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(57) ABSTRACT

The present disclosure describes methods and apparatus for
remote sensing with data analytics. The methods and appa-
ratus have many applications including monitoring the qual-
ity of grain during storage and/or transport. The present
disclosure describes a way to collect temperature and other
environmental data to describe and predict quality of stored
grains, current and future, based on a myriad factors includ-
ing fumigation, external temperature and humidity, in stor-
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FIG. 13
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METHOD AND APPARATUS FOR REMOTE
MONITORING AND MANAGEMENT OF
STORAGE USING MACHINE LEARNING

AND DATA ANALYSTICS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 62/636,087, filed Feb. 27, 2018, the con-
tents of which are incorporated herein by reference in their
entirety for all purposes.

FIELD

[0002] The present patent document relates generally to
sensors and data analytics and, more particularly, to a system
that enables monitoring, logging, and/or acting on sensory
data using data analytics and a sensor structure uniquely
well-suited to crop storage applications, and 1n particular,
grain storage. Some aspects of this disclosure improve ease
ol monitoring grain 1n storage, reducing quality degradation
of stored grain, and optimizing decisions related to the
purchase and sale of grains.

BACKGROUND

[0003] With the world population expected to increase to
over nine billion people within the next thirty years, global
food supplies will need to increase by 60% to ensure food
security. Maximizing the efliciency of food production
requires end-to-end management of agriculture from crop
production through post-harvest. However, 1t 1s estimated
that 1.3 billion tons of food is lost or wasted every year
between harvest and consumption.

[0004] Cereal grains are estimated to supply half of the
world’s calorie intake, so even a small amount of post-
harvest losses represents a significant loss 1n available food.
Estimates of cereal post-harvest losses range between 2-10%
of total production, varying based on region. Since grain 1s
typically harvested once or twice a year but consumed
year-round, long-term storage of harvests 1s critical to the
overall grain value chain. Reducing grain losses during
storage represents a reduction in waste of water, energy, and
available food. Developing solutions to reduce storage
losses 1s important 1n combating food waste and improving
global food secunty.

[0005] Food loss consists of quantity losses as well as
quality losses. Quality losses include loss of nutritional
value, damage, change in nutritional composition, and
reductions 1n processing vields. Quantity losses are actual
reductions 1n total weight. Unfavorable storage conditions
lead to 1nsect infestation, mold growth, and rodent damage,
which are major causes of both quality and quantity losses.
[0006] Corn, soybeans, and rice are three important crops
for American farmers, each of which are susceptible to
significant post-harvest loss during storage. For example,
rice 1s one of the most important crops grown 1n Califorma’s
Sacramento valley and more than 40 million hundred-
weights (equivalent to roughly 1.8 billion kg) of rice are
produced every year. Rice 1s harvested when moisture
ranges between 18% to 22% but 1t 1s dried down to 13% to
14% to for safe, long-term storage. Rice needs to be main-
tained at an appropriate temperature and moisture to pre-
serve 1ts quality. In fact, according to a survey conducted by
the University of California Cooperative Extension of rice

Aug. 29, 2019

storage facilities, on-farm operations 1dentified maintaining
appropriate grain moisture as one ol the most important
problems respondents faced, followed by insect infestation
and grain temperature. Biological degradation can also
negatively aflect the rice grade. High grain temperatures and
moistures provide optimal conditions for mold growth and
insect iniestation, which can lead to a loss 1n grade of rice,
and may also cause odors that can further reduce the value
ol rice.

[0007] The same issues apply to corn and soybeans, which
are the major crops grown in the Midwest. For example,
moisture levels 1n harvested soybeans greatly influence the
profitability and quality of the product. Beans delivered
above or below 13% moisture can lose potential profit. At
greater than 13% moisture, there 1s a moisture dock on the
scale ticket for delivering wet beans, resulting 1n a lower
price per bushel. At less than 13% moisture, profit 1s lost
because the reduced weight means there are fewer bushels
measured from a given volume of grain—the farmer does
not get paid for the weight of the moisture that 1s missing.

[0008] A common method for monitoring the condition of
stored product utilizes temperature cables 1n storage struc-
tures and probing of grain for moisture content before
delivery. Some medium and large sized American farms are
fitted with sensor cables to momtor the temperature and
moisture. However, these technologies lack predictive
insight and require significant labor resources to operate,
which often precludes full realization of potential gains in
elliciency and profitability. To detect a pocket of spoiling
grain, commonly referred to as a hotspot, moisture content
temperature must be measured 1n or near the spoilage
because moisture and heat do not diffuse outward readily.
Deterioration occurring in the stored grain over half of a
meter away from the temperature sensor could proceed 1nto
advanced stages before any noticeable rise 1n temperature 1s
recorded. Hence, alternative methods of detection need to be
developed and incorporated into stored grain management
protocols that enable detection of the onset of biological
activity in a timelier manner. The early detection of grain
spoilage will limit product damage and help prevent dan-
gerous mycotoxins 1n the food chain, which can cause death
and disease 1n humans and animals. Early detection will also
help avoid financial loss by allowing the application of
timely and appropriate control measures. Thus, new sensor
apparatuses and systems are useful to mitigate these 1ssues.

[0009] Improved methods and systems for data collection
are also needed to prevent a negative impact from post-
harvest loss on quality and profitability. Currently, data are
often collected from grain silos manually. For example,
some grain silos have hanging thermocouples that require
manual data collection. There are mechamisms to monitor
grain spoilage by detecting changes 1n temperature, typically
using sensor cables, but these technologies are real-time and
lack predictive insight. They can give alerts once the tem-
perature reaches a high enough value to indicate a problem,
but often 1t 1s too late, and the grains are already spoiled by
the time the alert 1s observed. Temperature data collected by
these thermocouples are generally leit as raw data, subject to
interpretation and not made nto an actionable format for
users. An operator using this technology 1s left using their
intuition and best guess for such critical operational deci-
s10ns as running aeration fans, blending, or moving the grain
to a new storage structure. There 1s a need for a more
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comprehensive solution that can aggregate data from mul-
tiple sensors, allow better central monitoring, and predict
problems before they occur.

[0010] Finally, there 1s no one single, uniform metric that
determines grain quality. The United States Department of
Agriculture has established grades and standards that allow
importers to gauge the quality of American grain. However,
the grades do not provide detailed information that 1s often
important to processors, such as nutritional composition,
free fatty acid content (for soybeans), or falling number (for
wheat). The use of these grades denies growers of any
premiums and processors from being able to provide exact
specifications in their bids. An objective measurement 1s
needed that allows quality assessment at a ligh level of
detail, which can also allow direct comparison between
different grain types and varieties.

SUMMARY

[0011] Improved systems, methods, and apparatuses are
disclosed that enable facile monitoring of grain stored in a
storage environment. The systems utilize sensor units that
can communicate data to and from a gateway over a first
network. The systems also utilize a second network to
communicate data between the gateway and a cloud com-
puting system. The cloud computing system performs analy-
si1s on the environmental data collected by the sensors,
thereby providing predictive analytics that can be used for
responsive automation. The apparatuses, systems, and meth-
ods disclosed herein represent a significant advancement
over those currently used 1n the field of grain storage and
monitoring.

[0012] Inone aspect of the present disclosure, a system for
monitoring stored grain 1s provided. The system comprises
a sensor unit located in a grain storage environment that
detects an environmental variable from the grain storage
environment, generates environmental data based on the
environmental variable, and the sends environmental data.
The system also comprises a gateway that receives the
environmental data, and sends the environmental data to a
cloud computing system. The system also comprises a cloud
computing system that receives the environmental data,
analyzes the environmental data, and generates an output.
The system also comprises a first network that communi-
cates the environmental data from the sensor unit to the
gateway. The system also comprises a second network that
communicates the environmental data from the gateway to
the cloud computing system. The system performs the
following functions: the gateway sends the environmental
data generated by the sensor to the cloud computing system;
the cloud computing system stores the environmental data
over time, thereby generating a historical environmental
data set; and the cloud computing system applies a trained
algorithm to the historical environmental data set, thereby
generating an output. The environmental data comprises at
least one of the following: a temperature value, a humidity
value, an oxygen value, a carbon dioxide value, a phosphine
value, an ethylene value, a pressure value, and an acoustic
value. The output comprises predictive data and/or an objec-
tive measure of grain quality.

[0013] In another embodiment, the first network com-
prises a first wireless network that operates at one or more
communication frequencies.

