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BRIEF DESCRIPTIONS OF THE DRAWINGS

FIG. 1 shows a growth structure according to an embodiment of the disclosure.

FIG. 2 shows a growth structure column according to an embodiment of the disclosure.
FIG. 3A shows a cavity according to an embodiment of the disclosure.

FIG. 3B shows a cavity fluidics system according to an embodiment of the disclosure.
FIG. 4A shows a comb according to an embodiment of the disclosure.

FIG. 4B shows a growth module according to an embodiment of the disclosure.
FIGS. 5A and 5B show a puck according to an embodiment of the disclosure.

FIG. 6 shows a frog assembly according to an embodiment of the disclosure.

FIG. 7 shows a tool assembly according to an embodiment of the disclosure.

FIG. 8 shows an elevation mechanism according to an embodiment of the disclosure.

FIG. 9 shows a module acquisition system according to an embodiment of the
disclosure.

FIG. 10 shows a module acquisition system assembly according to an embodiment of
the disclosure.
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FIG. 11 shows a frog inner frame according to an embodiment of the disclosure.

FIG. 12 shows a frog chassis according to an embodiment of the disclosure.

FIG. 13 shows a frog function process according to an embodiment of the disclosure.
FIG. 14 shows a set of frog components according to an embodiment of the disclosure.
FIG. 15 shows an external controller according to an embodiment of the disclosure.
FIG. 16 shows a control system according to an embodiment of the disclosure.

FIG. 17 shows a rail structure according to an embodiment of the disclosure.

FIG. 18 shows a rail structure junction according to an embodiment of the disclosure.
FIG. 19 shows a connector according to an embodiment of the disclosure.

FIG. 20 shows a frog and junction according to an embodiment of the disclosure.

FIG. 21 shows an electrical configuration according to an embodiment of the

disclosure.
FIG. 22 shows a light controller according to an embodiment of the disclosure.

FIG. 23 shows a pre-pod fluidics system according to an embodiment of the

disclosure.
FIG. 24 shows a pod fluidics system according to an embodiment of the disclosure.
FIG. 25 shows a light column according to an embodiment of the disclosure.

FIG. 26 shows an HVAC system with a growth structure according to an embodiment
of the disclosure.

FIG. 27 shows an HVAC system with no growth structure according to an embodiment
of the disclosure.

FIG. 28 shows a farming as a service system according to an embodiment of the

disclosure.

FIG. 29 shows a farm control method in a farming as a service environment according

to an embodiment of the disclosure.

FIG. 30 shows a computing device according to an embodiment of the disclosure.
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DETAILED DESCRIPTIONS OF SEVERAL EMBODIMENTS

Disclosed systems and methods may enable fully automated indoor farming on a
vertical plane. For example, some embodiments may automate the process of vertical
farming from the moment the seed arrives to the farming facility to the time the product
exits the facility. Some embodiments may include mobile, multi-robot systems
operating above a growth structure to automate the growth, operation, repair, and
construction of indoor farming facilities. Some embodiments may combine automated
robots, growth structures, growth modules, and/or software that may optimize indoor

farming processes.

In some embodiments, system hardware and/or software may automate the growth of
one or more plants through applying and varying lighting, nutrients, and/or
atmospheric compositions correspondent to the crop’s genetics and/or stage of
maturity, among other things. Robot systems atop a growth structure may be
responsible for, among many other things, the movement of plants (individually or as
a group), the acquisition of sensor data, the movement of lights and fluidics systems,
and/or cleaning and maintenance subroutines that may be employed to operate an
indoor farming facility without the interjection of human beings throughout the decision-
making and execution process.

Some embodiments may completely automate the process of cultivating biological
entities end-to-end, through seeding, germination, propagation, respacing, pollination,
growth, harvest, cleaning, trimming, thinning, recycling, packaging, and/or storage, for
example. Some embodiments may employ one or more combinations of, among other
things, automated logistics, manufacturing, machine learning, artificial intelligence,
mobile multi-robotics, and/or process-optimization technologies that may not require
human input for operation, maintenance, repair, improvement, and/or optimization of
the system. Disclosed embodiments may accumulate information/knowledge
pertaining to environmental characteristics and/or plant characteristics in order to
produce biological entities with optimal plant characteristics. Implementing a vertical-
plane growing system may allow for increased packing efficiencies, improved airflow
due to natural convection, and/or more space efficient and/or energy efficient
automation. Employing automation mechanisms may decrease operational cost

and/or may decrease the pest and/or disease load experienced by the plants.
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Embodiments may be configured to provide a variety of environmental characteristics.
Environmental characteristics may describe, in a non-limiting manner, one or more of
the following attributes (some of which are described in greater detail below): the
electrical conductivity (EC) of the nutrient solution; the gaseous and aqueous
temperature; the airflow speed and direction in the root zone, foliar zone, enclosed
environment, and/or external environment; air pressure; the gaseous and/or aqueous
CO2 concentration; the gaseous and/or aqueous O2 concentration; the nutrient
concentrations within the nutrient solution; the water and nutrient flow; the pH of the
nutrient solution; the oxidation reduction potential (ORP); the quality and intensity of
light within the growth arenas; the humidity of the root and foliar zones; the cleanliness
of the air; the general state of the plants; the pest and disease state of the plants
and/or system overall, and/or the location of equipment (e.g., pucks and/or combs,
described in detail below) throughout the facility.

Embodiments may be configured to accommodate and/or encourage a variety of plant
characteristics. Plant characteristics of one or more biological entities being farmed
may describe, in a non-limiting manner, one or more of the following attributes (some
of which are described in greater detail below): mass of the biological entity; color [in
visible and nonvisible wavelengths] of the biological entity; sugar content of the
biological entity, acidity of the biological entity, size of the biological entity; shape of
the biological entity; morphology of the biological entity; growth rate of the biological
entity; texture of the biological entity; temperature of the biological entity; area of the
biological entity subject to illumination; area of the biological entity subject to airflow;
root area subject to irrigation; and/or the consideration of one or more of these plant

characteristics over time.

Embodiments may provide specific structural features that may facilitate plant growth.
At its most basic level, a plant may be supported by a growth medium and a
surrounding support structure that secures the growth medium. Herein, the
combination of these two components is called a “growth puck.” The growth puck, with
or without the growth medium and biological entity, may be subject to movement
through a “puck respacing mechanism.” Some components that the respacing
mechanism may interface with may include, but are not limited to, the growth puck and
a growth module (“comb”). The comb may be a component that can store many pucks,

for example pucks stacked on top of one another, while allowing the plant housed by
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the growth puck to extend its roots and its foliage out of either side of the comb. A
“sensor puck® may serve as a sensor suite that may determine one or many
environmental characteristics and/or plant characteristics within the controlled
environment. A “spacing puck” may increase the space between biological entities in
the growth pucks. The generic term “pucks” may encompass the various types of
pucks listed above and/or other puck variations.

The comb may be responsible for maintaining the collective orientation and structural
rigidity of one or more growth pucks. The movement of these combs throughout the
lifecycle of the plant, throughout the facility, may be managed by one or more mobile
robots called “frogs.” A frog may move growth modules between the respacing
mechanisms and the growth structures, for example. Frogs may communicate with
each other through a base communication station that may also relay a number of task

directives, for example managing the task sequences for the frogs.

Frogs may be configured to perform one or more “frog functions,” which may
encompass the tasks that the frog is capable of performing. These tasks may include,
but are not limited to, the following: comb or growth module movement within and
outside of the growth arena; light re-spacing closer-to and/or further-from the surface
of the comb or growth module; light replacement/removal to/from the growth arena;
cleaning, sterilization, and/or movement of the column’s cavity structure, nozzles,
and/or channel system; data collection of plant characteristics and/or environmental
characteristics and transmission of that and/or other data; trimming, thinning,
pollination, nutrient delivery, illumination, maintenance, and/or manicuring of the
biological entities; harvest, planting, and/or removal of biological entities; pest control
and/or disease mitigation; audio delivery to the growth arena; atmospheric control;
electromagnetic field manipulation; laser-based manipulation of the biological entity;
communication networking; structural inspection within the growth arena; warehouse
logistics management of things other than plants and biological entities; packaging
harvested goods; storing growth modules, combs, and/or plants for certain periods of
time; frog rescue [which may entail one frog pushing another frog around the facility in
order to remove it from being in the way of other frogs and also delivering it to the frog
elevator, recharge station, and/or a dead zone where frogs traditionally do not
operate]; and/or assembly, cleaning, maintenance, emergency operations, and/or

servicing of the system.
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In some embodiments, frogs may operate autonomously atop a matrix of rails mounted
to the top of a “growth structure,” which may support rails on which the frogs move
and/or support the pucks. The growth structure may support many other subsystems
in the controlled environments. The subsystems may include, but are not limited to,
the following: a “lighting system” that may be responsible for illuminating the biological
entity; a “power distribution system” that may be responsible for delivering power to
lights, sensors, solenoids, actuators, and/or various other subsystems; columns that
may provide support, alignment, and/or housing of combs; a “fluidics system” that may
be responsible for delivery of gaseous and/or aqueous solutions to plants’ root zones;
and/or, among other subsystems, rails for frogs to translate across the top of the
growth structure. Frogs may continuously reconfigure the array of combs housed in
the columns of the growth structure, as well as performing a number of other tasks
within the facility.

The growth structure may include a set of structural members that act as support for
the frogs’ rails and the support of the growth cavities called “columns.” Columns may
include a vertically oriented set of rails that may act as guides for the combs as they
are lowered from the frog. Columns may provide a barrier structure that may isolate
the roots of the plants from the foliar atmosphere and may contain the nutrient mix
from escaping the internal cavity of the column. The internal cavity of the column may
be enclosed by one or two horizontally opposed sets of growth modules and side
barriers that may be connected between the rails.

Within a column’s cavity, a fluidics system may be responsible for delivery of the
nutrient mixture to the back face of the comb where roots are protruding from the
back side of the respective growth pucks. The fluidics system may deliver the nutrient
solution through pipes, hoses, jets, nozzles, and/or various connection mechanisms.

Columns may include, on either side, one or more lights. For example, plants may
grow towards a set of lights that are horizontally opposed. In some embodiments, the
lights may include LED lighting components and/or other lighting components that may
emit a specific quality and intensity of light that may be tailored to the crop in the comb
adjacent.

A system of ducts may be provided for regulating the temperature, humidity, CO2
concentration, O2 concentration, velocity, and/or direction of the air between the lights
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and the plants. The ducts may deliver conditioned air back to the foliar atmosphere
and/or may remove older air from the enclosure.

A combination of computational hardware and software, referred to herein as a “control
system,” may perform control of the vertical farming facility. The control system may
include a collection of hardware that may include, but is not limited to, the following: a
sensor or collection of sensors transducing the atmospheric composition of the foliar
atmosphere, root-zone atmosphere, growth arena atmosphere, Facility atmosphere
and external atmosphere; a sensor or collection of sensors transducing the state of
the fluids being delivered to the plants on both the foliar and root side; a sensor or
collection of sensors transducing the state or some characteristic of the plant [including
but not limited to size, morphology, color in multiple spectrums, etc.]; a sensor or
collection of sensors transducing the state of the system for the planning of logistics,
sequencing, and/or other tasks for automated and manual execution; a piece or set of
hardware that interacts with the sensors to transmit, receive, store, manipulate, and/or
visualize data; and/or a system of stationary and mobile digital imagery devices that
capture, record and transmit imagery and/or video to determine a characteristic of the
controlled environment, and/or characteristic of the plant, and/or a characteristic or

state of the system.

On top of this hardware, the control system may include a software stack and/or one
or more processors executing the software modules in the stack. The software stack
may be responsible for the operation of the entire vertical farming facility. The control
system may include one or many of the following: a software module responsible for
the regulation of the electrical conductivity (EC) of the nutrient solution; a software
module responsible for the regulation of gaseous and aqueous temperature; a
software module responsible for the regulation of airflow in the root zone, foliar zone,
enclosed environment, and/or external environment; a software module responsible
for the regulation of air pressure; a software module responsible for the regulation of
gaseous and aqueous CO2; a software module responsible for the regulation of
gaseous and aqueous QO2; a software module responsible for the regulation of nutrient
concentrations within the nutrient solution; a software module responsible for the
regulation of water and nutrient flow; a software module responsible for the regulation
of pH; a software module responsible for the regulation of oxidation reduction potential

(ORP); a software module responsible for the regulation of the movement of pucks
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around the facility; a software module responsible for the regulation of the movement
of combs throughout the facility; a software module responsible for the regulation of
the quality and intensity of light within the growth arenas; and/or one or more software
modules responsible for one or more combinations thereof.

Embodiments may include sensors, which may be wired or wirelessly connected to
computational hardware that may be responsible for the receiving, storing,
manipulation, and/or transmission of data. Sensors may be found in many locations
within and outside of the controlled environment and/or mounted to various stationary
and mobile devices or structures such as, but not limited to, the following: sensor pucks
within the comb; sensors or sensor suites housed on the growth structure; and/or
sensors or sensor suites mounted to the frog and/or its subsystems. Sensor pucks
may be responsible for sensing environmental characteristics and/or plant
characteristics in the root zone of the controlled environment and/or the foliar zone of
the controlled environment. Sensors mounted to the growth structure may be
responsible for sensing environmental characteristics and/or plant characteristics in
the root zone of the controlled environment and/or the foliar zone of the controlled
environment. Sensors mounted to the frog may be responsible for the transduction of
environmental characteristics and/or plant characteristics within and/or outside of the

controlled environment.

