needs and promotes healthy growth.

We let the layer complete the movement of the entire “V” shaped structure and
record the corresponding metrics. The parameters of the DE algorithm are set as follows:
The size of the population NP, the crossover rate CR, the probability of mutation F, and
the termination condition GENmax are set to 100 iterations. The parameter values are shown
in Table 3.
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Table 3. Parameters of DE.

Description Parameter

Population size NP = 20
Mutation probability F = 0.7

Maximum number of generations GENmax = 100
Crossover rate CR = 0.5

We record the optimal light positions, including the spatial coordinate (Sx, Sy) and the
pitch angle. We also record the optimal objective values, in terms of the proposed criterion.
The experimental results are shown in Table 4.

Table 4. Comparison of deployment performance for 4 different settings.

AoR (◦) Sx Sy Pitch (◦) Optimal Cumulative
Coverage

Setting 1: Ours
80 3.77 299 87.08 1373
90 4.01 292 85.37 1437
100 −5.16 281 96.26 1500
110 −6.26 275 96.83 1545

Setting 2: Ours on Height Only
80

Fixed with 0

293

Fixed with 90

1307
90 283 1375
100 269 1438
110 266 1509

Setting 3: Empirical Method
80

Fixed with 0

275

Fixed with 90

1233
90 277 1333
100 269 1384
110 258 1417

Setting 4: Desired Intensity
80 −8.23 201 80.21 911
90 −8.44 200 80.79 1031
100 −9.85 202 98.89 1110
110 −11 205 99.12 1097

In setting 1, all three position variables are optimized, including spatial coordinates
and orientation. In contrast, in setting 2, only the height is optimized—that is, the light is
center and vertically aligned. Counterintuitively, the results show that tilting the light and
placing the light slightly off center yield optimal results, providing 4% more cumulative
coverage. The comparison of the proposed approach and empirical approach that places
the light at the center can be visualized in Figure 16. The explanation is that when the light
source is tilted, the AoR interacts with the target surface at an angle, causing the projection
shape to elongate. This elongation spreads the light over a larger area while maintaining
uniformity in illumination. In addition, placing the light source in the center often results
in redundancy, with the highest intensity concentrated at the middle, whereas edge regions
receive less light. By tilting and moving the light source off center, the illumination pattern
becomes asymmetric, allowing light to be distributed more effectively across the entire
area. Even in a symmetrical environment, this redistribution means that more distant areas
receive adequate light, increasing the overall effective coverage. Therefore, this simple
adjustment—i.e., tilting a light source and positioning it off center—redistributes light
more efficiently.
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Figure 16. Illustration of difference between proposed and conventional deployment.

In setting 3, the lights are vertically and center aligned, and the height is determined
such that the average intensity of each layer has the greatest improvement by a limited
uninformed search. Considering average intensity ignores the dynamics in the illumination.
In contrast, the proposed approach accurately characterizes the variation of the change
in illumination, on which optimization can provide 10% more effective illumination that
better meets practical needs.

Setting 4 provides a solution for practical scenarios, where artificial lighting are oper-
ated at night and the illuminance on plants must exceed the LCP to ensure proper growth.
To evaluate how this requirement influences the deployment of the light source, we set
the light’s radius to 200. The horizontal coordinate of the light source and pitch angle are
adjusted slightly away from intuitive values to optimize overall results. It is important
to note that the vertical coordinate of the light source is close to 200, indicating that the
light source covering the lower part of the “V” shaped structure yields optimal results.
Compared with other settings, the coverage area is drastically reduced and this has to be
considered when artificial lights are operated at night.

6.4. Impact on Energy Consumption

Our work primarily focuses on optimizing the positioning of light sources with the
pitch angle as the variable, while other conditions are held constant. Although our study
does not explicitly evaluate energy consumption, we assert that the optimized light source
positions indirectly contribute to more efficient energy usage by enhancing light coverage.
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For instance, a 10% improvement in light coverage could potentially reduce the required
light-on hours from 10 h to 9 h to achieve the same performance.

However, we realize that optimizations that combine other parameters, including
the angle of radiation and the design of the rotating vertical farm, remain an open
problem. In future extensions of this work, we aim to incorporate energy consump-
tion analysis alongside the optimization of overall parameter settings to provide a more
comprehensive optimization.

7. Conclusions and Future Work
This study established the first framework for designing energy-efficient artificial

lighting deployment strategies for stacked vertical farms by incorporating farm structural
design, light modeling, and photosynthesis. Based on a theoretical analysis of the beam
pattern of lights and the variation in the coverage as the farm layers rotate, we introduced
a new criterion, cumulative coverage, which accounts for both light intensity and coverage
area. Then, an optimization framework was formulated. A swarm intelligence algorithm,
the Differential Evolution algorithm (DE), was used to solve the optimization considering
the structural and operational constraints. The proposed approach was compared with
two methods, that is, an optimization with variable height only and an empirical method
based on uninformed search. We also study the performance of our approach for practical
scenarios in which the lights are operated at night. It was found that tilting and placing the
light off center yields better results. The results show that the proposed strategy improves
light coverage by 4% compared to the optimization with variable height only, and by 10%
compared to empirical methods. This study provides insight into improving the efficiency
of vertical farming systems.

Future research could explore optimizing farm designs to improve light distribution
and overall system efficiency. By refining factors such as light types, electricity usage,
material costs, and crop yield, a more comprehensive approach can be developed towards
cost-effective and sustainable artificial lighting systems. In addition, variations in natural
light due to seasonal and climatic changes were not considered in this paper nor the specific
growth requirements of different species. Future work could also focus on tailoring lighting
strategies based on the geographic location of the greenhouse and the specific needs of the
crops being cultivated. This approach would enable a more precise alignment of artificial
light with natural light availability, optimizing plant growth and resource use. Third, future
studies could investigate the incorporation of reflective materials into greenhouses. These
materials could help redirect and maximize the use of available light, potentially reducing
energy consumption and improving the uniformity of light distribution.
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