[0014] In another embodiment, the one or more commu-
nication frequencies 1s between 400 MHz and 2.5 GHz.
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[0015] In another embodiment, the one or more commu-
nication frequencies 1s at least one of the following: 2.4
GHz, 915 MHz, 900 MHz, 868 MHz, and/or 433 MHz.
[0016] In another embodiment, the system comprises a
plurality of sensors units, the first network 1s a meshing
wireless network, and each sensor unit of the plurality of
sensor units functions as a node for the meshing wireless
network.

[0017] In another embodiment, the system comprises a
plurality of sensors units, the first network 1s a meshing
wireless network, and each sensor unit of the plurality of
sensor units functions as a node for the meshing wireless
network; and the one or more communication frequencies 1s

at least one of the following: 2.4 GHz, 915 MHz, 900 MHz,
868 MHz, and/or 433 MHz.

[0018] In another embodiment, the first wireless network
utilizes at least one of the following protocols: ZigBee,
/-Wave, Thread, Bluetooth mesh, or Wi-Fi1 mesh.

[0019] In another embodiment, the system further com-
prises (1) a repeater unit that receives the environmental data
from the sensor unit and sends the environmental data to the
gateway; wherein the first network communicates the envi-
ronmental data from the sensor unit to the repeater and from
the repeater to the gateway.

[0020] In another embodiment, the gateway connects to
the second network using at least one of the following: an
internet connection, a cellular connection, and a satellite
connection.

[0021] In another embodiment, the gateway comprises a
mobile phone.
[0022] In another embodiment, the output 1s accessible via

a user interface.

[0023] In another embodiment, the user interface com-
prises a personal computer or a mobile phone.

[0024] In another embodiment, the user interface com-
prises a native application and/or a web-based application.
[0025] In another embodiment, the output comprises a
Grain Storage Quality Index (GSQI) value corresponding to
the quality of the grain in the storage environment.

[0026] In another embodiment, the system comprises a
plurality of sensor units and at least one of the sensor units
comprises a wireless junction box.

[0027] In another embodiment, the trained algorithm 1s
trained using an artificial intelligence modality.

[0028] In another embodiment, the trained algorithm 1is
trained using machine learning.

[0029] In another aspect of the present disclosure, a
method of monitoring grain 1n a grain storage environment
1s provided. The method utilizes a sensor located 1n the grain
storage environment that detects one or more environmental
variables from the grain storage environment and generates
environmental data based on the one or more environmental
variables. The method also utilizes a gateway that receives
the environmental data, and sends the environmental data.
The method also utilizes a cloud computing system that
receives the environmental data from the gateway, stores the
environmental data, thereby generating a historical environ-
mental data set, applies a trained algorithm to the historical
environmental data set, and generates an output. The method
also utilizes a first network that communicates the environ-
mental data from the sensor to the gateway. The method also
utilizes a second network that communicates the environ-
mental data from the gateway to the cloud computing
system. The method comprises receiving the first environ-
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mental data set comprising data corresponding to environ-
mental variables within the grain storage environment at a
first time point and/or time period. The method also com-
prises analyzing the first environmental data set using a first
set of conditions. The method also comprises determining 11
the first environmental data set satisfies the first set of
conditions. The method also comprises repeating steps (a)-
(¢) using a plurality of environmental data sets, each of the
plurality of environmental data sets comprising data corre-
sponding to environmental variables within the grain storage
environment at a unique time point and/or time period, and
cach of the plurality of environmental data sets 1s compared
to a corresponding set of conditions. The method also
comprises automatically mitiating a downstream process if
a predetermined number of consecutive environmental data
sets exceeds their corresponding set of threshold values. The
environmental data comprises and at least one of the fol-
lowing: temperature data, humidity data, oxygen data, car-
bon dioxide data, phosphine data, pressure data, and ethyl-
ene data.

[0030] In another embodiment, the environmental data
comprises at least one of the following: temperature data and
humidity data.

[0031] In another embodiment, the environmental data
comprises temperature data and at least one of the following:
humidity data, oxygen data, carbon dioxide data, phosphine
data, pressure data, and ethylene data.

[0032] In another embodiment, the environmental data
comprises temperature data.

[0033] In another embodiment, environmental data 1s
saved by the cloud computing system, thereby generating
and 1teratively updating a historical data set, and each set of
conditions 1s determined, 1n part, by analysis of the historical
data sef.

[0034] In another embodiment, the downstream process
comprises presentation of an audio alert, a visual alert,
and/or a notification.

[0035] In another embodiment, the downstream process
comprises providing suggested actions to modily the grain
storage environment, including suggestions relating to at
least one of the following adjusting fans, adjusting vents,
stirring the grain, and adjusting fumigation parameters.
[0036] In another embodiment, the downstream process
comprises sending provisioning data to an actuator that
manipulates a device in response to the provisioning data,
thereby causing a change in the grain storage environment.
[0037] In another embodiment, the change in the grain
storage environment comprises at least one of the following:
(a) a change i temperature of the grain storage environ-
ment, (b) a change 1n level of aeration of the grain storage
environment, (¢) a change 1 amount and/or duration of
fumigation of the grain storage environment; (d) a stirring of
the grain 1n the grain storage environment.

[0038] In another embodiment, the trained algorithm 1is
trained using an artificial intelligence modality.

[0039] In another embodiment, the trained algorithm 1s
trained using machine learning.

[0040] In another aspect of the present disclosure, a
method of monitoring grain in a grain storage environment.
The method utilizes a sensor located in the grain storage
environment that detects one or more environmental vari-
ables from the grain storage environment and generates a
detected environmental data set based on the one or more
environmental variables. The method also utilizes a gateway
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that receives the detected environmental data set, and sends
the detected environmental data set. The method also utilizes
a cloud computing system that receives the detected envi-
ronmental data set from the gateway, stores a historical
environmental data set, applies a tramned algorithm to the
historical environmental data set, generates a predicted
environmental data set, and generates an output. The method
also utilizes a first network that communicates the environ-
mental data from the sensor to the gateway. The method also
utilizes a second network that communicates the environ-
mental data from the gateway to the cloud computing
system. The method comprises receiving the detected envi-
ronmental data set from the gateway. The method also
comprises applying the trained algorithm to a prediction data
set comprising a historical environmental data set thereby
generating a predicted environmental data set. The method
also comprises comparing the predicted environmental data
set to the detected environmental data set, thereby generat-
ing a differential value set. The method also comprises
analyzing the differential value set using a set of conditions.
The method also comprises 1f the differential value set
satisfies the set of conditions, automatically imitiating a
downstream process. The detected environmental data set
and the historical environmental data set each comprise at
least one of the following: temperature data, humidity data,
oxygen data, carbon dioxide data, phosphine level data, and
cthylene data. The historical environmental data set com-
prises environmental data previously generated by the sen-
sor corresponding to the one or more environmental vari-
ables.

[0041] In another embodiment, the prediction data set
further comprises an external predicted environmental data
set acquired from an external source.

[0042] In another embodiment, the external source com-
prises a local weather forecast.

[0043] In another embodiment, the external predicted
environmental data set comprises at least one of the follow-
ing: temperature data, humidity data, and pressure data.
[0044] In another embodiment, the external predicted
environmental data set comprises temperature data and
humidity data.

[0045] In another embodiment, the detected environmen-
tal data set and the historical environmental data set each
comprise at least one of the following: temperature data and
humidity data.

[0046] In another embodiment, the detected environmen-
tal data set and the historical environmental data set each
comprise at least one of the following: temperature data,
humidity data, oxygen data, carbon dioxide data, phosphine
data, and ethylene data.

[0047] In another embodiment, the detected environmen-
tal data set and the historical environmental data set each
comprise temperature data.

[0048] In another embodiment, the detected environmen-
tal data set and the historical environmental data set each
comprise temperature data and humidity data.

[0049] In another embodiment, the downstream process
comprises presentation of an audio alert, a visual alert,
and/or a notification.

[0050] In another embodiment, the downstream process
comprises providing suggested actions to modily the grain
storage environment, including suggestions relating to at
least one of the following adjusting fans, adjusting vents,
stirring the grain, and adjusting fumigation parameters.
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[0051] In another embodiment, the downstream process
comprises sending provisioning data to an actuator that
manipulates a device in response to the provisioning data,
thereby causing a change in the grain storage environment.
[0052] In another embodiment, the change in the grain
storage environment comprises at least one of the following:
(a) a change 1n temperature of the grain storage environ-
ment, (b) a change 1n level of aeration of the grain storage
environment, (¢) a change 1 amount and/or duration of
fumigation of the grain storage environment; (d) a stirring of
the grain 1n the grain storage environment.