Stationary and/or mobile sensor and/or sensor suites may include, but are not limited
to, the following: gaseous and/or aqueous temperature sensors; gaseous and/or
aqueous CO2 and O2 concentration sensors; aqueous pH sensors; ORP sensors;
aqueous and/or gaseous flow sensors; agqueous and/or gaseous pressure Sensors;
gaseous humidity sensors; aqueous nutrient concentration sensors; aqueous
electrical conductivity sensors; light quality sensors; light quantity sensors; digital
imaging devices; hall-effect sensors; optical sensors; scanners; light spectrum
transducers; and/or aqueous sensors involved in the transduction of at least one of
the following: nitrogen, phosphate, potassium, calcium, magnesium, copper, chlorine,

boron, sulphur, zinc, molybdenum, iron, and manganese.

Embodiments disclosed herein may transmit data among subsystems and/or outside
devices. Systems that may be involved in the transmission of data may include, but

are not limited to, the following: a transmitter that transmits data; a receiver that
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receives data; a transceiver that both sends and receives data; and/or a configuration
of transmitter, receiver, or combination thereof (e.g., transceiver) that is either wired
or wireless. The data, from a host of stationary and mobile sensors and sensor suites,
may be used to determine and/or monitor the environment within which the plants are
growing. This automated monitoring system, in conjunction with software
modules/algorithms/programs, may allow the system to adjust one or a number of
environmental characteristics through a number of different actuation mechanisms in
order to improve the plant characteristics of the biological entity.

For example, through consideration of the transduced environmental characteristics
and/or plant characteristics being accumulated through the sensors and the software
modules that ingest, store, and/or manipulate this data, the control system may be
capable of making informed decisions regarding the controlled environment's
operation and implementing changes to the environment through various actuation
methods. Hardware and/or software that may be used to execute such tasks may
include, but is not limited to, one or more of the following software modules: a software
module to accumulate and store data from some or all of the data accumulation
devices within and outside of the controlled environment; a software module to analyze
and manipulate this incoming data; a software module and/or algorithm responsible
for ingesting the desired data and outputting determinations and recommendations
regarding the controlled environment and the actuators that control the controlled
environment to improve the characteristics of the controlled environment; a software
module to transmit recommendations, wirelessly or by wire to another computational
hardware device that connects to the actuators that control the controlled environment;
a software module that receives the instruction data and/or engages the actuators in
a desired manner to improve the environmental characteristics of the controlled
environment, in order to improve the plant characteristics of the biological entities
within the farm; and/or one or more software modules responsible for one or more
combinations thereof.

The process from environmental characteristic and plant characteristic transduction
through actuation of various components to improve said characteristics may include
continuous reevaluation and modification of the controlled environment to ensure
optimal environmental characteristics, creating a closed-loop control system that

manages the operation of the farm. Locally, and/or in the cloud, a collection of software
9



WO 2022/066753 PCT/US2021/051534

modules may be responsible for not only storing the data that is accumulated, but also
for the responses determined and implemented by the control system and/or the
effects of these decisions on the environmental characteristics and plant
characteristics.

Some embodiments may leverage the combination of desired environmental
characteristics and plant characteristics and real-time and historical data flowing from
the farm to learn using machine learning and/or artificial intelligence. A set of software
modules and algorithms may take in the data from the farm and compare it to historical
data. If the system discovers a perceived improvement in the output plant
characteristics, the system may update the environmental characteristics
implemented in the next growth of the same crop. Using Internet of things (loT) and/or
other sensor arrays and big data-sets, the system may begin to learn how to grow

specific crops optimally in any facility.

To support the overall collection and management of data within the vertical wall
indoor farm and to support the ability to extract and analyze semantically meaningful
data from that data and to represent and act on that information, some embodiments
may include a cloud-based software architecture that may be remote from the physical
site of the farm. The data about plants and equipment in the indoor farm may be sent
to the cloud through a data collection system that has been designed for indoor farms.
The system may send the data to the cloud using the sensors and transmission
hardware described herein. In the cloud environment, the data may be collected and
organized into relational and/or non-relational databases. An index that uses indoor
farming domain information may be used to organize and access the data. The
collected information may be transformed into a real-time assessment of the state of
the various indoor farms. Much of this transformation may be generated by machine
learning algorithms that may detect patterns in the data and detect anomalies and
problems and/or interesting patterns of behavior. The state information may be used
to continuously evaluate the state of the system and schedule control actions for the
farm, to improve plant characteristics (such as changing nutrients, lighting, or
environmental conditions), and/or the robots and automation. These closed loop
control systems may reside in the cloud and/or may be maintained locally at the site
of the farm for redundancy and security. A user interface may be provided to enable
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farming domain experts and others to monitor the information and control actions of
the system.

The cloud-based information management system may be organized by an indoor-
farming specific knowledge representation. This knowledge representation may
include a semantic representation of entities involved in the plant growth. The
representations may be used to model the biological and physical environment within
and outside of the facility and may  be used by other software algorithms to monitor

performance, detect anomalies, and/or design and plan control actions, for example.

The representations may be organized into three major categories. The first category
may be information about plants. Each plant grown in the indoor farm may be uniquely
represented through its life-cycle. This may include continuously characterizing the
state of the plant at each stage from germination to harvest. These characterizations
may be obtained from extracted sensor data information and may be probabilistic in

nature.

The second category may be recipes. Recipes may include representations of
knowledge about how plants should grow. This may include information about the
various environmental characteristics to which the plant is subjected. It also may
include models of the desired state of the plant at each stage in its life cycle. The
recipes may include the desired final nature of the plant (e.g., the plant characteristics).
Thousands (or more) of recipes may be developed to represent different varieties of
plants and plants having different output plant characteristics. The recipes may contain
information about possible anomalies or diseases that might be associated with each

specific plant.

The third category may be physical entities in the indoor farm. These may include the
physical environment, such as growth modules/combs, columns, pods, frogs, etc.
These may also include the operating subsystems, such as fluidics, lighting, HVAC,
sensors, and other subsystems. For each physical entity, the expected characteristics
and operating modes may be represented along with the state of the subsystem at

various times.

Some embodiments may include systems configured to diagnose a state of and/or
anomalies with plants growing within the indoor farm. This plant environment

diagnostic software system may reside in the cloud in some embodiments. The plant
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environment diagnostic software system may use the knowledge representations to
compare actual plant status and behavior (per the data collected from sensors and
extracted into the knowledge representations) with the expected behavior represented
in the recipes. This diagnostic system may evaluate the state of each plant and may
provide a probabilistic rating of how well the plant's state matches the recipes. The
diagnostic system may detect possible pests, diseases, or other anomalies that may
be present in the plant. This may be done by comparing the plant information in the
recipes with information collected and represented about the plant, for example. The

system may work independently on each plant in the indoor farm.

Detection methods used by some embodiments may be based on a Bayesian model.
For example, the system may develop a set of hypotheses from the recipes about the
expected state of the plants. There may be hypotheses about the presence of pests
or diseases in the plant. The algorithm may compute the probability of a hypothesis
being true given the evidence - P(H | E) - the probability of the hypothesis (H) being
true is conditional on the evidence (E) collected. This may be accomplished by
computing the probability of observing E given H — the likelihood that such evidence
would exist given the hypothesis. This may be multiplied by the likelihood of each

hypothesis existing, which may result in a list of probabilities for each hypothesis.

As more data is collected and as recipes are developed, the software system may be
able to “learn” new information about recipes and about the hypotheses about the
observed state and behavior. This recipe learning system may compare each
hypothesis developed with a ground truth model that may indicate how well the system
performed in assessing the probability of that hypothesis. Ground truth data may be
obtained by observing the actual outcome of various plants using both automated and
manual training methods. The system may automatically adjust the prior probability of
a hypothesis. This may enable the system to improve its methods of confirming or
refuting hypotheses. The system may also detect patterns of behavior and plant

growth outcome that may suggest alternative ways to grow the plants.

The software architecture, knowledge representations, and/or diagnostic and analysis
tools may be applied to multi-farm data collection and management. The system may
be centralized in one or more cloud locations, but may have access to the growth and

performance data of information collected world-wide. The system may uniquely
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analyze and compare data from many locations and plant types to better accomplish
its analysis and recipe Learning.

FIG. 1 shows a growth structure 101 according to an embodiment of the disclosure.
Considering one or many growth structures 101 within a facility, a plurality of structures
called pods may be built adjacent to one another and each may include one or more
columns as described in Fig 1. Growth structure 101 may be an enclosed environment
wrapped in a specifically thermal- and light-resistant material to isolate the structure
from the environmental conditions outside of the growth structure 101. The pods may
be characterized by the volume and components between a pair of uprights 103 and
104 of various and configurable heights (18 foot and 24 foot uprights, respectively, in
this example) that may be connected by a number of load beams 102 at various
heights along their vertical axis of the upright. The pods may be used for the structural
support of the columns in Fig. 2, though they may have the capacity to house different
subsystems like fertigation, power distribution, power storage, growth module transfer
area, etc. These columns in Fig. 2 may be responsible for the positioning and housing
of combs (e.g., see FIG. 4A) or growth modules (e.g., see FIG. 4B). These growth
modules/combs may be populated by various configurations of biological entities (e.g.,
see FIG. 3A) that may be subject to optimal and varying lighting, nutrient, and
atmospheric conditions called environmental characteristics. Growth modules/combs
may be relocated by one or more frogs (e.g., see FIG. 7) which may translate and
actuate atop a system of rails (e.g., see FIG. 17). In addition to being used for growth,
structures 101 may be used for pre-processing, post-processing, storage, control,
viewing, maintenance, and/or hardware. These areas may be configured and
constructed in such a way that they are incorporated into a form factor that is compliant

with the warehouse and the pallet racking structures being used to house the facility.

FIG. 2 shows a cavity or column 200 according to an embodiment of the disclosure.
The growth structure 101 may include a collection of pods supported by uprights
103/104 and load beams 102. The growth structure 101 may include pallet support
beams (e.g., see FIG. 3A), row spacers (which may define the lateral distance
between uprights 103/104), and bolts securing the feet of the uprights 103/104 to the
surface upon which the growth structure 101 stands. Pods may be populated with a
plurality of cavities or columns 200. Detachably attached to the growth structure 101

may be a set of channels (e.g., see FIG. 3A), fluidics Lines (e.g., see FIG. 3A), light
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columns 201, nozzles (e.g., see FIG. 3A), drainage trays (e.g., see FIG. 3B), HVAC
ducting, and sensors that collectively may comprise a column 200. A plurality of these
columns 200 may be arranged adjacent to one another, in variable spacings, to
constitute a pod. A plurality of these pods reside in a volume known as the growth
arena 101. One or many of these growth structures 101 may be combined to create a
facility.

FIG. 3A shows a detailed view of cavity or column 200, in which the top of the cavity
is highlighted in Fig. 3A and the bottom of the cavity is highlighted in Fig. 3B according
to an embodiment of the disclosure. Cavity 300 may be made up of various
components that may mount to the growth structure 101 and may contain the nutrient
solution being delivered by the fluidics. A light column 2500 may hang from pallet
support beams mounted on the growth structure 100. A light column may include a
pallet support beam 301 and a plurality of LED lights 308 and 322 that may be
suspended by vertically oriented straps 307. The cavity 300 may have a pair of cavity
channels 304 that may be connected to each other via a piece of corrugated plastic
302 or other material, called the corrugated plastic barrier, that may be mirrored
between two load beams. The combination of cavity channels 304 and the corrugated
plastic barrier 302 form a grouping called a skirt. There may be a skirt on both sides
of the cavity 300 facing inwards toward the cavity fluidics system, which may include
nozzle 309 and fluidics lines 312. Cavity channels 304 and 321 may be mounted by
skirt mounts 305 to a load beam at various heights to ensure rigidity and position
maintenance. These cavity channels 304 may be responsible for guiding the growth
module/comb 313, and the biological entities 310 supported by it, into and out of the
frog to its desired position in the growth structure, then keeping it secure from falling
or contortion whilst also ensuring that no nutrient solution escapes from the column’s
cavity. The pallet support beam 306 may mount to the load beams at either end by
pallet support mount 303 and may provide support for the cavity fluidics system. The
cavity fluidics system may be supported by the pallet support beam 306 through a set
of cavity fluidics support hooks 311, which may allow for simple insertion and removal
of the cavity fluidics system.

FIG. 3B shows a cavity fluidics system according to an embodiment of the disclosure.
The cavity fluidics system may include various components that deliver a nutrient

mixture to the roots protruding out of the growth modules/combs situated in the
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column. The nutrient mixture may enter through a bulkhead gasket through the bottom
of the drainage tray 324 that is being supported by pallet support beam(s) 323 at the
bottom of the cavity. The nutrient mixture may travel through a fluidics line 312 (e.g.,
a PVC pipe) to be split into a varying number of nutrient delivery lines. The
configuration of the nutrient delivery lines may be based upon the desired nutrient
distribution pattern and dimensions within the column’s cavity. Nutrient solution that
does not get absorbed by the biological entity may flow downward to be collected in
the drainage tray 324, then further distributed from a drainage bulkhead gasket back

to the more centralized fluidics system that the nutrient solution came from.