[0053] In another embodiment, the trained algorithm is
trained using an artificial intelligence modality.

[0054] In another embodiment, the trained algorithm is
trained using machine learning.

[0055] In another aspect of the present disclosure, a sensor
pod for detecting information about characteristics of an
environment 1s provided. The sensor pod comprises a three-
dimensional round enclosure. The three-dimensional round
enclosure has at least one cross section that 1s circular or
approximately circular. The three-dimensional round enclo-
sure containing at least the following: a power supply; a
memory; a processor configured to execute instructions in
the memory and to read and write data to and from the
memory; a radio receiver; a radio transmitter; an antenna
configured to wirelessly transmit data and receive data; and
one or more sensors. The one or more sensors comprise at
least one of the following: a temperature sensor, a humidity
sensor, an oxygen sensor, a carbon dioxide sensor, a phos-
phine sensor, an acoustic sensor, an ethylene sensor, a
positioning sensor, an accelerometer, and a pressure sensor.
The power supply 1s operably coupled to the memory chip,
the processor, the radio receiver, the radio transmitter, and
the one or more sensors. The memory chip 1s operably
coupled to the processor, the radio receiver, the radio trans-
mitter, and the one or more sensors. The processor 1s
operably coupled to the radio receiver, the radio transmutter,
and the one or more sensors. The antenna 1s operably
coupled to the radio transmitter and the radio receiver. The
sensor pod also comprises an on-ofl switch. The on-off
switch 1s operably coupled to the power supply. The three-
dimensional round enclosure comprises a permeable area,
thereby allowing the one or more sensors to detect the
environment.

[0056] In another embodiment, the sensor pod further
comprises one or more external sensors not contained within
the three-dimensional round enclosure, wherein data 1s col-
lected by the sensor pod from the one or more external
sensors using a wireless connection or direct coupling
between the one or more external sensors and the sensor
pod.

[0057] In another embodiment, the one or more external
sensors 1s coupled to the sensor pod.

[0058] In another embodiment, data 1s collected from the
one or more external sensors by a wireless connection.

[0059] In another embodiment, the one or more external
sensors comprises at least one of the following: an external
temperature sensor, an external humidity sensor, an external
carbon dioxide sensor, an external oxygen sensor, an exter-
nal phosphine sensor, an external ethylene sensor, an exter-
nal acoustic sensor; an external positioning sensor, an exter-
nal accelerometer, and an external pressure sensor.

[0060] In another embodiment, the one or more external
sensors comprise at least one of the following: an external
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temperature sensor, an external humidity sensor, an external
phosphine sensor, an external carbon dioxide sensor, and an
external oxygen sensor.

[0061] In another embodiment, the one or more external
sensor comprises an external temperature sensor.

[0062] In another embodiment, the one or more sensors
comprises a temperature sensor and a humidity sensor.
[0063] In another embodiment, the one or more sensors
further comprises at least one of the following: an oxygen
sensor, a carbon dioxide sensor, a phosphine sensor, an
acoustic sensor, a positioning sensor, an accelerometer, and
a pressure sensor.

[0064] In another embodiment, the one or more sensors
comprises a temperature sensor, a humidity sensor, and a
phosphine sensor.

[0065] In another embodiment, the one or more sensors
further comprises a at least one of the following: an oxygen
sensor, a carbon dioxide sensor, a phosphine sensor, an
acoustic sensor, a positioning sensor, an accelerometer, and
a pressure sensor.

[0066] In another embodiment, the sensor pod 1s config-
ured to be 1 two possible modes: an active mode, 1n which
power from the power supply 1s delivered to the radio
transmitter and the radio receiver, or a sleep mode, 1n which
power Irom the power supply i1s not delivered to the radio
transmitter or the radio receiver; wherein the sensor pod can
switch between the active mode and the sleep mode and
between the sleep mode and the active mode.

[0067] In another embodiment, the sensor pod will switch
from the sleep mode to the active mode upon at least one of
the following: data received by the sensor pod 1s outside of
a predetermined range or a predetermined set of ranges; data
received by the sensor pod 1s different from or substantially
different from a predetermined value or a predetermined set
of values; the sensor pod was in the sleep mode for a
predetermined time period; and the sensor pod detects
pressure and/or movement.

[0068] In another embodiment, the sensor pod will auto-
matically transier data to a gateway upon switching from
sleep mode to active mode.

[0069] In another embodiment, the sensor pod switches
from the active mode to the sleep mode upon at least one the
following: data received by the sensor pod 1s within a
predetermined range or ranges; data received by the sensor
pod 1s equal to or substantially equal to a predetermined
value or values; the sensor pod was 1n the active mode for
a predetermined time period; and the sensor pod cannot find
connectivity to a wireless network for a predetermined time
period.

[0070] In another embodiment, the antenna comprises a
first coaxial antenna unit and a second coaxial antenna unait,
and wherein the plane defined by the first coaxial antenna
unit 1s oriented perpendicular to or nearly perpendicular to
the plane defined by the second coaxial antenna unit.
[0071] In another embodiment, the sensor pod tests the
connectivity for each of the first coaxial antenna unit and the
second coaxial antenna units prior to communication, and
communicates using the coaxial antenna unit having the
better connectivity.

[0072] In another embodiment, the sensor pod communi-
cates using a frequency between 400 MHz and 2.5 GHz:
[0073] In another embodiment, the sensor pod communi-
cates using at least one of the following frequencies: 2.4

GHz, 915 MHz, 900 MHz, 868 MHz, and/or 433 MHz.
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[0074] In another embodiment, the sensor pod communi-
cates using at least one of the following wireless protocols:
Zi1gBee, Z-Wave, Thread, Bluetooth mesh, or Wi-F1 mesh.
[0075] In another embodiment, the sensor pod communi-
cates using one of the following connections: an internet
connection, a cellular connection, and a satellite connection.
[0076] In another aspect of the present disclosure, a
method of monitoring the quality of grain in a grain storage
environment. The method utilizes a sensor located in the
grain storage environment that detects one or more envi-
ronmental variables from the grain storage environment and
generates a detected environmental data set based on the one
or more environmental variable. The method also utilizes a
gateway that receives the detected environmental data set,
and sends the detected environmental data set. The method
also utilizes a cloud computing system that receives the
detected environmental data set from the gateway, stores a
historical grain quality data set, applies a trained algorithm
to a combined data set, and generates a Grain Quality Index
Score (GSQI) value. The method also utilizes a first network
that communicates the environmental data from the sensor
to the gateway. The method also utilizes a second network
that communicates the environmental data from the gateway
to the cloud computing system. The method comprises
receiving the detected environmental data set from the
gateway. The method also comprises applying the trained
algorithm to a combined data set. The combined data set
comprises the historical grain quality data set and an envi-
ronmental data set. The environmental data set comprises
the detected environmental data set recerved from the gate-
way. The method also comprises generating a current GSQI
value corresponding to the present quality of the grain stored
in the grain storage environment. The historical grain quality
data set comprises a historical GSQI value that corresponds
to the quality of the grain stored in the grain storage
environment at a previous time point and/or time period. The
detected environmental data set comprises at least one of the
following: temperature data, humidity data, oxygen data,
carbon dioxide data, phosphine level data, and ethylene data.
[0077] In another embodiment, the environmental data set
further comprises an external environmental data set
acquired from an external source.

[0078] In another embodiment, the external source com-
prises a local weather forecast.

[0079] In another embodiment, the external environmental
data set comprises at least one of the following: temperature
data and humidity data.

[0080] In another embodiment, the external predicted
environmental data set comprises temperature data and
humidity data.

[0081] In another embodiment, the detected environmen-
tal data set and the historical environmental data set each
comprise at least one of the following: temperature data and
humidity data.

[0082] In another embodiment, the detected environmen-
tal data set comprises at least one of the following: tem-
perature data, humidity data, oxygen data, carbon dioxide
data, phosphine data, and ethylene data.

[0083] In another embodiment, the detected environmen-
tal data set comprises temperature data.

[0084] In another embodiment, the detected environmen-
tal data set comprises temperature data and humidity data.

[0085] In another embodiment, the detected environmen-
tal data set comprises temperature data and at least one of the
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following: humidity data, oxygen data, carbon dioxide data,
phosphine data, and ethylene data.

[0086] In another embodiment, the trained algorithm 1is
trained using an artificial itelligence modality.

[0087] In another embodiment, the trained algorithm 1is
trained using machine learning.

[0088] In another aspect of the present disclosure, a
method of predicting the quality of grain 1n a grain storage
environment 1s provided. The method utilizes a sensor
located 1n the grain storage environment that detects one or
more environmental variables from the grain storage envi-
ronment and generates environmental data based on the one
or more environmental variables. The method also utilizes a
gateway that receives the environmental data, and sends the
environmental data. The method also utilizes a cloud com-
puting system that receives the environmental data from the
gateway, stores a historical grain quality data set and a
historical environmental data set, analyzes the historical
environmental data set, applies a tramned algorithm to a
combined data set, and generates a predicted GSQI value.
The method also utilizes a first network that communicates
the environmental data from the sensor to the gateway. The
method also utilizes a second network that communicates
the environmental data from the gateway to the cloud
computing system. The method comprises applying the
trained algorithm to a combined data set. The combined data
set comprises a historical grain quality data set and a
predicted environmental data set. The predicted environ-
mental data set corresponds to predicted environmental data
at a future time point. The method further comprises gen-
cerating a predicted GSQI value corresponding to the pre-
dicted quality of the grain stored in the grain storage
environment at the future time point. The historical grain
quality data set comprises a historical GSQI value that
correspond to the quality of the grain stored in the grain
storage environment at previous time point and/or time
period. The predicted environmental data set comprises at
least one of the following an external predicted environ-
mental data set acquired from an external source and an
internal predicted environmental data set. The internal data
set 1s generated by analyzing the historical environmental
data set comprising environmental data received from the
gateway at a previous time point and/or time period. The
predicted environmental data set comprises at least one of
the following: temperature data, humidity data, oxygen data,
carbon dioxide data, phosphine level data, and ethylene data.

[0089] In another embodiment, the predicted environmen-
tal data set comprises at least one of the following: tem-
perature data and humidity data.

[0090] In another embodiment, the predicted environmen-
tal data set comprises temperature data.

[0091] In another embodiment, the predicted environmen-
tal data set comprises temperature data and at least one of the
following: humidity data, oxygen data, carbon dioxide data,
phosphine data, and ethylene data.

[0092] In another embodiment, the predicted environmen-
tal data set comprises temperature data and humidity data.

[0093] In another embodiment, the predicted environmen-
tal data set comprises an external predicted environmental
data set acquired from an external source.

[0094] In another embodiment, the external source 1s a
local weather forecast.
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[0095] In another embodiment, the external predicted
environmental data set comprises at least one of the follow-
ing: temperature data and humidity data.

[0096] In another embodiment, the external predicted
environmental data set comprises temperature data and
humidity data.

[0097] In another embodiment, the trained algorithm 1is
trained using an artificial intelligence modality.

[0098] In another embodiment, the trained algorithm 1is
trained using machine learning.

[0099] In another embodiment, the method further com-
prises generating an output.

[0100] In another embodiment, the output comprises sug-
gestions for timing and price for the sale of the grain stored
in the grain environment.

[0101] In another embodiment, the output comprises sug-
gestions for shipping routes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0102] FIG. 1A shows a sensor system 100, consisting of
a gateway 102 which connects to the cloud computing
system 101 as well as to a number of sensor units 105A
through 1057. Gateway 102 connects to cloud computing
system 101 using second network 120. Second network can
be, for example, a connection to the internet such as a wired
local area network (“LAN”) or a wireless internet connec-
tion. The gateway 102 communicates digitally with sensor
units 105A through 1057 ¢.g. through a wireless protocol or
through a wired connection or through other means known
to those 1n the art such as optical interconnection, magnetic
resonance, etc. Cloud computing system 101 can analyze
data and generate readouts, 1n addition to allowing remote
access through one or more user interfaces, such as mobile
phone 103 and/or computer 104.

[0103] FIG. 1B shows another embodiment of sensor
system 100, 1n which a number of sensor units 105A through
1057 connect directly to cloud computing system 101 using
second network 150 without the need for a gateway inter-
mediary. Second network 150 can be any long range net-
work used by gateway 102 to connect to cloud computing
system 101. Each sensor unit 105 can communicate with
cach other sensor unit 105 in the system 100 over first
network 140.

[0104] FIG. 2A shows the components of the gateway 102.
A processor 203 executes instructions 1 memory 202 as
well as reads and writes data to and from memory 202. Data
1s received from sensor units 105 using radio receiver 204
and transmitted using radio transmitter 205. Wired sensor
units 105 are connected via 206 wired interface, using means
such as Ethernet or RS-485. The gateway 102 communicates
with cloud computing system 101 using, for example, a
standard internet connection, such as a wired LAN or a
Wi-F1 protocol. Power 1s provided by power supply 207,
which may get 1ts power from a battery, a DC power source
such as the 12V power available 1n a motor vehicle, or an AC
power source such as an electrical outlet.

[0105] FIG. 2B shows one embodiment of the gateway
102. The components are preferably built into a rugged case
213. A number of antennas 211A to 2117 are included for
wireless communications. For clarity of drawing just two
antennas are shown. In the embodiment shown, a tablet
computer 212 1s included, as a user interface and display
device. This tablet communicates with the gateway 102 via
standard wireless and/or wired protocols, such as Wi-F1

Aug. 29, 2019

and/or wired LAN, and the gateway 102 uses, for example,
the ZigBee protocol and similar protocols to communicate
with all sensor nodes as a mesh network. Not shown 1n the
diagram 1s a charge port for the tablet computer that 1s built
into the gateway 102.

[0106] FIG. 3 shows the components and architecture of
sensor unit 105 along with its associated external wired and
wireless sensors. A processor 303 executes instructions in
memory 302 as well as reads and writes data to and from
memory 302. Data 1s collected from sensors connected in
three different ways. Internal sensors 307A to 3077 are a
number of sensors embedded within the sensor unit 105.
External wired sensors 308A to 3087 are an arbitrary
number of external sensors that use a physical connection to
transfer data to sensor unit 1035. This physical connection
may be analog, digital, or other means of interconnect, such
as optical. External wireless sensors 309A to 3097 are an
arbitrary number of external sensors that use a wireless
connection to transfer data to sensor unit 105. This may be
through radio waves, for example using a wireless commu-
nication protocol, or may be optical, electromagnetic, sonic,
or any other means that do not require a physical connection.
Radio recervers 304 A to 3047 and Radio transmitters 305A
to 3057 communicate with external wireless sensors 309
and/or to one or more gateways 102. In some embodiments
a first radio receiver and transmitter are included to com-
municate with wireless sensors and a second radio receiver
and transmitter are included for communicating with the
gateway 102. Power 1s provided by power supply 301,
which may get its power from, e.g., a battery, a DC power
source or an AC power source such as an electrical outlet.

[0107] FIG. 4 shows the components and architecture of
wireless junction box (“WIB”) 400, which connects to a
number of local sensors 407 A to 4077, thereby forming one
embodiment of sensor unmit 105. A processor 403 executes
instructions 1 memory 402 as well as reads and writes data
to and from memory 402. Data 1s collected from local
sensors 407A to 4077 through a physical connection or a
wireless network. This physical connection may be analog,
digital, or other means of interconnect, such as optical. This
may be through radio waves, for example using the protocol
defined by ZigBee or other wireless protocols, or commu-
nication may be optical, electromagnetic, sonic, or any other
means that do not require a physical connection. Radio
receivers 404A to 4047 and Radio transmitters 4035A to
4057 communicate with one or more gateways 102. In a
preferred implementation a radio receiver and transmitter
are included communicating with wireless sensors and a
separate radio receiver and transmitter 1s included for com-
municating with the gateway 102. In another preferred
implementation, the radio receiver and transmitter utilize a
near field communication (“NFC” protocol to communicate
with wireless sensors and/or gateway 102. Power 1s pro-
vided by power supply 401, which may get 1ts power from.,
¢.g., a battery, a DC power source or an AC power source
such as an electrical outlet.

[0108] FIG. 5A shows the components and architecture of
repeater unit 500, which can recerve and transmit data over
the local wireless network. In some embodiments, processor
503 executes nstructions 1n memory 402 as well as reads
and writes data to and from memory 502. Radio receivers
504 A to 5047 and Radio transmitters 505A to 5057 com-
municate with one or more gateways 102. In some embodi-
ments, a first radio receiver and transmitter are included to
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communicate with wireless sensors and a second radio
receiver and transmitter are included for communicating
with the gateway. Power 1s provided by power supply 501,
which may get 1ts power from a battery, a DC power source
such as the 12V power available 1n a motor vehicle, or an AC
power source such as an electrical outlet.