FIG. 4A shows a comb 400 according to an embodiment of the disclosure. The comb
400 may be configured to organize and secure a group of pucks, such as growth puck
401. The comb 400 may be a collection of many growth pucks 401, “sensor pucks,”
and “spacer pucks” in any number of layers and configurations. The comb 400, in this
incarnation, may include a horizontal member 402 made from formed sheet metal with
fasteners (e.g., PEM fasteners) placed at intervals along the member. These PEM
fasteners may align with the growth puck alignment hole (e.g., see fig. 5b) on the top
of the growth puck 401 so that the puck’s first layer is in a known configuration to
dictate the placement of more pucks on top of that first layer. In this example, the
dimensions of the comb 400 are 40 inches wide and 24 inches tall, though the height
and width may be variable. Combs 400 may be picked up by the bottom member
through a slightly varied module acquisition payload as outlined in this document. Any
number, combinations, and configurations of growth pucks 401, sensor pucks, and

spacer pucks may be provided.

FIG. 4B shows a growth module 411 according to an embodiment of the disclosure.
In some embodiments, growth module 411 may be an off-the-shelf, 4 foot by 2 foot
component. Growth module 411 may be made out of polystyrene foam or another
material with growth module holes 412 formed therein. The holes 412 may be bored
out in various configurations [staggered, square; 18 holes, 36 holes, 72 holes, etc.] to
accommodate different crops with different static and dynamic spacing needs. These
non-dynamic plant-spacings may be used in place of the comb 400 with its dynamic
plant spacing capabilities in some cases. The combs 400 and growth modules 410
may be a similar form factor such that they may both be interchangeable platforms for

growth of the biological entity inside and outside of the growth arena.
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FIGS. 5A and 5B show a puck 500 according to an embodiment of the disclosure,
where FIG. 5A shows the puck 500 from a top side, and FIG. 5B shows the puck from
an underside. For example, puck 500 may be a growth puck, which may be the
component responsible for housing, supporting, and orienting the biological entity 505.
Puck 500 may have an opening 504 where the growth medium 506 and biological
entity 505 may be slid in at one or various times throughout the lifetime of the biological
entity 505, for example at the beginning of the biological entity’s lifecycle. Puck 500
may allow for the biological entity 505 to be moved around individually without causing
harm to any portion of the biological entity. Pucks 500 may be configured to interlock
with each other in two or three dimensions such that they can be arranged in an array

and thereby form a comb.

When the growth puck 500 is placed onto the comb’s 400 horizontal member 402, the
growth puck opening 504 may align with features along the horizontal member 402
that may be configured to properly space the growth pucks 500. The female alignment
channel 501 and the male alignment channel 503 may be used to interlock the growth
pucks 500 together. When a growth puck 500 is lowered down onto another growth
puck 500, the growth puck nub 502 of the growth puck 500 below may engage the
growth puck alignment hole 507 on the growth puck 500 being lowered. In conjunction
with the male 503 and female 501 channels, the growth puck 500 may be secured in-
place within the comb 400 using these alignment and securing mechanisms. There
may or may not be a gradient 508 on the top and/or bottom surfaces of the puck 500
to ensure that any stray liquid may flow back into the cavity rather than out toward the

foliar zone.

A growth puck 500 may include the growth medium or have the capacity to securely
house a separate growth medium. Pucks 500 may be made of a number of materials,
including but not limited to, the following: polyethylene, ABS, polypropylene,
polystyrene, polyvinyl chloride, etc. Pucks 500 may be  negatively and/or positively
buoyant. Pucks 500 may be a variety of colors. In some embodiments, colors may be
chosen to provide contrast against the plant matter. Each individual growth puck 500
may be tracked using the farm’s operating system (OS) to make sure that the data
associated with the plant being observed is stored with reference to the correct
biological entity/growth puck 500.
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The growth puck 500 may be configured to interface with a puck respacing mechanism
that may relocate growth pucks within combs to correspond to the requirements of the
plant. This interface between the growth puck 500 and the puck respacing mechanism
may include a variety of different mechanisms, including but not limited to, the
following: friction, magnetic, suction, etc. The pucks 500 may combine together within
the comb’s 400 matrix to limit or prevent the escape of fluid from the root cavity and/or
to limit or prevent light from entering the root cavity. Pucks 500 may be any number of
different shapes and sizes. Pucks 500 may be made of multiple components or a

single component.

Some pucks 500 may be spacer pucks, which may also interface with the comb 400
and the puck respacing mechanism. The spacer puck may be used to increase the
distance between growth pucks to mitigate leaf overshadowing and therefore optimize
plant spacing. Spacer pucks may be made of the same material(s) as the growth puck
and may potentially be the same shape and/or dimensions as the growth puck, though
in some embodiments they may be of different size and/or construction. Spacer pucks
may be the same dimensions as the growth puck, though not necessarily. Spacer
pucks may use the same securing mechanisms (male and female channels, nub and
hole) as growth pucks to interlock into the comb’s array seamlessly. The spacer puck
may be a passive entity that may provide optimal spacing between growth pucks and
sensor pucks and that may ensure no light enters the root-zone cavity and no nutrient
spray escapes the root-zone cavity. Spacer pucks may also serve as a truth reference
for the vision processing system in terms of reflectivity, dimensions, locations, angles,

position, and other truth data, as described below.

Some pucks 500 may be sensor pucks, which may also interface with the comb 400
and the puck respacing mechanism. The sensor puck may provide data descriptive of
the boundary layer of air beneath the canopy of the plants and also data descriptive
of the root-zone environment. Enabled by improving battery technology and distributed
wireless sensor  networks (10T), the sensor puck may be placed strategically within
the comb 400 to allow for optimal spacing of growth pucks. The sensor puck may
deliver data wirelessly back to a more centralized computer in some embodiments.
Sensor pucks may be made of the same material(s) as the growth puck and may
potentially be the same shape and/or dimensions as the growth puck, though in some

embodiments they may be of different size and/or construction. Sensor pucks may be
17



WO 2022/066753 PCT/US2021/051534

the same dimensions as the growth puck, though not necessarily. Sensor pucks may
use the same securing mechanisms (male and female channels, nub and hole) as
growth pucks to interlock into the comb’s array seamlessly. Sensors within the sensor
puck may transduce environmental characteristics such as temp, air flow, humidity,
light intensity, and light quality among other things, and even plant characteristics as
well in some embodiments. When the comb 400 is brought to the plant respacing
mechanism, as described below, these sensor pucks may remain in the comb or may
be removed for maintenance, recharging, cleaning, or replacement.

The “puck respacing mechanism” may be the mechanism that is responsible for the
pucks 500. The puck respacing mechanism functions may include, but are not limited
to, the following: acquisition/placement of pucks [growth pucks, spacer pucks, sensor
pucks] into and out of the comb; placement and acquisition of pucks onto and from
transport mechanisms [e.g. conveyor lines] delivering and removing pucks to/from the
puck respacing mechanism; and/or positioning of pucks directly into other subsystems
[e.g. cleaning, image capture, puck rotation, etc.].

FIG. 6 shows a frog 600 assembly according to an embodiment of the disclosure. The
frog 600 may be an automated wheeled robot that may be designed for singular or
multi-robot implementations. The frog 600 may be responsible for the automation of
tasks and subsystems within the facility. The term “frog” may refer to any variation of
the frog 600 that is responsible for any of the frog’s functions outlined herein. In some
embodiments, different frogs 600 may vary in hardware, dimensions, software, and
any other characteristic or capability laid out within this document.

The frog 600 may include an outer frame 601 and an inner frame 607 that may be
raised and lowered to change the direction of travel using a linear actuator 602. Inner
and outer frame guides 609 may maintain alignment between the outer frame 601 and
inner frame 607. Some combination of passive wheels 610 and/or active wheels 611
may give the frog 600 the ability to actuate along rail mechanisms. Within the inner
frame 607 there may be some combination of one or many elevation mechanisms 603
and/or payload bars 606. In this incarnation, the elevation mechanism 603 may be
connected to the module acquisition system 606 by a set of retractable straps 604.
The frog’s channels 608 may work in conjunction with the elevation mechanism 603

and module acquisitions system 606 to guide the growth module/comb into and out of
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the frog 600. There may also be a set of computational hardware in the frog’'s brain
605 that may control activities of the frog 600.

In some embodiments, the frog 600 may be a battery powered, multi-wheeled robot
that may have the capacity to locate itself within a facility, communicate to and from a
ground controller and/or other frogs 600, operate autonomously based on directives
received by those other subsystems, and/or and automatically return for maintenance,
recharging, hard-wire data transfer, recalibration, or downtime in a designated area in

the growth arena.

In some embodiments, the coarse positioning of the robot may be known and
controlled through an ultra-wide band system of anchors and tags that may be used
to locate the frog 600 in three-dimensional space. The anchors may be placed in
various locations throughout the facility, and the tags may be located on each
individual frog 600 (e.g., on a top surface). The ultra-wide band system may provide
information to the frog 600 describing exactly where it is and over which junction it
resides with an accuracy of £10cm in some embodiments.

In order for the frog 600 to achieve position control of £2.5mm accuracy in some
embodiments, a fine-positioning control system called the junction alignment sensor
may be provided on the frog 600. The frog 600 may use a number of mechanisms for
fine position control; described here are three of those many potential options
described as junction alignment sensors.

A first position control option may use hall-effect sensors and magnets. At the corners
of each junction within a facility, there may be 4-way PVC connectors (e.g., see FIG.
20 below) that may house a magnet in a defined location. The frog 600 may include a
hall-effect sensor that may sense the magnetic field flux as the frog 600 arrives at the
junction. A microprocessor on-board the frog 600 may detect the peak magnetic field
flux and may detect how many encoder counts past the peak magnetic field flux the
frog 600 traveled as it slows. The frog 600 may reverse the exact number of encoder
counts to align itself properly with the magnet.

A second position control option may employ a system of distance sensors to
determine a frog's 600 position above the junction. Two groups of two distance
sensors may be attached to the bottom of the inner and outer frame of the frog 600.

These distance sensors may be oriented such that their beam is sent downwards at a
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45° angle toward the central long axis of the rail, for example a PVC pipe. As the frog
600 arrives at a junction, the pair of distance sensors that are positioned to detect the
rail with the long axis parallel to the direction of travel may remain passive. The pair of
distance sensors that are oriented to detect the rail perpendicular to the direction of
travel may be engaged. As the rail is detected by the distance sensors, the distance
sensors may look to achieve an identical distance from each distance sensor. This
may signify that the frog 600 may be positioned directly above a junction, therefore it
can actuate in either direction or engage the components (e.g., growth modules)

beneath it at that junction.

Another position control option may include a vision system. As the frog 600 translates
atop the growth structure, a set of cameras on the frog 600 may fixate on the rail
system. Variations in the rail system may signify various things to the frog 600. For
example, a camera at the corner of the frog 600 gazing straight down at the pipe may
provide information allowing the frog’'s 600 processor to be able to determine the
location of the 4-way PVC connector using various vision processing algorithms. In
some embodiments, the frog’s 600 brain (e.g., a microprocessor) may expect a certain
feature in the image to be represented by specific colors and light intensities on certain
parts of the camera’s sensor. At the moment the camera identifies, isolates, and
dynamically tracks those features, the frog 600 may translate to a position where those
features are appearing in the correct location on the camera’s sensor, signifying
correct positioning of the frog 600 above a junction.

In all of these fine positioning scenarios, a microprocessor in the frog's brain 605 may
execute a closed feedback to find the predetermined optimal location. When that
location is found within some tolerance, the frog 600 may set all 8 of its wheels onto
the rail to ensure that the positioning of the frog 600 is correct. The frog 600 may use
the rail system as a reliable reference for correct positioning of the frog 600 by
dropping all 8 wheels onto the junction.

The frog’'s brain 605 may be responsible for the decision making and execution of the
frog’s directives to the actuators on board, and the communication of information to
systems outside of the frog 600. The frog’'s software flowchart (see FIG. 14 below)
outlines an example iteration of the frog's software loop. As described below, the
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software may consider communications with ground controller, emergency handling,
task scheduling, and task fulfillment, for example.

FIG. 7 shows a tool 700 assembly according to an embodiment of the disclosure. The
tool 700 may include an elevation mechanism 701 and payload bar 702. Considering
the array of frog’'s functions, the tool 700 may provide either an interchangeable
subassembly that the frog 600 may actively swap in and swap out, or the tool 700 may
be a fixed subassembly that is not interchanged. The elevation mechanism 701 may
be connected to the payload bar 702. This tool combination may be used for growth
module and/or comb acquisition and deposition. Various tool combinations may be
used to complete the other frog 600 functions within the facility.

FIG. 8 shows an elevation mechanism 800 according to an embodiment of the
disclosure. The elevation mechanism 800 may include a rotating bar 803 that may be
mounted to the frog’s internal chassis with a dc motor 802 and encoder 801 at either
end of the assembly. Belts 809 reaching down to the payload bar may be spooled into
two rolls 804 which may be wound around the axis of the rotating bar 803. The belts
may extend down to the payload bar 702 along with a power and communication
ribbon that may be spooled on the wire spool 806. The slip ring 807 may allow the bar
to rotate and the wire to spool without impinging or affecting the wire connecting to the
frog’s brain 605. The elevation mechanism 800 may receive commands from the frog's
brain 605 pertaining to the desired velocity and elevation of the payload bar 702
through actuation and control of the dc motor 802 and encoder 801, for example. The
elevation mechanism 800 may perform elevation maneuvers to raise and lower the
payload bar 702 under various position and velocity control algorithms. Many of the
frog’s functions may employ this elevation mechanism 800 and its ability to perform
elevation maneuvers. The elevation mechanism 800 and payload bar 702 have limit
switches mounted in order to sense when the payload bar 702 has come into contact
with another surface. The elevation mechanism 800 may include a ratchet gear and
pawl subsystem 808 to ensure the elevation mechanism 800 does not change its state
in the event of a subsystem failure. Along the elevation mechanism there may be
couplers 805 that may connect various components.