[0109] FIG. 5B depicts one embodiment of repeater unit
550, bi-directional repeater 550, which 1s mounted on the
rootl of grain storage structure 355. Bi-directional repeater
comprises a solar panel power source 551, which delivers
power to the electromics (described above with respect to
FIG. 5A), located 1n electronics casing 352. First antenna
553, located on the external side of the grain storage
structure 555 1s used, for example, to communicate with a
gateway 102 and/or cloud computing system 101. Second
antenna 554, 1s located on the internal side of grain storage
structure 335 and 1s used, for example, to communicate with

sensor units 105 located within the grain storage structure
5585.

[0110] FIG. 6 depicts, as a block diagram, one embodi-
ment of a meshing local sensor system 600 comprising
gateway 102, three standalone sensor units 6035A to 605C,
repeater 608, and local sensor 607, which has been enabled
for wireless communication by WIB 606. Each of these
system components functions as a sensor node with respect
to local wireless meshing network 610, allowing wireless
communication between the components whenever they are
within range of one another. In some embodiments, the
sensor nodes communicate using the ZigBee protocol. Gate-
way 602 utilizes long range network 620 to communicate
with cloud computing system 601, which, in turn, may be
accessed through a user 1nterface, such as mobile phone 603
and computer 604. In some embodiments, long range net-
work 620 utilizes, for example, standard wireless and/or
wired protocols, such as Wi-F1 and/or wired LAN.

[0111] FIG. 7A shows an embodiment 700 of the sensor
unit 105 1 which a sensor pod 705 1s enclosed 1 a
ball-shaped three-dimensional round enclosure 701. In some
embodiments this case includes openings for gasses to pass
through 702. In some embodiments, openings 703 are
carved within the ball to allow a person to hold the ball, e.g.,
arranged similarly to the openings found on a bowling ball.
This arrangement of openings makes the ball easier to roll 1n
tunnels and flat surfaces, making 1ts design unique.

[0112] FIG. 7B shows an embodiment 750 of the sensor
unit 105 in which a sensor pod 755 1s enclosed 1n an
clongated three-dimensional round enclosure 751. Like the
enclosed sensor unit 700, elongated enclosed sensor unit 750
comprises an opening 752 so that the gasses from the storage
environment can pass through and interact with the sensors
in sensor pod 753.

[0113] FIG. 8A depicts the details of one embodiment 800
of the enclosed sensor unit 700, enclosed sensor unit 800, in
exploded view. This embodiment comprises three sensors
807A-C connected to sensor board 804, power source 805,
antenna 803, and on/off switch 806. All of these components
are fully encapsulated in a three-dimensional round enclo-
sure 801. The on/ofl switch 806 can be manipulated from
outside of the enclosure using button 808.

[0114] FIG. 8B depicts the details of another embodiment
850 of the enclosed sensor unit 700, enclosed sensor unit
850, in exploded view. This embodiment comprises three
sensors 857A-C connected to sensor board 834, power

source 855, antenna 853, and on/off switch 856. All of these
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components are fully encapsulated in a three dimensional
round enclosure 851. The button for manipulating the on/ofl

switch 856 1s not visible 1n the schematic depicted in FIG.
8B.

[0115] FIG. 8C depicts the details of another specific
embodiment 880 of the enclosed sensor unit 700, enclosed
sensor unit 880, in exploded view. In addition to the com-
ponents found in other embodiments (e.g., FIGS. 8A and
8B), this embodiment 880 comprises additional features,
such as modular sensor board 884 that 1s connected to power
source 883. All of these components are fully encapsulated
in a three dimensional round enclosure 881. Permeable area
882 comprises a screen that 1s permeable to gas.

[0116] FIG. 9 depicts a tlow chart for one embodiment of
an algorithm for predictive detection, such as advanced
spoilage detection. In the embodiment 1n FIG. 9, current
environmental data corresponding to environmental vari-
ables 1nside a grain storage environment are received. An
algorithm 1s applied to a prediction data set, which 1n some
embodiments comprises historical environmental data from
within the storage environment. In some embodiments,
application of the algorithm to the prediction data set creates
predicted environmental data. These predicted environmen-
tal data are compared to the detected environmental data,
thereby generating a differential value set. This differential
value set 1s analyzed using a set of conditions (e.g., com-
parison ol each differential value to a threshold value) to
determine whether the detected data are significantly difler-
ent from the predicted data. In some embodiments, 1t the set
of conditions 1s satisfied, a downstream process 1s 1mtiated.

[0117] FIG. 10 depicts a flow chart of one embodiment of
an algorithm for anomaly detection. In the embodiment 1n
FIG. 10, a set of rules 1s applied to temperature data to
determine whether a hot spot anomaly has developed. Each
day, the temperature data for the day T 1s compared to a
threshold value X, and 1f the temperature value T 1s greater
than X each day for n continuous days, the system deter-
mines that a hotspot has developed. In some embodiments,
the finding of an anomalous event automatically initiates a
downstream process, such as production of an alarm, display
of suggested responses, or automated physical processes.

[0118] FIG. 11 depicts a graph that shows degradation of
grain over time using an exemplary GSQI scale that spans
from 100 to 1000. As time goes on the Grain Storage Quality
Index (GSQI) goes from 1000 through a value of 8350, which
represents the frontier from Grade 1 to Grade 2 and then
through a value of 650, which represents the frontier from
Grade 2 to Grade 3. The higher the temperature 1n the silo,
the faster the degradation of the grain and therefore, its
GSQI score. A GSQI predictive model would put out a graph
similar to the one shown in FIG. 10. Different grains,
regions, producers, and/or buyers may utilize different grad-
ing systems. Therefore, the GSQI values associated with the
threshold between quality grades may change between dii-
ferent grains, regions, producers, and/or buyers.

[0119] FIG. 12 shows a block diagram of an exemplary
GSQI-enabled sensor system 1200. Enclosed sensor units
1205 communicate data pertaining to the environment
within grain silo 1210 to gateway 1202 over a local wireless
network. Gateway 1202 communicates that data to cloud
computing system 1201, where the data 1s analyzed to
generate a GSQI score profile for the grain stored 1n grain
silo 1210. A user can access the cloud computing system
1201 via user interface 1204, where they are provided with
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display 1220. Display 1220 includes visual representations
of the GSQI profile of the grain stored 1n grain silo 1210.

Various downstream processes can be enabled using the
GSQI data provided by GSQI-enabled sensor system 1201.

[0120] FIG. 13 depicts a flow chart for one method of
determining a current GSQI value for a batch of grain 1n a
storage condition. Environmental data detected from within
the grain storage environment (i.e., the detected environ-
mental data) 1s received. An algorithm 1s applied to a
combined data set that comprises the detected environmental
data as well as a historical grain quality data set. In some
embodiments, the historical grain quality data set comprises
one or more prior GSQI values corresponding to the quality
of the grain in the grain storage environment at previous
time points. Following application of the algorithm to the
combined data set, a current GSQI value 1s generated.

[0121] FIG. 14 depicts a tlow chart for one method of

predicting GSQI values for a batch of grain 1n a grain storage
environment. The method can utilize external predicted
environmental data (e.g., data from a weather forecast)
and/or internal predicted environmental data (e.g., generated
by application of an algorithm to historical environmental
data). This predicted data 1s incorporated into a combined
data set. In some embodiments, the combined data set
comprises historical GSQI values for the grain batch in
storage. An algorithm 1s applied to the combined data set,
thereby generating a predicted GSQI value.

[0122] FIG. 15 shows an artificial neural network 1502

that 1s used to calculate trip length 1503 based on various
mput data 1501, including route number, truck number,
driver number, time of week, and day of the week.

DETAILED DESCRIPTION

[0123] The following description 1s presented to enable
any person skilled in the art to create and use a sensor
system, including a sensor ball, to measure and analyze the
quality of grain in storage comprising one or more sensor
units and one or more gateways. Each of the features and
teachings disclosed herein can be utilized separately or in
conjunction with other features to implement the disclosed
system and method. Representative examples utilizing many
of these additional features and teachings, both separately
and 1n combination, are described in further detail with
reference to the attached drawings. This detailed description
1s merely intended to teach a person of skill in the art further
details for practicing preferred aspects of the present teach-
ings and 1s not intended to limit the scope of the claims.
Therefore, combinations of features disclosed 1n the follow-
ing detailed description may not be necessary to practice the
teachings in the broadest sense, and are instead taught
merely to describe particularly representative examples of
the present teachings.