FIG. 9 shows a module acquisition system 900 according to an embodiment of the

disclosure. The payload bar 702 may be a hardware platform that many different
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subsystems may be mounted to in order to be lowered to their desired 3D positions
within the facility. The example used in this instance is the module acquisition system
900. Other examples may include, but are not limited to, the following: light acquisition
system, cavity cleaning system, sensor suite payload, etc. Various iterations of the
payload bar 702 may include the belts from the elevation mechanism 902 and 903]
and the payload bar platform 907.

In the module acquisition system 900, a group of components may collaborate to pick
up, lift, lower, and release growth modules or combs. The runner 901 may be mounted
to the payload bar platform by runner mount 904. Hooks 906 may be connected to the
payload bar to ensure a reliable connection between the elevation mechanism and the
payload bar. The module claw may be made up of the payload bar mount 905, the
gripping servo 908, and the module clamps 909. The gripping servo 908 may be
responsible for actuating the module clamps 909 so that the distance between the
module clamps 909 decreases when making a growth module/comb connection,
maintains grip during movement/relocation, then releases after the movement has
been completed. One or more of these module claws 909 may be actuated to make a
reliable connection to the growth module/comb.

To perform other frog 600 functions, portions of the payload bar may be replaced, and
other components added. In the case of the sensor suite payload, the module claws
may be removed. In the place of the module claws, other items may be installed. For
example, a potential combination of the following hardware may be installed:
multispectral, hyperspectral, mono-spectral, and/or IR cameras of various hardware
capabilities, CO2 sensors, O2 sensors, humidity sensors, airflow sensors, inertial
measurement unit (IMU) temp sensors, barometric sensors turbidity sensors,
movement sensors, light sensors, distance sensors, lidar, power lasers, and
processing, storage and communication hardware that can process, store and
communicate the accumulated data to another location.

FIG. 10 shows a module acquisition system assembly 1000 according to an
embodiment of the disclosure. Two elevation mechanisms 1001 and 1002 and two
corresponding module acquisition system payloads may be situated a specific
distance from one another considering the requirements of the biological entity and

the growth module/comb housing the biological entity. Two sets of frog channels 1004
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may be used to align the cavity’s channel in the growth structure beneath the junction
that the frog 600 is positioned above. The frog’s channels may help to guide the growth
module/comb in and out of the frog 600 and growth structure to ensure seamless
acquisition and deposition of growth modules/combs. Additionally, the module
acquisition system runner 901 and 1003 may be used to ensure the growth
module/comb does not become disoriented while it is being acquired, stored,
relocated, or deposited. The frog’s channels may help to keep the growth
module/comb properly oriented during the frog’s movements around the facility.

FIG. 11 shows a frog inner frame 1100 according to an embodiment of the disclosure.
The frog’s inner frame 1100 may house the elevation mechanisms 1102, the module
acquisition system payload 1103, frog’s channels 1004, the frog’'s direction change
actuator 1101, and the frog's inner and outer frame guides 1104. The frog’s direction
change actuator in this instance may be a linear actuator that presses the outer
frame’s [see FIG. 12] wheels off the ground when extending and lifts the inner frame’s
[see FIG. 12] wheels off the ground when retracting. Other methods of direction
change may be possible using gears, transmissions, belts, chains, and/or a number
of other techniques. The frog’s inner and outer frame guides may ensure that the inner

and outer frames remain properly spaced.

The frog’s inner frame 1100 may support multiple elevation mechanisms in various
locations to perform various functions. Due to the dimensions of the inner frame and
junction configuration, the elevator mechanism may lower a payload bar into any
portion of the growth arena [e.g., both cavities on either side, between lights and plants

on either side, and between two light columns].

Various sensor suites sensing the state of the component being actuated on [plants,
lights, etc.] and sensing the state of the frog 600 itself may be disposed inside the
volume of the frog’s inner frame 1100. Various frog configurations may have varying
dimensions and junction spans. Some frogs 600 may span one junction, and/or some
frogs 600 may span many junctions depending on which frog function they are
assigned to perform.

FIG. 12 shows a frog chassis 1200 according to an embodiment of the disclosure. The
outer frame of the frog 1201 may serve a number of functions for the frog 600, such
as, but not limited to, the following: mounting of frog’s brain 605, of the frog’s direction
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change actuator 1101, the frog’s outer-frame movement system1203, protective and
stylistic covering of the internal contents of the frog 600, ultra-wide band tags for
coarse positioning, indicator lights and screens, antennae, speakers, general lights,
maintenance bays, connection points for easy movement into and out of the growth
arena, and sensors to detect various environmental characteristics and plant
characteristics.

The frog’'s outer frame 1201 may be responsible for mounting the frog’s outer-frame
movement system 1203 for one direction along the rails. In this instance there may be
a set of four wheels 1203 mounted such that they align with the rails on the top of the
growth structure. At least two of these wheels may be actuated using dc motors and

encoders, with the remaining number of the wheels being passive.

The frog’s inner frame 1100 may be responsible for mounting the frog’s inner-frame
movement system1204 for one direction along the rails. In this instance there may be
a set of four wheels 1204 mounted such that they align with the rails on the top of the
growth structure. At least two of these wheels may be actuated using dc motors and
encoders, with the remaining number of the wheels being passive.

In this example the frog 600 may be mounted atop the growth structure with concave
wheels engaging a system of convex pipe rails. In other manifestations the wheels
may be convex and the rails concave in profile; the frog 600 may be suspended from
a structure connected to the roof; the frog 600 may be mounted atop a substructure
that connects to the roof or the growth structure. In any case, this disclosure may
include any single-robot or multi-robot system that operates above the growth of a
biological entity in a vertical farm. A single frog 600 may be responsible for all of the
subsequent tasks listed hereunder. However, in many circumstances, a group of frogs

with varying hardware may perform separate tasks within the farm.

FIG. 13 shows a frog function process 1300 according to an embodiment of the
disclosure. Process 1300 may be an iteration of the frog’s high-level software loop. At
the beginning of the iteration, the frog may check for packets 1301 coming from the
ground controller containing instructions or general information. After the packet has
been processed 1302 and the frog’s state updated 1303, the frog may enter a loop to

ascertain whether all of the failure checks on-board the frog have been passed.
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The loop may include acquiring a current frog status 1304, determining whether an
unrecoverable failure state exists 1305 and, if so, halting the processing 1306. If no
failure exists and/or if all failure states are resolved, 1307, the frog may issue a system
all clear 1308.

Once a frog is cleared for its next task, the task may be assigned. A scheduling
algorithm may determine whether there are unassigned tasks 1309 and, if so, may
identify any idle frogs 1310. The task may be assigned to the frog 600 with the
hardware capacity and availability to execute the task in question. For example,
processing paths for identified idle frogs 600 may be computed 1311, and the available
frog with the lowest-cost path may be assigned to complete the task 1312, at which
point that frog may generate a sequence of commands to execute using the various
actuators on-board. The system may be updated 1313.

At this point, the frog 600 may go into a loop that constantly monitors the performance
of the task execution against the expected timing and sequencing required for that
specific movement. For example, frog brain 605 may acquire the current frog state
1314 and determine whether a command is active 1316. If not, the frog 600 may be
reported as idle and may receive a next command 1316. If the frog 600 has a current
command active, a command state may be polled 1317 and evaluated to determine
whether it matches a checklist 1318. If so, the frog brain 605 may determine whether
the command is finished, 1319 and, if so, may loop back to 1315. If the command is
not finished, frog 600 may be evaluated to determine whether response and timing are
expected 1320 and, if so, may be reported as idle. If checks fail at 1317 or 1320, a

failure may be reported and frog brain 605 may monitor for a halt command 1321.

Upon completion of the task at hand, the frog 600 may check for subsequent
commands from the ground controller or the network of frogs 600 on duty. This loop
may be versatile and fault-tolerant and may allow the frog 600 to receive emergency
directives from the ground controller or other frogs 600 as an emergency interrupt in-

case of a system failure.

The following is a non-exhaustive list of examples pertaining to the task scheduling
loop in the iteration. These examples give a feel of the task scheduling and execution
that occurs on the frog 600 during its operation. Included in these examples are a light
movement/acquisition sequence, data acquisition/sensor deployment sequence,
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column cleaning/sanitization sequence, recharge/data-upload sequence, and a facility
construction sequence. All are high level examples that exemplify the versatility of the

frog 600 in the vertical farming setting.

The light movement/replacement sequence may proceed as follows. Within the growth
arena, adjacent to the growth modules/combs situated in the column, a light column
301 may hang from pallet support beams mounted on the growth structure as noted
above. A support-frame suspended from the load beam may drape one or more
belts/cabes/fibers/straps downward to the bottom of the column as noted above. The
lights may be connected to the straps to orient the lights in such a way that efficiently,
sufficiently, and optimally illuminates the biological entity. It may be useful to actively
vary the distance of the lights from the plants since the ratio of light emission to plant
absorption may improve as the lights get closer, assuming the LED lights are

distributed enough to maintain ample coverage over the canopy.

The frog 600 may localize itself on top of a junction that sits above the desired light
column. The frog 600, utilizing a similar mechanism to the elevation mechanism
[though they could potentially be the same mechanism] called the light acquisition
mechanism, may reach down to the connection point on the light column. The frog 600
may lift the light column up from its seat on the load beam. In the case where the frog
600 is adjusting the light-to-plant distance, the frog 600 may translate such that the
lights either move farther away or closer to the growth modules/combs. Once the frog
600 has performed its plant-relocation directive, the frog 600 may lower the light
column’s frame back onto the seat of the load beam and may query the ground

controller for a new directive using process 1300.

In the case of light acquisition, the frog 600 may reach down to the connection point
on the light column and may pick the frame supporting the light column up and away
from the load beams. The light acquisition system may begin to spool up the light
column into a roll; other stacking or folding mechanisms may be implemented to
achieve the same goal. Blind-mate connectors up the top or bottom of the growth
structure may allow the light columns to be actively removed and replaced without
manual disconnect.

The data acquisition and sensor deployment sequence may proceed as follows. A
variant of the frog 600 may have the capacity to house and deploy the sensor suite
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payload. Portions of the sensor suite may be attached to the chassis of the frog 600,
but many of the sensors may be mounted to the sensor suite payload. This sensor
suite payload, with a similar or identical elevation mechanism that the module
acquisition system payload employs, may have the capability of transducing any and
all plant characteristics, environmental characteristics, and various other states of the
system. The data may be sent back to the frog’s brain 605 for both storage and
transmission to other electronic hardware within and eventually outside of the facility,
according to process 1300 with data acquisition as the frog task.

The column cleaning, sanitization, and testing sequence may proceed as follows. The
frog 600 may have the capability to clean the interior of the cavity of the column. To
clean the column, a varying collection of UV lights, bristles, sprays, sensors, and
swabs (the “cavity cleaning system”) may attach to the payload bar. In this
circumstance, the combs sitting in the column may be removed for relocation before
the cleaning cycle is begun. Once emptied, the cavity cleaning bar may be lowered
down using the elevation mechanism. Throughout this process the UV lights, oriented
in such a way that every surface of the column is illuminated by the UV light, may blast
the column to kill unwanted biological matter. The cavity cleaning system may brush,
spray, and swab any portion of the column as part of a collection of components that
clean and sanitize the surfaces and orifices within the column, including the rails that
guide the combs. The sensors on the cavity cleaning system may accumulate data on
plant characteristics and environmental characteristics to transduce the state of the
column’s structures and surfaces. These functions may be provided as frog task(s)
under process 1300. At the end of the cleaning process, the cavity cleaning system
may deliver the data back to the frog’s brain 605 for further transmission to other
electronic hardware within and/or outside of the facility. Physical data (for example the
swabs from the cavity) may be deposited in a location that may be accessed by
humans and/or automated machines.

The recharge and data upload station sequence may proceed as follows. A recharge
station may be situated on the periphery of the frog’s track system. There may be one
or many recharge stations depending on the size of the facility, number of frogs, variety
of frogs, etc. The recharge station may provide a place where the frog 600 can auto-
recharge and form a hard-wire connection to a data upload link. In this instance, the

frog 600 may translate over to the recharge station under the command of ground
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controller or the frog's brain 605 and according to process 1300 for in a variety of
circumstances, including, but not limited to, the following: low-battery, data-storage is
full, all tasks are complete, etc. In this instance the frog 600 may align itself with the
recharge mechanism that may use induction charging or some other method to
recharge the batteries on-board the frog 600. The hard-wire data upload link may
include a set of connectors and contacts that may allow the frog 600 to communicate
large amounts of data at a high transfer rate. A variety of information may be
transmitted, including but not limited to the following: historical telemetry data, sensor

data, health status, etc.

The facility construction sequence may proceed as follows. In some cases, the frog
600 may be responsible for the construction/deconstruction of the facility before,
during, and/or after operation. The structures of the farm may be designed such that
the frog 600 may be responsible for the construction and deconstruction of certain
elements of the facility. For example, after the growth structure is constructed (e.g.,
the structural members that support the cavities, wrapping, lights, fluidics, etc.; and
the rails that the frog translates upon in addition to other subsystems), the frog 600
may install, construct, and/or deconstruct the following subsystems: light columns,
columns, fluidics subsystems, HVAC subsystems, etc. For example, the construction
and deconstruction of the column may pertain to the placement and removal of
sections/components of the column’s cavity and comb guide-rails 302 and 304. The
installation and removal of the fluidics subsystems may pertain to the piping, hosing,
junctions, connectors, and nozzles that may be responsible for receiving the fluid and
delivering it to the roots within the column’s cavity. The frog’s responsibility to install,
relocate and remove HVAC subsystems from the growth arena may include the frog
600 connecting to various HVAC hardware [ducting, junctions, baffles, VAV boxes,
supports, etc.] and spooling, folding, stacking the subcomponents such that they can
be confined within the internal volume of the frog, etc.