[0124] In the following description, for purposes of expla-
nation only, specific nomenclature 1s set forth to provide a
thorough understanding of the present teachings. However,
it will be apparent to one skilled 1n the art that these specific
details are not required to practice the present teachings.
Within this application, use of terms that describe particular
measurable parameters such as temperature, pressure, local
atmospheric composition (e.g., concentration of a particular
gas and/or set ol gasses), or other terms of the art, are
intended as examples for clarity of explanation and are not
intended to restrict the applications of the present disclosure
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in any way. The matter disclosed in this application may be
applied to any measurable parameters.

[0125] Section headings are included for ease-of-reading
only, and are not intended to limit, indicate combinations of
technology, or in any other way aflect the scope or nature of
this disclosure and the claims.

[0126] The present patent document describes sensor sys-
tems, apparatuses, and methods for determining the quality
of crops and crop products 1n storage. For ease of explana-
tion, a majority of the description in the present disclosure
1s made with respect to grain in storage. However, the
systems, apparatuses, and methods disclosed herein are of
equally useful to the monitoring and management of other
crops 1n storage. For example, the systems, apparatuses, and
methods disclosed herein can be utilized for the monitoring
and management of fruits and vegetables 1n storage. Where
particular changes to the methodology are required ifor
adequate monitoring and management of fruits and veg-
ctables, these diflerence are explicitly discussed. Otherwise,
teachings and discussions applied to grain 1n storage are also
applicable to fruits and vegetables 1n storage.

[0127] The present patent document discloses sensor sys-
tems for monitoring and predicting the quality of grain in a
storage environment. These sensor systems utilize at least
one sensor unit that connects to a cloud computing system.
In some embodiments, the sensor system utilizes at least one
sensor umt and at least one gateway. The sensor unit 1s
generally located in or near a grain storage environment,
where 1t detects environmental variables, such as tempera-
ture and humidity that affect grain quality, and generates
data corresponding to these detected environmental vari-
ables. The data from the sensors are transferred to the cloud
computing system for analysis. In some embodiments, the
data 1s first transferred from sensor units to a gateway using
either a local wireless connection or a direct wired connec-
tion. In some cases, the sensor unit 1s self-contained (i.c.
sensor and wireless transmitter/receiver are contained 1n one
device). In other cases, a pre-existing sensor (lacking wire-
less communication capabilities) 1s utilized and equipped
with a modular device (i.e., wireless junction box) that
allows the pre-existing sensor to transmit data over a local
network. In some systems, each sensor can communicate
directly with the other sensors, thereby meshing to expand
the scope of the local network. Once 1n the cloud, the data
are stored and analyzed using one or more machine-learning
trained algorithms. The algorithms thereby generate a vari-
ety of analytical data including a Grain Storage Quality
Index (“GSQI”) (an objective measure of quality for the
grain 1n storage) score, environmental trends (e.g., tempera-
ture trend line over time), environmental value predictions,
and probabilities of an anomalous event (e.g., probability of
developing a hotspot within the grain). In some cases, the
analytical data also 1include suggestions for the user, such as
suggested adjustments to the grain storage environment and
suggestions about which batches of grain to sell in order to
maximize return on grain sales over time. Users can access
this analytical data using a computer or mobile phone that
can connect to a native and/or web-based application that
presents a variety of outputs, including data, quality scores,
trend lines, and recommendations. In addition, some of the
analytical data may be sent to the user’s computer or mobile
device. In some cases, the cloud computing system com-
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municates information back to the sensor units and/or a
gateway, and/or 1mitiates other automated downstream pro-
CesSes.

[0128] The present patent document also discloses a sen-
sor pod apparatus that i1s able to detect environmental
variables and transmit that data to a gateway using a local
network. The sensor pod apparatus comprises one or more
sensors to detect environmental variables, as well as a radio
transmitter and receiver to allow wireless communication.
All of these components are contained within a three-
dimensional round enclosure (e.g., three-dimensional ellip-
soid or spherical enclosure). The three-dimensional round
enclosure increases the durability of the sensor pod appara-
tus, making it more resistant to damage caused by physical
torce. The three-dimensional round enclosure also facilitates
placement of the sensor pod, by making 1t easy to roll or
throw, and facilitates retrieval of the sensor pod (e.g.,
allowing it to roll during vacuum cleaning of a grain storage
bin). The sensor pod can transmit data to a gateway over a
local network, where 1t can be forwarded to a cloud com-
puting system and proxied through a gateway for analysis.
In some cases, a plurality of sensor pods can directly
communicate with each other, for example, over a meshing
wireless network, thereby expanding the scope of the local
wireless network. In some cases the sensor pods can process
and store data locally prior to sending. Some sensor pods can
be programmed to enter a sleep mode, thereby saving power
and greatly extending the battery life of the system. In some
cases, the sensor pods can be provided with provisioning
data over the local network, thereby allowing the user to
control various settings for each sensor pod.

[0129] The present patent document further discloses a
method of predicting the quality of a grain in storage that
utilizes one or more sensors, a gateway, and a cloud com-
puting system. Data corresponding to environmental vari-
ables 1n the grain storage location are collected by the
sensors and communicated to the gateway using a local
wireless network or over wired connection. The data are
then communicated from the gateway to a cloud computing
system using a long-range network. In some embodiments,
the gateway connects to the long range network using a
wired connection and/or a wireless connection. Data are
received by the cloud computing system and stored. A
machine-learning trained algorithm, utilizing an 1nitial
GSQI value for the grain 1n storage, 1s then applied to the
environmental data to generate predicted GSQI value that
estimates the quality of the grain 1n storage at the current
moment and/or one or more time points in the future. The
GSQI value 1s umiversal 1n that 1t allows an accurate direct
comparison of the quality two batches of grain, even 1f the
two batches comprise different grain types (e.g., barley, rice,
canola, etc.) and/or were grown 1n different areas (e.g., farms
located on the Kansas plains vs. farms 1n California’s central
valley). In some cases, the GSQI value will allow direct
comparison of batches that are grown only a few miles from
cach other that nevertheless have different profiles based on
differential environmental conditions (e.g., different micro-
climates) and/or so1l characteristics of the two areas, as well
as different storage and/or transport conditions. The univer-
sal GSQI method allows farmers and purchasers to make
informed business decisions (e.g., which batches of grain to
buy or sell, how to price the batches, and/or when to sell).
In some cases, the method further comprises the algorithm
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generating suggested business decisions and, 1n some cases,
automating those business decisions.

I. Sensor Systems and theirr Components

[0130] A schematic illustrating the basic components of a
sensor system for monitoring the quality of grain in storage
1s depicted in FIG. 1A. In one aspect, the present disclosure
provides a sensor system comprising at least one gateway
102 and at least one sensor umt, depicted as a number of
sensor units 105A-1057. The number of sensor units can
vary based on a number of factors, including the amount of
grain being stored and the size of the storage facility. In
some embodiments, the sensor units 105 are placed to
proximal (and/or within) the grain 1n storage (e.g., within a
grain storage environment). The sensor units 105 detect
environmental conditions that are relevant to the quality of
the grain 1n storage (e.g., temperature, humidity, oxygen
concentration, carbon dioxide concentration, phosphine con-
centration, ethylene concentration, pressure, etc.). In some
embodiments, each sensor unit 105A-1057 detects a single
environmental condition. In other embodiments, each sensor
umt 105A-1057 detects at least one environmental condi-
tion. In some embodiments, each sensor unit 105A-1057
detects more than one (e.g., 2, 3, 4, 5, or 6) environmental
condition. In some embodiments, the sensor units 105
quantily the environmental condition and convert it to
clectronically stored data. In some embodiments, the sensor
system comprises a single gateway 102. In other embodi-
ment, the sensor system comprises more than one gateway
102 (e.g., 2,3, 4, 5, etc.). For the purpose of simplifying the
explanation, a system comprising one gateway will be
repeatedly referenced throughout the specification. How-
ever, embodiments having more than one gateway are within
the purview of the present disclosure.