FIG. 14 shows a block diagram of frog components according to an embodiment of
the disclosure. This diagram outlines major subsystems, their components, and the
communication channels between them. The global localization system 1402 may be
the coarse positioning system outlined above. The frog central compute 1401 may be
a piece of electronic hardware capable of all described inputs and processing all data

coming into, out of, and within the frog itself (e.g., functioning as the frog brain 605).
28



WO 2022/066753 PCT/US2021/051534

An example of this processor may be a Raspberry Pi 3 b+, among many other capable
electronic hardware. The tool 1406 may be the combination of elements being
manipulated by the frog 600 such as, in this example, the elevation mechanism and
the module acquisition system payload. The module acquisition system payload may
include an orientation sensor [or IMU] on-board that may inform the frog about the
state of the payload bar during its performance of the directives. If the payload bar is
not at the desired orientation, it may be likely that a failure has occurred, so the frog
may enter failure mode and analyze the root of the problem and decide the optimal
next steps as described above. The x-drive 1403 and y-drive 1404 may drive the wheel
assemblies that actuate the frog along the “x” and “y” planes on top of the growth
structure as described above. Frog central compute 1401 may send directives to the
x-drive 1403 and y-drive 1404 in the form of USB serial, for example, for the motor
driver to convert into signals that may be sent to each motor and/or to have the
encoder data returned for closed-loop control. The frame shift 1405 may include the
direction change actuator that controls the direction of actuation along the rail system
as described above. Frog central compute 1401 may have the capacity to add more

components to add capabilities in order to achieve various frog functions.

FIG. 15 shows an external controller 1500 according to an embodiment of the
disclosure. The external controller 1500 may provide a wider system that the frog 600
may interact with and that may aid in the construction and delivery of directives based
upon a plethora of other data sources. The cloud-based software architecture 1502
may communicate with computational devices local to the facility, such as local DB
1501 and/or controller 1500. The local DB 1501 may take information from the cloud-
based software architecture 1502 and, potentially, input from the operator on-site at
the facility, then may send directives to the frog controller 1500. The frog controller
1500 may use this information to decide which frog 600 to send the lower-level, action-
based directives to the optimal frog for that scenario, as described above.

FIG. 16 shows a control system 1600 according to an embodiment of the disclosure,
illustrating a logical arrangement among software elements within controller 1500,
local DB 1501, and/or cloud-based software architecture 1502.

Data from the facility 1601 may flow in through the ground controller 1603 to the cloud-
based software architecture. This data may pass through a filtering and queuing
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engine 1604 before it is ingested 1605 into various cloud-based services 1606. These
services 1606 may store the data in a number of different locations and forms for it to
be retrieved through various querying methods. The cloud-based software
architecture may also include plant recipes 1607 which may be continuously optimized
and/or iterated upon using machine learning, artificial intelligence, etc. Plant recipes
1607 may dictate the performance of the subsystems within the facility. Comparing the
real-time state of the facility to the plant recipe requirements may yield a difference.
This difference may be actively minimized through actuation of the various subsystems
1602 on the ground, such as frog(s), lighting, nutrients, HVAC, etc. Plant
characteristics that manifest in the various sensed environmental characteristics may
be recorded, queried, and compared against the desired plant characteristics.
Variations in outcome may be recorded, and algorithms may be executed on those
differences to further understand the plant's response to the environmental

characteristics and improve the performance of the growth system.

The cloud-based scheduler 1608 may be responsible for taking the current state of the
facility and directives coming from the cloud-infrastructure to dictate the performance
of the actuators within the growth arena. Copies 1609 of this schedule may be brought
down from the cloud-based software architecture 1606 such that any disconnection
from the internet may not result in the malfunction of the system. The controller 1602
that is on-site within the facility may be responsible for turning those high-level
directives into actuator state changes. With the number of variables and the complexity
of the interactions between many of these variables, the cloud-based scheduler 1608
may be a sophisticated optimization algorithm that manages the performance of the
facility. Some embodiments may include a user interface 1610 allowing users to
monitor and/or provide input into any of the aforementioned, otherwise automated,

systems.

System data stored in cloud-based services 1606 and/or used elsewhere within the
architecture may be represented as a set of objects in the system’s computer
knowledge base. The objects may represent any types of objects, both physical and
conceptual, in the system. The objects may be linked to indicate various relations

between the objects.
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The “recipes” for growing plants may be objects, and the complete representation of
biological entities (plants) in the indoor farm may be one or more objects. This may be
in addition to representing the traditional physical objects in the farm and facilities. This
may allow the systems, as described elsewhere herein, to compare the expected state
of the biological entity (the plant's recipe) with the actual state of the plants as
perceived from the sensor data. Objects may include information for each plant grown
on the farm; recipes about how to grow each type of plant or species on the indoor
farm; physical objects in the farm; and/or characteristics of the market in which the

system is operating.

Some objects may be classified as essential objects. Examples may include lights,
nutrient system components, HVAC, etc. Plants may be their own unique subclass of

essential objects.

Some objects may be classified as structures. Examples may include component units
of the indoor farm such as walls, cavities, etc.

Some objects may be classified as equipment, such as frogs, pucks, combs, etc.

Some objects may be classified as facilities, which may represent information about a
physical indoor farm or growth area. Each separate indoor farm may be represented
as a different object.

Some objects may be classified as variable history. Objects representing information
about the history or time phased summary of an object may be examples of variable
histories.

Some objects may be classified as recipes.

The system may also define relationships between objects. There may be various

types of relationships.

One example relationship may be a binary association. This link may represent a one-
to-one relationship between two objects. This may indicate a physical relationship,
such as each germination module having a germination sensor. It may also represent
a symbolic association, for example, each plant may have a unique plant variable

history associated with it.

One example relationship may be a class extension. This link may represent the

relationship between a primary component and sub-components or specialized
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components of that object. For example, different types of liquid and nutrient tanks
may be class extensions of the “tank” class.

One example relationship may be a dependency. Some objects may be the results of
“‘parent” objects. This may be used for sensor data, for example. Data collect objects
(e.g., animage or sensor reading) may be “dependent” upon the sensor (e.g., imaging
system) that collects that data.

One example relationship may be an aggregation. These may be one-to-many
relationships where objects may be grouped into another object. For example, plants
may be aggregated into a growth module. Plants may also be aggregated or

organizationally grouped into a species.

One example relationship may be a composition. This may represent objects that are
components of another object. For example, the plant science lab may be “composed”
of (among other objects), an HVAC, germination unit, and PSL growth unit.

Some specific examples of information that may be related to other information in this
fashion may include, but are not limited to, the following.

Each plant grown in the indoor farm may be represented as a separate object. Each
plant object may contain basic plant information such as key dates in plant's life such
as planted (birth), germinated, transitions, harvested (death), etc. Each plant may be
linked to information about that plant. This may include the plant’s species, the plant's
recipe, plant’s physical location in the farm, the state of the plant at every stage of its
life cycle (e.g., which may include sensor data as well as a representation of
information about the plant that has been extracted from the data and interpreted),

and/or harvest information about when and how the plant was harvested.

Each recipe used in the indoor farm may be represented as a separate object. A recipe
may include a semantic representation of how a plant should be grown. The recipe
may predict through representational links the features a plant may exhibit through its
lifecycle as well as the expected outputs of the plant upon harvest. In this process, the
recipes may be used by system algorithms to compare expected plant characteristics
to observed characteristics collected from the sensors, as noted above. Specific
representations may include, but are not limited to, Recipe ID (e.g., name, plant

species/subspecies); the plant's growth plan that indicates how the plant should be

32



WO 2022/066753 PCT/US2021/051534

grown and represents the actions taken on the plant; the type of lighting (e.g.,
frequency spectrum, color) applied to the plant, when lighting was applied to the plant,
the intensity of the lighting applied to the plant, and/or other details (e.g., distance from
plant, angle, etc.); what nutrients are used to grow the plant and/or how often
(frequency) and in what amounts were they applied; temperatures of plant
environment; etc. Each recipe may have relationships to plants grown with this recipe
and/or species for which the recipe is derived.

Each facility may be represented as a separate object. Each facility may be linked to
its major equipment and components within the farm. Also represented with each
facility may be information about the name of the farm, its physical location, the date

it was put in service, its size (e.g., number of pods), etc.

The representations and links may enable the system to determine information such
as crops grown, types of crops grown over time, recipes used, farm (location) results,
harvests, harvest results (e.g., output of various crops), quality outcome, revenue
outcome, notes or anomalies/information to remember, other farm information, cost of
operations, maintenance records, key personnel, notes or anomalies about farm, etc.

Each piece of structure, equipment, and/or essential object in the indoor farm may be
represented as a separate object. These representations may be classes for the
physical inert objects found within the indoor farm and facilities. Structures may be
larger farm components, such as the germination unit or a pod, as described below.
Structures may be composed of other structures, equipment, or essential objects.
Equipment and essential objects may represent physical components. Essential
objects may represent equipment for which there is a dynamic history that may be
represented. For example, an essential object may be an HVAC unit. As the HVAC
unit operates, a variable history object (HVAC variables history) may be associated
with the HVAC to record information about its performance and operating history.
Physical equipment that does not require the representation of dynamic information,
such as a filter or several sensors, may be called equipment, not an essential object.
Structures, equipment, and essential objects may be linked through various one-to-
one and one-to-many relationships as appropriate.

Variable history objects may be inherited classes of information that may be attached

to another object representation in the system. These representations may include
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time linked information about their attached object. The variable history representation
may be used for all types of both physical and conceptual representations in the
system that may require the system to collect data about or store information at
different points in time. For example, this can include collected information about the
biological entities (plants) in the system and/or information about physical objects such
as a growth module.

FIG. 17 shows a rail structure 1700 according to an embodiment of the disclosure. In
some embodiments, the rail structure 1700 may be made of 1/2 inch schedule 80 PVC
pipe 1701 connected to 4-way PVC connectors 1702. In other embodiments, other rail
objects may be used to form structure 1700. The rail structure 1700 may mount to the
top of the load beams in the growth structure and may support one or more frogs 600.
A plurality of junctions may sit above a plurality of columns mounted to and hanging
from the load beams. The alleyway 1703 may be a portion of the growth structure
which allows the frog 600 to pass between rows of pods. This alleyway 1703 may be
built into the growth structure at some interval along the row of pods, for example:
three 24ft uprights separating the rows of pods, then an 18ft upright to allow the frog
to pass between rows of pods.

The rail structure 1700 may be mounted on top of the entire growth structure. This
may give the frogs 600 access to the entire growth arena and to the peripheral
subsystems. As mentioned before, the rail structure 1700 may be mounted to the roof
or mounted to another substructure above the growth structure and may have a
convex or concave profile or a flat surface for the robots to translate on top of.

FIG. 18 shows a rail structure junction according to an embodiment of the disclosure.
The rail structure 1700 may include many repeatable units called junctions 1801.
These junctions 1801 may be mounted to the top of the load beams that may be
mounted to the uprights which may be bolted to the floor. These junctions 1801 may
be situated centrally above the light columns that illuminate the growth
modules/combs. With the shorter member of the junction 1801 mounted to the load
beam and the longer member of the junction 1801 mounted to the pallet support
beams, the frog 600 may have full access to all of the components beneath it. In this
instance, the long-member rail may be mounted to the top of the cavity. The fluidics

system may be mounted to the same pallet support beam that the long-member rail is
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mounted to. In other instances, the rail may be mounted to the light column pallet
support beam. With the volume and dimensions of the frog 600 varying with the
function each frog 600 is built to perform, the frog 600 may always configure itself
around the size and location of the junction implemented in that facility. Under some
circumstances, junctions 1801 may be of varying dimensions to accommodate various

subsystems.

FIG. 19 shows a connector according to an embodiment of the disclosure. The
connector 1902 may act as the connecting point between pipes (e.g., 1701) making
up some portion of the rail structure. In this example, the connector 1902 is a four-way
PVC connector linking four PVC pipes, though other embodiments may have different
arrangements. The junction may be designed in such a way that the convex wheels of
the frog 600 may seamlessly transition from the PVC rail 1901 to the 4-way PVC
connector 1902 and back to the PVC rail 1901. The cutout 1903 may provide not only
a potential mounting point of the rail structure to the load beam, but also something
that the frog 600 may utilize for fine localization. This cutout 1903 may be empty, with
the frog 600 being able to identify it using various methods, or the cutout 1903 may
have an indicator of some kind that may alert the frog 600 that it has reached the

correct location above junction.

FIG. 20 shows a frog 600 and junction 2001 according to an embodiment of the
disclosure. The frog 600 may properly align itself over a junction 2001. The frog 600
may position the inner/outer frame such that all wheels 1203/1204 are level and
planted on the desired junction 2001. The frog 600 channels may now be aligned with
the column channels in order for the frog 600 to perform a task (e.g., a module
acquisition). In this case, the light column is bi-directional with both led strips
[illumination both adjacent columns], though, in other cases, the light columns may be
split into two, with two separate pallet support beams so that the frog 600 can perform

light movement and light removal/replacement.

Once the module acquisition has been performed, the frog 600 may either elevate or
lower the outer frame to travel to its next predetermined location. This combination of
columns, junctions, light columns, and growth modules may repeat throughout the
growth arena, with the frog 600 having the capacity to locate any component within

the facility. Every component within the facility may have its location known in the
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database, so the frog 600 may understand exactly which junction it must relocate to in
order to access a target component.

FIG. 21 shows an electrical configuration of a power distribution system according to
an embodiment of the disclosure. This may include a collection of components
responsible for bringing power in from an external power source [e.g., the grid,
renewable energy sources, non-renewable energy sources, etc.] and manipulating it
before delivery to the various components and subsystems within the facility that may
require power. This power distribution system may frequency modulate the power
entering the lights, control intensity of illumination, and control the output spectrum of
the LED lights. This power distribution system may also accommodate energy coming

directly from solar power without battery storage.

For the fluidics system 2102, the 120-volt alternating current (AVC) line may enter an
un-interruptable power supply (UPS) 2101. This UPS 2101 may serve as a battery
backup and power regulator for the fluidics system 2102. The UPS 2101 may send
power to a variety of voltage converters that step the voltage down to the required
level to operate the subcomponents. If additional pods are introduced into the system,

extra components may be added to accommodate.

For the light controller 2103, a 277 VAC line may be brought in to supply enough
energy to however many pods are present. In this example, 3 pods are present,
therefore the power is sent to three different light controller modules. Other
subsystems within the facility [HVAC compressor 2105, HVAC circulation 21086, frog
charge/transmit 2104, control center, preprocessing and postprocessing, etc.] also

may receive power to operate.

FIG. 22 shows a light controller 2200 according to an embodiment of the disclosure.
The example light controller 2200 may include the hardware and circuit setup for a set
of two pods, but any number of pods may be present. For power from the grid 2201,
an alternating current solid-state relay (AC SSR) 2202 may sit between the grid 2201
and the rectifier 2203. In the case of a renewable energy source 2204, a direct current
solid state relay (DC SSR) 2205 may feed directly into the “high line” with a fuse 2206
downstream to protect the light circuit. The power may be routed through each
respective light column 2207 — six in this case — then brought through high-power
MOSFETSs 2208 before entering high voltage ground (HVG) 2209. The 277 VAC may
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be converted 2210 to 12 volts direct current (VDC) to supply various electrical
components 2211 that may pulse-width modulate (PWM) the signal going to the light
columns 2207.

This arrangement of electronic hardware may allow for minimal electrical components
between the lights and the grid whilst also improving the power factor, drastically
decreasing the cost of power delivery to the LED strips, and providing decreased
maintenance cost since LED drivers may fail regularly. This implementation may
centralize the power delivery hardware outside of the growth arena, which may
decrease heat production within the growth arena and/or improve the serviceability of
the system through easier access to the hardware.

FIG. 23 shows a pre-pod fluidics system 2300 according to an embodiment of the
disclosure. The fluid in the pre-pod fluidics system 2300 may flow from right-to-left in
this illustration. An array of pumps 2301 may draw nutrient mixture in from one or many
nutrient tanks that may be generally premixed. The premixing may be performed by a
closed loop system of nutrient-characteristic sensors and peristaltic pumps to control
the nutrient characteristics inside the tanks. In addition to the nutrient lines, a clean-
water line (e.g., by reverse osmosis) and/or wash line 2302 may connect in parallel to
the feed line. These lines may be used for flushing and cleaning of all the components

downstream, including the cavities and the drain line.

An accumulation tank 2303 may be used to mitigate the water hammer caused by
cycling pumps which may damage sensor components. Moreover, the accumulation
tank 2303 may help with maintenance of a constant pressure in the system. A variety
of valves, filters, risers, gages, sensors, regulators, and couples 2304 may be used to
maintain a desirable state in the pre-pod fluidics system. As the fluids are about to be
introduced to the pods, a set of manual valves and electronically controlled valves
2305 may regulate the flow timing of nutrient delivery to the plants.

FIG. 24 shows a pod fluidics system 2400 according to an embodiment of the
disclosure. This system may be disposed within the column’s cavity (e.g., 309 and
312). Here, fluid introduced from the bottom of the column’s cavity may travel up a
central conduit to the top of the column. It then may split into two channels that break
off into any number of vertically hanging fluid-delivery lines. Connected to these may
be vertically hanging nozzles. These nozzles may atomize the fluid and/or may spray
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it into the column’s cavity. Generally, a higher density of nozzles may be situated at
the top of the column’s cavity as compared to the bottom of the column. The goal of
these fluidics lines may be to cover the entire surface-area of every root within the

column’s cavity.

From the accumulation tank 2405, the fluid may enter the distribution lines and may
come into contact with the electronically controlled solenoid valves 2402 first, then the
manually controlled valve 2401. The fluid may then enter the feed line to the column.
In this image, four pods have had their fluidics system routed. The column’s fluidics
introduction point 2404 may feed the pressurized nutrient [or other] fluid to the column
to distribute to the plants through the nozzles.

After the optimal amount of fluid has been deposited inside the column, the remaining
liquid may drain back down to the drainage tray and may be removed by drain
bulkhead connection 2405 to be accumulated back into the drain tank2406. This fluid
may be tested and recycled back into the nutrient tanks to flow back into the system.

The fluidics system may be built to auto-clean. Upstream of the nozzles there may be
a cleaning solution being stored in a container. Scheduled by the central control
system, at various points in time, the cleaning solution may be introduced to the
system and flowed through the pumps, manifolds, valves, junctions, connectors, pipes,
and nozzles to remove unwanted biological material among other things. This cleaning
solution may be used not only to clean the nozzles in the column’s cavity, it may also
be used to clean the column’s cavity itself. The solution may be sprayed into the
column’s cavity to neutralize unwanted biological growth. This spoiled cleaning
solution may be sent through the drainage system to be disposed of in accordance
with the presiding regulations.

FIG. 25 shows a light column 2500 according to an embodiment of the disclosure. The
illumination system may be primarily responsible for the delivery of photons of the
correct wavelength, intensity and density to the biological matter within the facility. The
light column 2500 may be a subsystem of the illumination system that may interact
with the growth structure, power distribution system, HVAC system, and/or frog to
maintain optimal illumination of the biological entities.

The light column may be suspended from a pallet support beam 2501 at the top of the

light column that may be seated on the load beams spanning between uprights. The
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light column may be connected electrically to the pod light controller at either the top
or the bottom of the light column. The connection may be wired, contact, or blind-mate

connections, for example.

In this instance, two straps hang down from the frame at the top. These straps may be
folded and holed such that the wires can travel down the interior of the crease and the
lights can be mounted at different points along the straps. For this example, LED strips
2502 may be used to illuminate the biological entities. The LED strips may be mounted
to the straps and may receive power from the wires confined in the fold of the straps.
In other iterations of the light column, the LED strips may be oriented vertically or
diagonally with the straps being on the ends, central, or any variation in between.
Another potential implementation of the light column may take notions from the cavity
channel interaction with the growth module/comb; two channels per light column may
hang from the load beams on the growth structure. Light strips/modules may then be
dropped down into the channel and may receive power upon contact of either the
terminals of the lighting module below, or from the terminals housed within the
channel.

The light column may be constructed in such a way that it may be moved closer or
further away from the growth modules/comb it is illuminating or removed from the
growth arena altogether. When repositioning the light column, the frog may lift the
pallet support beam up from the load beam and reposition it to maintain optimal
ilumination of the biological entity in terms of plant characteristics and operational

efficiency.

The frog may be responsible for the removal of the light column altogether. If there is
a wired connection, the connector may be disengaged manually or through a frog
subsystem. Once the connection to the power distribution system is unmated, the frog
may roll-up, fold, or stack the lights within its inner frame in order to move the light

column to another location within or outside of the growth arena.

FIG. 26 shows an HVAC system 2600 with a growth structure according to an
embodiment of the disclosure. HVAC system 2600 may control the atmospheric
elements of the environmental characteristics within the facility. On the back-end a
collection of hardware and software may treat the air so that it enters the inlet duct
2603 at the desired temperature, humidity, CO2 concentration, O2 concentration, and
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volumetric flow rate, among other parameters. This inlet duct may split into ducts
oriented upward and downward at each pod such that the new air can be delivered
either side of each column. A variety of components that may include HVAC junctions,
fittings, elbows, reducers, couplers, and/or splitters may be used to redirect the flow
of air into the desired locations within the growth arena. After the main inlet duct has
been split to each of the growth pods, an elbow 2604 may redirect the flow from outside
the growth arena to inside the growth arena. At this point the air may enter into a
rectangular profile that may be optimized for ducting through the growth structure and
may flow through this rectangular-profiled duct to the point of delivery. Along this
rectangular-profiled duct there may be a variety of diffusers 2602, emitters, nozzles,
and orifices that may deliver the treated air to the cavities 2605. Once the air has been
delivered to the growth arena, the air may heat up and rise to the top of the growth
arena, at which point the outlet duct 2601 may remove the air.

FIG. 27 shows an HVAC system 2600 with no growth structure according to an
embodiment of the disclosure. The air may be delivered to the shared atmospheric
zones between the columns in the growth pods and/or to the atmospheric zones at
either end of the growth pods. Air may be delivered to the bottom of the column and,
using the effects of natural convection and the entrance velocity of the air, it may travel
upward, generating a flow of air from the bottom of the column to the top of the column.
A varying number of rectangular-profiled ducts may be introduced at various heights
along the column to make sure that the environmental characteristics across the
column are as uniform as possible while maintaining the flow of air from low to high.
To help with this, diffusers 2703 may be installed in various places downstream of the
inlet duct 2702.

Additional factors to consider may include the impact of the lights on the atmospheric
environment. The lights within the atmospheric zone between the columns may heat
up the air. As is well known, hot air rises, which may assist in the movement of air from
the bottom of the column to the top of the column. Vertical-plane production may
enable natural convection which produces the effect of airflow beneath the canopy of
the crop. In horizontal-plane production, stagnant air may accumulate beneath the
canopy, which may increase dead-zones, moisture build-up, and, inevitably,
undesirable biological growth.
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Once the newly-introduced air has performed its duty within the atmospheric zone, it
may rise naturally above the growth structure where the frog is operating. Part of the
benefit of a top-mounted automation mechanism is this unoccupied volume above the
growth structure. Here, unwanted heat and used air may accumulate and not
adversely affect the biological entities in the columns. An outlet duct 2701, which may
aid in the flow of air from low to high, situated at the edge of the growth arena may pull
air directly out of the frog’s operating volume above the growth structure.

This HVAC ecosystem may have many variations in implementation but may be built
to implement the following overriding assumptions: maintain a flow of air from the
bottom of the column (growth structure) to the top of the column (growth structure);
maintain environmental characteristics that are favorable to the biological entity
growing within the growth arena that each HVAC system is delivering and removing
to/from; and interact with the facility software control system to optimize performance

in conjunction with other subsystems within the facility (fluidics, lighting, frog, etc.).

In some embodiments, the vertical farming systems and methods described herein,
and/or other automated farming systems and methods, may be employed as part of a
farming as a service (FaaS) model. For example, consumers may be able to subscribe
to their own “plot” in a vertical farm where kale, mizuna and other vegetables grow
under LED lights. In this example, greens grow in towers with no pesticides and almost
no water, and when they're harvested, they can be delivered directly to consumers
living near the farm. In this approach, rather than relying solely on sales to restaurants
and grocery stores, crops may be grown and distributed according to a subscription
model for both individual consumers as well as larger organizational customers.
Consumers may pay for their own plot (e.g., by a monthly fee or other arrangement),
where the farm will grow the salad greens and herbs that a particular consumer has
ordered, and may also provide packaged or predetermined items and volumes (e.g.,
five weekly custom salads or other products). Some embodiments may connect
subscribers with an online portal that shows time-lapse images of their plot, with data

about the plants and nutrition, and/or other information via a user interface (Ul).

In connection with the FaaS systems and methods noted above, some embodiments
described herein provide remote control of automated farming systems, such as

aeroponic and/or vertical farms. In some embodiments, the remote control is provided
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within a FaaS framework. FIG. 28 shows an FaaS system, including user device 2800
and farm control 1600, according to an embodiment of the disclosure.

A user device 2800 may be part of the FaaS system, and may have an app or other
software, hardware, and/or firmware thereon that enables user device 2800 to
communicate with elements of farm control 1600, for example through the Internet or
some other network in well-known or novel ways. User device 2800 is described herein
as a smartphone, personal computer, tablet, or other consumer device for ease of
explanation, but any computing device capable of communicating with remote
systems, such as farm control 1600, may serve as user device 2800 in some
embodiments.

User device 2800 may display one or more Ul elements 2802-2812 using a display
such as a screen or touchscreen, and may receive inputs from a user through the
touchscreen and/or other input devices. User device 2800 may send configuration
messages to a farm OS 2816 of farm control 1600 in response to user inputs, and/or
user device 2800 may request and receive information from farm OS 2816 and/or farm
image database 2814 of farm control 1600 in response to user inputs. Some
embodiments of the FaaS system may provide some or all of the following example
functionality using the Ul elements 2802-2812.

For example, some embodiments may include market functionality. Market
functionality may allow users to browse available products and create or add to their
farm, in addition to viewing the farms of other subscribers, charities, schools,
organizations, etc. Market functionality may show users quick hints as to how
crops/products can impact their personal health. Market functionality may include
additional traditional marketing activities.