[0131] Data corresponding to one or more environmental
variables are captured from the one or more sensor units
105A-1057. Data are then transmitted from the one or more
sensor units 105 to the gateway 102. In some embodiments,
the data captured by the sensor are transmitted to the
gateway over a first (1.e., local) wireless network. In another
embodiment not depicted, data captured by the one or more
sensor units 105 are transierred to the gateway 102 using a
wired connection between the one or more sensor units 1035
and the gateway 102. The gateway 102 communicates data
to a cloud computing system 101 over a second (1.e. long
range) network 120. In preferred embodiments, the second
network 120 1s the Internet and the gateway 102 communi-
cates to the cloud computing system 101 using standard
Internet connectivity methods and protocols (including, for
example, wired protocols such as wired LAN and/or wire-
less protocols such as Wi-Fi). The cloud computing system
stores 101 and analyzes the data received from the gateway
102. In some embodiments, the cloud computing system 101
provides a user interface that can be accessed by a user via
a device (e.g., personal computer 104 or mobile phone 103).
In some embodiments, the cloud computing system 101 can
send data back to the gateway 102 via the long range
network 120. In some embodiments, the gateway 102 can
send data to the one or more sensor units 103 using the local
network 110 (wired or wireless connection). In other
embodiments not depicted, the gateway 102 can send data to
the sensor units 105 using a wired connection.

[0132] The data transierred from the sensor units 105 to
the gateway 102 correspond to values of one or more
environmental variables in a grain storage environment.
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Exemplary environmental values include the following:
temperature, relative humidity, carbon dioxide concentra-
tion, oxygen concentration, phosphine concentration, ethyl-
ene concentration, pressure levels, and sound levels. Such
environmental variables are relevant to the quality of the
grain 1n the storage environment because they aflect the rate
of degradation and/or correlate to the rate of degradation of
grain during storage. For example, an increase in tempera-
ture and/or humidity can cause an increased rate of spoilage.
However, for example, an increase i carbon dioxide and
concomitant decrease in oxygen can be caused by the
growth of pest colonies, thereby correlating to an increased
rate of spoilage. Similarly, certain sounds may be caused by
the development of insect colonies, thereby correlating to an
increased rate of degradation. Ethylene 1s given off by some
ripening plant products and therefore will correlate to deg-
radation rates for specific crops. The exemplary environ-
mental variables listed above are not meant to provide an
exhaustive list of all potential environmental variables that
can be measured 1n connection with the present disclosure.
Other variables relevant to grain quality (1.e., aflecting or
correlating to rate of grain degradation) may be used 1n
connection with the apparatuses, systems, and methods
disclosed herein.

[0133] In some embodiments, the sensor units 105 detect
one of the following environmental variables: temperature,
humidity, carbon dioxide, oxygen, phosphine, ethylene,
pressure levels, movement, and sound levels. In other
embodiments, the sensor units 105 detect at least one of the
following environmental varnables: temperature, humidity,
carbon dioxide, oxygen, phosphine, ethylene, pressure lev-
cls, movement, and sound levels. In yet other embodiments,
the sensor units 1035 detect two or more (e.g., 2, 3, or 4, etc.)
of the following environmental variables: temperature,
humidity, carbon dioxide, oxygen, phosphine, ethylene, and
sound levels. In some embodiments, the sensor units 105
detect at least one of temperature and humidity. In some
embodiments, the sensor units 105 detect at least one of
temperature and humidity, as well as at least one of the
following environmental variables: carbon dioxide, oxygen,
phosphine, ethylene, pressure levels, movement, and sound
levels. In some embodiments, the sensor units 105 detect
both temperature and humidity. In some embodiments, the
sensor units 105 detect both temperature and humidity, as
well as at least one of the following environmental variables:
carbon dioxide, oxygen, phosphine, ethylene, and sound
levels.

[0134] In some embodiments, each sensor unit 105 A-Z of
a plurality of sensor units 105 detects the same environmen-
tal variable (e.g., temperature) or set of environmental
variables (e.g., temperature and humidity) as all other sensor
units 105 A-Z i the plurality of sensor units 105. In other
embodiments, each sensor unit 105 A-7Z of a plurality of
sensor units 105 does not detect the same environmental
variable (e.g., temperature) or set of environmental variables
(e.g., temperature and humidity) as all other sensor units 105
A-7Z 1n the plurality of sensor units 105. Fach of the
components illustrated in FIGS. 1A and FIG. 1B 1s discussed
in greater detail below. To facilitate simplicity of description
and ease of understanding, in many places the system
components will be referred to in the singular tense. How-
ever, as described above, systems comprising a plurality of
cach element are within the scope of the present disclosure.
Sensor networks of the present disclosure may comprise, for

Aug. 29, 2019

example, one or more of the following components: a
gateway, a sensor unit (including standalone sensor units and
wireless junction boxes), and repeaters. Each component of
the sensor system disclosed herein will now be described in
greater detail.

[0135] Although the discussion of each component of the
sensor system 1s made with respect to 1ts application for
monitoring grain storage, these systems and components, as
described herein, are also applicable to the monitoring and
management of fruit and/or vegetables 1n storage.

A. Gateway

[0136] In some embodiments, gateway 102, depicted by
the schematic in FIG. 2A, comprises a cloud interface 201,
memory 202, processor 203, radio recerver 204, radio trans-
mitter 205, wired interface 206, and power supply 207. In
some embodiments, the cloud interface 201 permits com-
munication between the gateway 102 and the cloud com-
puting system 101, depicted in FIG. 1A and FIG. 1B.
Memory 202 stores data locally on the gateway, including
data collected by one or more sensor units 105. Processor
203 executes instructions in memory 202 and reads and
writes data to and from memory 202. Data are recerved from
sensor units 105 using radio receiver 204. Radio receiver
204 permits gateway 102 to receive data from, for example,
the one or more sensor units 105 over, for example, local
network 110. In some embodiments, radio receiver 204 also
permits gateway 102 to receive data from, for example, the
cloud computing system 101 over, for example, long range
network 120, when long range network 120 comprises a
cellular network. Data are transmitted to sensor units 105
using radio transmitter 205. In some embodiments, radio
transmitter 205 permits gateway 102 to send data to, for
example, the one or more sensor units 103 over, for example,
local network 110. In some embodiments, radio transmitter
205 also permits gateway 102 to send data to, for example,
the cloud computing system 101 over, for example, long
range network 120, when long range network 120 comprises
a cellular network. In some embodiments, data are also
received from one or more additional gateways 102 using
radio receiver 204 and transmitted using radio transmitter
205 via the local network 110. In some embodiments, wired
interface 206 allows gateway 102 to be connected to one or
more wired sensor units (not depicted mn FIG. 1A or FIG.
1B) using a direct wired connection. In some embodiments
wired sensor units are connected to gateway 102 using
means such as Ethernet or RS-485. In some embodiments,
wired sensors are provided power using a Power over
Ethernet (“PoE”), such as for example a standards-based
PoE. In some embodiments, long range network 120,
includes, for example wile, wireless broadband, cellular,
L.AN, and/or wired broadband. Power supply 207 delivers
power to the gateway 102, thereby enabling 1ts function. In
some embodiments the gateway 102 may include an Internet
access point i addition to its other functions described
herein.

[0137] Insome embodiments, the gateway 102 1s powered
by a portable power source such as, for example, a battery.
In some embodiments, the gateway 102 1s powered by a DC
power source such as, for example, a car’s 12V electrical
system. In some embodiments, the power system 1s, for
example, 3V or 3.3 V. In some embodiments, the gateway
102 1s powered from an AC power source such as, for
example, a home electrical outlet. In some embodiments,
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gateway 102 1s powered by solar cells located on the
gateway 102. In some embodiments, the power source may
comprise an Ethernet cable, and the gateway 102 1s powered
by a PoE system. In some embodiments, the power source
may be converted to a different voltage, conditioned, or
processed 1n other ways through internal or external cir-
cuitry, such as, for example, a power brick.
[0138] In some embodiments, gateway 102 aggregates
and/or buflers information from one or more sensor pods
105. The aggregated/bullered data may then be processed.
The raw and/or processed data may be forwarded to another
communications channel, such as long range network 120
(e.g. a Wi-F1 connection or wired Ethernet connection that
leads to the Internet) so that the data can be transferred to
cloud computing system 101. In some embodiments, the
agoregated/buflered data i1s stored locally on the memory
202 of gateway 102 and the data 1s transferred to the cloud
computing system 101 upon the occurrence of predeter-
mined events. For example, in some embodiments, the
gateway 102 will automatically send the locally stored data
to the cloud computing system 101, when the gateway 102
1s connected to the long range network 120. In some
embodiments, the gateway 102 1s programmed (either
manually by the user or through a preset configuration) to
send batches of aggregated/bullered data to the cloud com-
puting system 101 at predetermined time periods. A person
having ordinary skill in the art will recognize that many
variations on this functionality are possible.
[0139] In some embodiments, a display may be included
as part of gateway 102. The display may be, for example, a
basic computer screen or a touch-screen interface. In some
embodiments, user controls (e.g., a keyboard and/or touch-
screen) may be included as part of the gateways 102. In
some embodiments, such as that depicted in FIG. 2B, this
display and/or user controls 1s implemented by providing,
for example, a removable tablet computer 402. In other
embodiments, a diflerent a removable display and/or user
interface 1s 1mplemented by providing, for example, a
removable mobile phone or laptop computer. In some
embodiments, these display and/or user controls provide at
least one or more of the following functions:
[0140] a. Access to the Internet by using the gateway
102 as an access point;
[0141] b. Display the data for local use, such as for
example, 1n a preferred embodiment where the gateway
102 may create its own local wireless network using
Wi-F1 technology and communicate with the Internet
using one ol many protocols;
[0142] c. Display of aggregated data from one or more
sensor pods;
[0143] d. Set and/or display the configuration of one or
more sensor pods;

[0144] e. Display acknowledged and unacknowledged
alerts and alarms; and/or

[0145] 1. Provide sensor unit name to hardware ID
mapping allowing for sensor unit assignment.