Some embodiments may include farm functionality. Farm functionality may allow users
a high-level view of their farm, for example showing which crops are next to harvest
and be delivered, and how soon crops will harvest over the next 2 + months. Farm
functionality may allow users to view their farm and the larger community farm (e.g.,
with a pinch movement or other command input). Farm functionality may allow users
to add crops to their farm and commit new plots for charity among many other things.

Farm functionality may allow users to combine products into various custom farm
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configuration and product mixes. Farm functionality may allow users to view farm
performance and output information if purchasing at larger volumes and frequencies.

Some embodiments may include schedule functionality. Schedule functionality may
provide users an overview of their weekly deliveries, status of each delivery (done,
skip/donate, processing), status of the crops currently growing in their farm and see
more details (e.g., with a pinch movement or other command input). Schedule
functionality may allow users to quickly skip a weekly delivery. If they do, they may be
prompted to finally choose between donating to charity or adding the crop to the
community market. Schedule functionality may allow users to manually set their yield
for the upcoming month.

Some embodiments may include health functionality. Health functionality may show
users data and data visualizations of their health and food consumption. Schedule
functionality may show users how consuming farm produce and how new specific
crops can impact their personal health. Schedule functionality may encourage users
to modify their farm to align with their personal health needs. This may be done with
a conversational user interface to show users how their harvested produce, and how
specific crops can impact their personal health through plain language, conversational
interface (avoiding ambiguous numbers, charts, etc.), for example. Schedule
functionality may integrate third-party data to further optimize the users farm
configuration.

Some embodiments may include profile functionality. Profile functionality may provide
a profile capability outlining name, delivery address, charge card, billing address,

phone, email, etc. protected by a password of the user's choosing, for example.

Some embodiments may include production facility functionality. Production facility
functionality may include the seeding, propagating, growing, harvesting and packing
for shipment, then cleaning and preparing the farm for additional crops. This may be
presented as performance data or metrics based on customer orders and crop

consistency or quality metrics.

Some embodiments may include delivery functionality. Delivery functionality may
include, once the harvesting and packaging is complete, a traditional contract delivery

service or other service being utilized to deliver within the desired delivery radius.
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FIG. 29 shows a farm control method 2900 in a FaaS environment according to an
embodiment of the disclosure. User device 2800 and farm OS 2816 may perform farm
control method 2900 to effect control of the farm systems described herein based on

inputs made using Ul elements 2802-2812.

At 2902, user device 2800 may receive an input made by a user interacting with one
or more of Ul elements 2802-2812 from its input device(s) (e.g., touch screen, mouse,

keyboard, etc.).

At 2904, based on the interaction, user device 2800 may generate a configuration
message or active query. For example, if a user clicked on a Ul element requesting a
particular crop to be planted in their plot, the configuration message may contain
information identifying the user request, the crop to be planted, the plot in which the
crop is to be planted, and/or other information. In some embodiments, the

configuration message is a passive query.

In some cases, an active query may be generated to obtain images or other data.
Subscribers may have access to time-lapse and still pictures (in multiple wavelengths)
of their crops growing. The farm may image these plants multiple times in a week or
multiple times in a day, and are able to connect that data specifically to a single

person’s subscription.

Throughout the farm, each plant may be imaged multiple times a week using the
systems described herein. Each image may be linked to a specific place in the farm
and to the subscriber of that location. These images may be stored in image database
2814. If a given plant is “reassigned” due to a swap, skip, or donate, then each image
may be assigned to that new status. In sum, each image can be associated with a
specific plant, date, time and appropriate subscriber and status. Additionally or
alternatively, some embodiments may store other data (e.g., gathered by the sensors
and/or other equipment described above) in the same database 2814 or another

location and make this other data available for responses to active queries.

At 2906, user device 2800 may send the configuration message or active query to
farm OS 2816 of farm control 1600, and at 2908, farm OS 2816 may receive the
configuration message. For example, the message may be transmitted through a

public network such as the Internet, a private network, a combination thereof, or any
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other communication channel. In some embodiments, the configuration message is
sent from user device 2800 via the Internet to the AWS cloud then to farm OS 2816.

At 2910, farm OS 2816 may read the configuration message or active query and
control farm operation according to the content thereof. For example, if the
configuration message includes information directing a particular crop to be planted in
a plot assigned to a particular user, farm OS 2816 may control farm operations (e.g.,
as described herein) to plant that crop in that plot. In this way, some embodiments
described herein may realize remotely-controlled, user-directed farm control through

an app or other Ul

For example, farm OS 2816 may compare the "new" configuration message to the
already-stored configuration for that customer. The first time a customer chooses
plants for their plot, a configuration may be stored for that order in a memory
accessible to farm OS 2816. This is the initialized state or initial “as is” configuration
and may link the subscriber's profile to the specifics of the plot such as what type of
crops, quantities, schedules for delivery, etc. Any time a subscriber makes any
change, a configuration message is sent to communicate the desired, “to be”
configuration. When farm OS 2816 receives this message, it may compare the “to be”
with the “as is” message previously stored. Farm OS 2816 may parse any differences

and then make changes to the subscriber’s plot based on those differences.

If the new configuration message includes new crops or new quantities, farm OS 2816
may send commands to ground controller to schedule an autoseeder robot to plant
seeds for the new crop, then for the robot to move them from various areas within the
production facility (germination, propagation, main cultivation, end-stage cultivation)
for eventual harvesting and packaging. For example, a configuration message may
result in any of the following choices for each crop in the plot: add crop, view crop
(timelapse or still photography), adjust quantity, skip (no charge), swap, donate (pick

a charity from a list), sell, remove, and/or others.

In some specific examples, to which the embodiments described herein are not
necessarily limited in all cases, an adjusted quantity request could result in planting a
new sub-plot or could reassign an already-planted but non-assigned sub-plot to this
customer based on quantity or schedule. A skip command could cause the specific
sub-plot being skipped to be made available to another customer of the farm. A swap
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command could select other customers who wanted the sub-plot species and select
other customers who had a crop desired by this customer (e.g., | have too much basil
and would like to swap for mizuna, if available). A donate command could allow the
customer to pick a charity from a list to donate the crop. A sell command could place
the sub-plot on the internal market, that would let subscribers know the crop, quantity,
and availability date of the sale. A remove command could, for crops well into the
future (not already in process), allow such crops to be removed from this customer's
farm.

In the case of an active query for images (e.g., a request for the most recent photos
stored in image database 2814, farm OS 2816 may retrieve the already-acquired
photos of the specified plots and send them back to user device 2800, which may
display the requested photos. The pictures may be periodically acquired for each plot
and stored in image database 2814. Farm OS 2816 may access the specific images
database for that customer, then format the pictures (taken periodically of each sub-
plot) and send them back through the AWS Cloud and Internet to the app so the
customer can look through the sequence of pictures. Active queries for other data
gathered by other farm equipment and/or sensors as described above may be handled
similarly, with farm OS 2816 retrieving the requested data and sending it back to user

device 2800 for display.

In accordance with these commands, farm control 1600 may control the overall farm
operation. Farm control 1600 may allow the ground controller to manage the frogs, but
may issue the overall tasks to the ground controller, such as “move seeded grow
boards A & B to column X in pod 2, CC 4.” Farm control 1600 may also run the non-
frog automation for the crop plan (recipe), which may include, for example, timing for
each crop/stage, lighting levels and spectrum for each crop/stage, water conditions for
each crop/stage, HVAC for each crop/stage, nutrient levels for each crop/stage,
microbiome for each crop/stage, water cycle for each crop/stage, and/or other
parameters. The ground controller may control the mission of the frogs in either mode,
MAQS (movement of grow boards and/or light modules) or VAQS (visual acquisition
system), as described in detail herein.

Returning to the example of FIG. 28, user device 2800 may present one or more of Ul

elements 2802-2812 to the user. Ul elements 2802-2812 are presented conceptually
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herein, to illustrate some examples of functionality that may be provided through farm
control method 2900. It will be understood to those of ordinary skill in the art that no
specific Ul arrangement or appearance is expressed or implied by the description of
user device 2800, and the disclosure is not limited thereto.

User device 2800 may include whole farm interface 2802. A user may enter a
command to display the whole farm screen. In performing farm control method 2900,
user device 2800 may request farm data from farm OS 2816, farm image database
2814, and/or other components of farm control 1600. Farm OS 2816, farm image
database 2814, and/or other components of farm control 1600 may reply to the request
with the requested farm data. Whole farm interface 2802 may use the farm data to
allow the user to visualize the entire farm, to see all the various crops being actively
grown to provide context, and a full view of the farm’s production capacity, for example.

User device 2800 may include your farm interface 2804. Your farm interface 2804 may
include several screens or Ul elements enabling control of various farm activities using
farm control method 2900.

For example, these elements may include scheduling element 2806. This may provide
a calendar view or other view, where information about recurring or upcoming activities
may be viewed and/or altered. For example, a user can enter commands to see crops
by week or other time period and/or data related thereto (e.g., cost of subscription),
add crops for a given time period, donate crops to selected charities for a given time
period, skip crops for a given time period, swap crops with another subscriber for a
given time period, sell crops on a market (e.g., within the app) for a given time period,
remove crops for a given time period, request specific mixing and/or packaging of
products for a given time period. Making any of these selections can trigger farm
control method 2900 and thereby alter planting and/or harvesting activities of the farm.
Alternatively and/or additionally, this functionality may be provided by make changes

element 2810, described below.

The elements may include create element 2808. Here, a user may enter commands
to establish their plot and/or its initial characteristics. For example, the user can select
a crop or crops to include in their plot. This selection can trigger farm control method
2900 and thereby alter planting and/or harvesting activities of the farm. Thus, the
specific planting, maintenance, and harvesting activities performed within the farm
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according to the description herein are done so in response to user commands made
at the start of farm control method 2900.

The elements may include make changes element, 2810, which may allow a user to
configure and/or manage their plot. For example, a user can select crops or groups
thereof to add to the plot after it has been established, adjust quantities, timing of
harvest and/or delivery, and/or other changes. As noted above, a user can enter
commands to see crops by week or other time period and/or data related thereto (e.g.,
cost of subscription), add crops for a given time period, donate crops to selected
charities for a given time period, skip crops for a given time period, swap crops with
another subscriber for a given time period, sell crops on a market (e.g., within the app)
for a given time period, remove crops for a given time period, request specific mixing
and/or packaging of products for a given time period. As with the create element 2808,
commands entered herein can trigger farm control method 2900 and thereby alter
planting and/or harvesting activities of the farm. Thus, the specific planting,
maintenance, and harvesting activities performed within the farm according to the
description herein are done so in response to user commands made at the start of
farm control method 2900.

The elements may include get info element 2812, which may allow a user to obtain
information about their plot and/or other elements of the farm. For example, a user can
see provides when a crop was planted, harvest in x days, nutrition per 100 g (calories,
carbs, fiber, niacin, vitamins), taste, sample recipes, and real time-lapse video and or
imagery (e.g., from farm image database 2814), and 3D render of product, for
example. 3D renderings of the plants may be used in the app to display the plant to a
subscriber who is thinking of subscribing to the plant. This rendering may rotate while
the nutritional and productivity data regarding the plant is also displayed, for example.
Once someone decides to plant that plot in their farm, they may be able to view the
time-lapse video (compilation of images) of their crops growing. Information displayed
may also include recommendations to improve nutrition and health, based on crops
available in the farm (e.g., recommendation to add a certain plant) and/or based on
other health concerns or attributes.

Note that while many of the above processes are performed in response to user

commands, some activities of the FaaS system may be automated. For example, user
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device 2800 and farm OS 2816 may periodically or occasionally update status
between them. For example, farm OS 2816 may routinely update the status of each
plot to user device 2800 so the Ul will have the latest data regarding schedule of
deliveries, weekly schedule, etc., and be responsive to the user for routine items. As
the status of plants changes within the farm, those events may be placed on an event
bus of Farm OS 2816. Periodically, farm OS 2816 and user device 2800 may share
exchange tokens so that the Ul is prepared with updated information when needed by
the subscriber.

As another automated example, farm OS 2816 may contact a delivery service to pick
up the harvested / packaged products and deliver them on schedule to the customer’'s
location or integrate to post processing of a customer facility if co-located onsite. Farm
OS 2816 may be aware of the status of each plant in each position on a grow board.
This status may include what variety of plant, when planted, when scheduled for
harvest, subscriber information, and status. When scheduled, a production run of farm
OS 2816 may decide which plants are scheduled to be harvested, washed and
packaged for each subscriber, technology licensee customer, or other recipient. A
subset of this information may be supplied to the delivery service to prepare them for
scheduled pickup and delivery. When the scheduled day comes, the production run
may be executed by farm OS 2816, and therefore the equipment of the farm, and the
plants may be harvested, washed and packaged for delivery or pickup. When the
pickup occurs, subscribers may be advised that the delivery is in process via user
device 2800 Ul elements.

FIG. 30 shows a computing device 3000 according to an embodiment of the
disclosure. For example, computing device 3000 may function as user device 2800
and/or one or more computers providing farm OS 2816 and farm control 1600. While
a single computing device 3000 is shown for ease of explanation, it will be understood
that the components and functionalities provided by the example computing device
300 may be spread among multiple physical devices (e.g., a user device and a farm
control device in communication through a network), which each may have some or
all of the described components and functionalities individually or in a shared capacity.

Computing device 3000 may be implemented on any electronic device that runs

software applications derived from compiled instructions, including without limitation
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personal computers, servers, smart phones, media players, electronic tablets, game
consoles, email devices, etc. In some implementations, computing device 3000 may
include one or more processors 3002, one or more input devices 3004, one or more
display devices 3006, one or more network interfaces 3008, and one or more
computer-readable mediums 3010. Each of these components may be coupled by bus
3012, and in some embodiments, these components may be distributed among
multiple physical locations and coupled by a network.

Display device 3006 may be any known display technology, including but not limited
to display devices using Liquid Crystal Display (LCD) or Light Emitting Diode (LED)
technology. Processor(s) 3002 may use any known processor technology, including
but not limited to graphics processors and multi-core processors. Input device 3004
may be any known input device technology, including but not limited to a keyboard
(including a virtual keyboard), mouse, track ball, and touch-sensitive pad or display.
Bus 3012 may be any known internal or external bus technology, including but not
limited to ISA, EISA, PCI, PCI Express, NuBus, USB, Serial ATA or FireWire. In some
embodiments, some or all devices shown as coupled by bus 3012 may not be coupled
to one another by a physical bus, but by a network connection, for example. Computer-
readable medium 3010 may be any medium that participates in providing instructions
to processor(s) 3002 for execution, including without limitation, non-volatile storage
media (e.g., optical disks, magnetic disks, flash drives, etc.), or volatile media (e.g.,
SDRAM, ROM, etc.).

Computer-readable medium 3010 may include various instructions 3014 for
implementing an operating system (e.g., Mac OS®, Windows®, Linux). The operating
system may be multi-user, multiprocessing, multitasking, multithreading, real-time,
and the like. The operating system may perform basic tasks, including but not limited
to: recognizing input from input device 3004; sending output to display device 3006;
keeping track of files and directories on computer-readable medium 3010; controlling
peripheral devices (e.g., disk drives, printers, etc.) which can be controlled directly or
through an 1/O controller; and managing traffic on bus 3012. Network communications
instructions 3016 may establish and maintain network connections (e.g., software for
implementing communication protocols, such as TCP/IP, HTTP, Ethernet, telephony,
etc.).

50



WO 2022/066753 PCT/US2021/051534

Ul functionality 3018 may provide Ul elements 2802-2812 as described above. Farm
OS functionality 3020 may provide farm OS 2816 features described above.
Application(s) 3022 may be an application that uses or implements the processes
described herein and/or other processes. In some embodiments, the various

processes may also be implemented in operating system 3014.

The described features may be implemented in one or more computer programs that
may be executable on a programmable system including at least one programmable
processor coupled to receive data and instructions from, and to transmit data and
instructions to, a data storage system, at least one input device, and at least one output
device. A computer program is a set of instructions that can be used, directly or
indirectly, in a computer to perform a certain activity or bring about a certain result. A
computer program may be written in any form of programming language (e.g.,
Objective-C, Java), including compiled or interpreted languages, and it may be
deployed in any form, including as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use in a computing environment.

Suitable processors for the execution of a program of instructions may include, by way
of example, both general and special purpose microprocessors, and the sole
processor or one of multiple processors or cores, of any kind of computer. Generally,
a processor may receive instructions and data from a read-only memory or a random
access memory or both. The essential elements of a computer may include a
processor for executing instructions and one or more memories for storing instructions
and data. Generally, a computer may also include, or be operatively coupled to
communicate with, one or more mass storage devices for storing data files; such
devices include magnetic disks, such as internal hard disks and removable disks;
magneto-optical disks; and optical disks. Storage devices suitable for tangibly
embodying computer program instructions and data may include all forms of non-
volatile memory, including by way of example semiconductor memory devices, such
as EPROM, EEPROM, and flash memory devices, magnetic disks such as internal
hard disks and removable disks; magneto-optical disks; and CD-ROM and DVD-ROM
disks. The processor and the memory may be supplemented by, or incorporated in,

ASICs (application-specific integrated circuits).
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To provide for interaction with a user, the features may be implemented on a computer
having a display device such as an LED or LCD monitor for displaying information to
the user and a keyboard and a pointing device such as a mouse or a trackball by which
the user can provide input to the computer.

The features may be implemented in a computer system that includes a back-end
component, such as a data server, or that includes a middleware component, such as
an application server or an Internet server, or that includes a front-end component,
such as a client computer having a graphical user interface or an Internet browser, or
any combination thereof. The components of the system may be connected by any
form or medium of digital data communication such as a communication network.
Examples of communication networks include, e.g., a telephone network, a LAN, a
WAN, and the computers and networks forming the Internet.

The computer system may include clients and servers. A client and server may
generally be remote from each other and may typically interact through a network. The
relationship of client and server may arise by virtue of computer programs running on
the respective computers and having a client-server relationship to each other.

One or more features or steps of the disclosed embodiments may be implemented
using an API and/or SDK, in addition to those functions specifically described above
as being implemented using an API| and/or SDK. An API may define one or more
parameters that are passed between a calling application and other software code
(e.g., an operating system, library routine, function) that provides a service, that
provides data, or that performs an operation or a computation. SDKs can include APIs
(or multiple APIs), integrated development environments (IDEs), documentation,
libraries, code samples, and other utilities.

The APl and/or SDK may be implemented as one or more calls in program code that
send or receive one or more parameters through a parameter list or other structure
based on a call convention defined in an API and/or SDK specification document. A
parameter may be a constant, a key, a data structure, an object, an object class, a
variable, a data type, a pointer, an array, a list, or another call. API and/or SDK calls
and parameters may be implemented in any programming language. The
programming language may define the vocabulary and calling convention that a
programmer will employ to access functions supporting the APl and/or SDK.
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In some implementations, an API and/or SDK call may report to an application the
capabilities of a device running the application, such as input capability, output

capability, processing capability, power capability, communications capability, etc.

While various embodiments have been described above, it should be understood that
they have been presented by way of example and not limitation. It will be apparent to
persons skilled in the relevant art(s) that various changes in form and detail can be
made therein without departing from the spirit and scope. In fact, after reading the
above description, it will be apparent to one skilled in the relevant art(s) how to
implement alternative embodiments. For example, other steps may be provided, or
steps may be eliminated, from the described flows, and other components may be
added to, or removed from, the described systems. Accordingly, other
implementations are within the scope of the following claims.

In addition, it should be understood that any figures which highlight the functionality
and advantages are presented for example purposes only. The disclosed methodology
and system are each sufficiently flexible and configurable such that they may be
utilized in ways other than that shown.

Although the term “at least one” may often be used in the specification, claims and

[IP S T » o

drawings, the terms “a”, “an”, “the”, “said”, etc. also signify “at least one” or “the at least

one” in the specification, claims and drawings.

Finally, it is the applicant's intent that only claims that include the express language
"means for" or "step for" be interpreted under 35 U.S.C. 112(f). Claims that do not
expressly include the phrase "means for" or "step for" are not to be interpreted under
35 U.S.C. 112(f).
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CLAIMS

What is claimed is:

1. An automatic vertical farming system comprising:

a frame defining at least one growth area and configured to support a plurality
of vertical plant growth structures within the at least one growth area such that for
each of the vertical plant growth structures, a plane defining a growth surface area
from which plant stems emerge is oriented vertically with respect to the frame;

at least one piece of farming equipment configured to plant crops within the at
least one growth area, maintain the crops within the at least one growth area,
harvest the crops within the at least one growth area, or a combination thereof; and

a control system including at least one processor in communication with at
least one network, the at least one processor being configured to receive a
configuration message from a remote computing device through the at least one
network and automatically control the at least one piece of farming equipment

according to content of the configuration message.

2. The system of claim 1, wherein:

the remote computing device is associated with a user,

the control system is further configured to assign a portion of the at least one
growth area to the user; and

the at least one processor is configured to automatically control the at least
one piece of farming equipment according to content of the configuration message to

manipulate the portion of the at least one growth area assigned to the user.

3. The system of claim 1, further comprising at least one sensor configured to
capture data about the crops within the at least one growth area, wherein the at least
one processor is configured to transmit the data about the crops within the at least
one growth area to the remote computing device through the at least one network.

4. The system of claim 1, further comprising a non-transitory computer readable
medium storing instructions that, when executed by a circuit of the remote computing
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device, cause the remote computing device to provide a user interface by which the
configuration messages are initiated.

5. The system of claim 1, wherein the at least one piece of farming equipment
comprises at least one of;

at least one light coupled to the frame and configured to illuminate the at least
one growth area;

at least one liquid conduit coupled to the frame and configured to supply liquid
to and from the at least one growth area;

at least one gas conduit coupled to the frame and configured to supply gas to
and from the at least one growth area; and

at least one robot disposed on a top side of the frame and movably supported
by the frame, wherein the top side of the frame is above the at least one growth area
and the robot is movably supported so that it is movable to traverse the at least one
growth area above the at least one growth area, the at least one robot comprising at
least one tool configured to manipulate the plurality of vertical plant growth

structures.

6. The system of claim 5, wherein the at least one tool comprises at least one of:

a tool configured to move the at least one comb or at least one puck module
into the at least one of the plurality of spaces, out of the at least one of the plurality of
spaces, or from one of the at least one of the plurality of spaces to another of the at
least one of the plurality of spaces;

at least one sensor, wherein the at least one processor is configured to
receive sensor data from the at least one sensor and control at least one of the
illumination, liquid flow, gas flow, and robot operation based on the sensor data and
the content of the configuration message;

a claw configured to grip, raise, and lower at least one of the plurality of
vertical plant growth structures;

a cleaning tool;

a seeding tool;

a facility-construction tool,

a light movement tool;
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a fluidics movement tool;
a trimming tool,

a manicuring tool;

a pollination tool; and

a harvesting tool

7. The system of claim 1, further comprising at least one of the plurality of vertical
plant growth structures.

8. The system of claim 7, wherein the at least one vertical plant growth structure
includes a growth module or vertical comb frame defining a plurality of spaces each
configured to accept a single puck module.

9. The system of claim 8, further comprising at least one puck module disposed in at
least one of the plurality of spaces.

10. The system of claim 9, wherein the at least one puck module includes at least
one of a growth puck module including a plant growth medium disposed therein, a
sensor puck module including at least one sensor disposed therein, and a spacer

puck module.

11. The system of claim 10, further comprising at least one plant disposed in the
plant growth medium.

12. The system of claim 10, wherein the at least one processor is configured to
receive sensor data from the at least one sensor and control at least one of the
illumination, liquid flow, gas flow, and robot operation based on the sensor data and
the content of the configuration message.

13. The system of claim 1, wherein the at least one processor includes at least one

of a processor disposed on each robot, a processor located in a same facility as the
frame, and a cloud-based processor.
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14. The system of claim 1, wherein the at least one growth area includes two areas
per vertical plant growth structure such that a root side of a plant in the vertical plant
growth structure is disposed in a first one of the areas and a leaf side of the plant in
the vertical plant growth structure is disposed in a second one of the areas.

15. An automatic farm control method comprising:

receiving, by a control system including at least one processor in
communication with at least one network, a configuration message from a remote
computing device through the at least one network; and

automatically controlling, by the control system, at least one piece of farming
equipment according to content of the configuration message, wherein the at least
one piece of farming equipment is configured to plant crops within at least one
growth area, maintain the crops within the at least one growth area, harvest the
crops within the at least one growth area, or a combination thereof in response to the
controlling, within a frame defining the at least one growth area and configured to
support a plurality of vertical plant growth structures within the at least one growth
area such that for each of the vertical plant growth structures, a plane defining a
growth surface area from which plant stems emerge is oriented vertically with

respect to the frame.

16. The method of claim 15, wherein:

the remote computing device is associated with a user,;

the method further comprises assigning, by the control system, a portion of
the at least one growth area to the user; and

The automatic control of at least one piece of farming equipment according to
the content of the configuration message manipulates the portion of the at least one

growth area assigned to the user.

17. The method of claim 15, further comprising

capturing, by at least one sensor, data about the crops within the at least one
growth area; and

transmitting, by the control system, the data about the crops within the at least
one growth area to the remote computing device through the at least one network.
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18. The method of claim 15, further comprising causing the remote computing

device to provide a user interface by which the configuration messages are initiated.

19. The method of claim 15, wherein the automatically controlling comprises:

automatically controlling, by the control system, illumination by at least one
light coupled to the frame and configured to illuminate the at least one growth area;

automatically controlling, by the control system, liquid flow through at least
one liquid conduit coupled to the frame and configured to supply liquid to and from
the at least one growth area;

automatically controlling, by the control system, gas flow through at least one
gas conduit coupled to the frame and configured to supply gas to and from the at
least one growth area; and

automatically controlling, by the control system, operation of at least one robot
disposed on a top side of the frame and movably supported by the frame, or another
frame, wherein the top side of the frame is above the at least one growth area and
the robot is movably supported so that it is movable to traverse the at least one
growth area above the at least one growth area, the at least one robot comprising at

least one tool configured to manipulate the plurality of vertical plant growth structures

20. The method of claim 15, wherein:

the at least one growth area further comprises at least one of the plurality of
vertical plant growth structures;

the at least one vertical plant growth structure includes a growth module or
vertical comb frame defining a plurality of spaces each configured to accept a single
puck module of a plurality of puck modules including at least one of a growth puck
module including a plant growth medium disposed therein, a sensor puck module
including at least one sensor disposed therein, and a spacer puck module; and

the method further comprises receiving, by the control system, sensor data
from at least one sensor and controlling at least one of the illumination, liquid flow,
gas flow, and robot operation based on the sensor data and the content of the

configuration message.
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