[0146] In some embodiments, gateway 102 provides a
visual and/or audible alarm upon the occurrence of a pre-
determined event. In some embodiments, the predetermined
events include, for example, data received from one or more
sensor units 105 that indicate a value that 1s out of range. In
some embodiments, the proper range may be determined by
manual setting of minimum and/or maximum values for the
normal range by the user. In some embodiments, the normal
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range 1s preconfigured based on application. For example, 1T
the sensor units 105 are monitoring the temperature of a
grain silo with relatively high temperatures (e.g., Califor-
nia’s Central Valley), each sensor unit could be preconfig-
ured for a normal range of, for example, 10 ° C. to 30° C.
Similarly, 1t the sensor units 105 are monitoring the tem-
perature of a refrigerated trailer that carries frozen food,
cach sensor umit 105A-7Z could be preconfigured for a
normal range of, for example, -25° C. to —=15° C. In other
embodiments, the normal range may be based on previous
typical values. For example, 1f a sensor value goes more than
2-sigma outside of historical values (e.g., the average of the
last 10 sensor values) the sensor value 1s deemed out of
range, thereby triggering an alarm. In yet other embodi-
ments, the normal range may be based on the values detected
by other sensors. For example, i1 all of the sensors from a
grven sensor pod are monitoring different sections of a grain
s1lo, a sensor that 1s, for example, more than 10% different
than any of the other sensors within the grain silo might be
deemed out of range. Fach of the preceding methods of
establishing a normal range can be used in 1solation or 1n
combination (e.g., an alarm to go ofl if either out of a
predetermined range or greater than 10% dewviation from
historical data values).

[0147] In yet other embodiments, normal range 1s config-
ured at the sensor, (e.g. through a switch 310 1n FIG. 3 or
other means) either instead of or 1n addition to configuration
of the normal range at the gateway. For example, a tem-
perature sensor may include a switch that indicates whether
it 1s monitoring refrigerated grain or grain stored at ambient
temperatures. In this example if the switch 1s set to the
refrigerated grain setting, the sensor unit could set a range of
5° C. to 10° C. for this sensor. If the switch 1s set to the
ambient temperature setting, the sensor unit could set a
range of, for example, 10° C. to 27° C. for this sensor unit.
The position of the switch may be communicated to the
sensor pod through any one of a number of methods under-
stood by those skilled in the art, such as, for example,
utilizing the local wireless network or an extra wire (1n cases
where 1t 1s an analog sensor). The switch can be mechanical
or software addressable from a user dashboard. In some
embodiments, the user dashboard 1s located on, for example,
a personal computer, tablet computer, or mobile phone.

[0148] While each of the above described examples for
determining a normal range utilize temperature as the envi-
ronmental variable, the facet of the present disclosure 1s in
no way limited to sensor systems that utilize temperature
sensors. Each of the examples described above (e.g. manual
input, preprogrammed range, ranges based on historical
data, and/or ranges that depend on other sensor in the
system) can utilize one or more environmental variables
including temperature, humidity, carbon dioxide levels, oxy-
gen levels, ethylene levels, phosphine levels, pressure levels,
movement, and/or sound levels. For example, a sensor
system could have a normal range that covers 20% to 40%
relative humidity, which was set by a user via a software
interface to cloud computing system 101, such as, for
example, mobile phone 103 or computer 104. An alarm 1n
this case might prompt the user to increase aeration of the
grain silo on a relatively dry day. In another example, a
sensor system can be set to have a normal range of within
10% of historic values for carbon dioxide and within 5% of
the oxygen values of other sensor units. In such cases, 11 a
sensor pod registers a deviation from either one or both of
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these ranges (depending on the setting), then the user will
receive an alarm that might indicate a localized formation of
a pest colony. The user can then rely on this information to
adjust fumigation practices so as to curtail the pest growth.

[0149] In some embodiments, the gateway 102 1s config-
ured to automatically engage one or more actions whenever
the gateway 102 and/or one or more of the sensor pods 1035
are turned on (e.g., they are provided power and/or a power
switch or button 1s actuated). In some embodiments, one or
more actuators are automatically provisioned. In some
embodiments, the actuators engage processes that modulate
the storage environment, such as turning on fans, stirring the
grain, opening vents, and/or fumigating the grain. In some
embodiments, these may include providing prompts and/or
alarms for provisioming of each sensor. In this context,
provisioning consists of an exchange of information from
the sensor pod to the gateway 102 to signal the pod’s
presence and for the gateway 102 to respond with any
relevant parameters. Parameters may include, but are not
limited, to time intervals between measurements, normal
ranges, etc. For example, upon powering up the gateway
102, a prompt may be generated indicating to the user that
the parameters of the sensors (e.g., which environmental
variables to detect, what to define as normal ranges, etc.) can
be adjusted at this time. Such prompt and/or display might
also include historical and/or current data delivered from the
sensors. In other embodiments, the gateway 102 will auto-
matically 1nitiate provisioning of one or more sensors upon
powering up.

[0150] In some embodiments, the gateway 102 automati-
cally finds sensor units 105 that are within communications
range (e.g. within the range of local wireless network 110).
In such embodiments, each sensor unit 105A-7 announces
its presence and the master coordinator acknowledges the
sensor unit and makes 1t part of the mesh network. In such
embodiments, the local wireless network 1s self-configuring
and self-healing. Although some of the foregoing example
describe the process 1n terms of a local wireless network that
comprises a ZigBee network, those skilled 1n the art will
recognize that similar techniques can be implemented using,
other network types and protocols (e.g., Z-Wave, Thread,
Bluetooth mesh, or Wi-Fi1 mesh).

[0151] In some embodiments, the gateway 102 commu-
nicates with sensor units 105 using a first network (1.¢., local
network) 110. In some embodiments, local network 110 1s a
local wireless network that operates in a defined frequency
range. In some embodiments, the Irequency range 1s
between 400 MHz and 2.5 GHz. In some embodiments, the
frequency range 1s between 400 MHz and 2.0 GHz. In some
embodiments, the frequency range 1s between 500 MHz and
1.0 GHz. In some embodiments, the frequency range 1is
between 950 MHz and 850 MHz. In some embodiments, the
sensor units 105 are on a local wireless network 110 that
operates at one or more communication frequency. In some
embodiments, the one or more communication frequency of
local wireless network 110 includes, for example, at least
one of the following: 2.4 GHz, 915 MHz, 900 MHz, 868
MHz, and/or 433 MHz. In some embodiments, the one or
more communication Irequency of local wireless network
110 1s, for example, 2.4 GHz, 915 MHz, 900 MHz, 868
MHz, or 433 MHz. In some embodiments, the communica-
tion frequency of local wireless network 110 1s 2.4 GHz. In
some embodiments, the communication frequency of local
wireless network 110 1s 915 MHz. In some embodiments,
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the communication frequency of local wireless network 110
1s 900 MHz. In some embodiments, the communication
frequency of local wireless network 110 1s 868 MHz. In
some embodiments, the communication frequency of local
wireless network 110 1s 433 MHz. In some embodiments,
the local network 110 utilizes a ZigBee protocol. In some
embodiments, the local network 110 utilizes at least one of
the following wireless protocols: Z-Wave, Thread, Blu-
etooth mesh, and/or Wi-Fi1 mesh.

[0152] Insome embodiments, gateway 102 connects to the
cloud using a second network 120 (i.e., long range network).
In some embodiments, gateway 102 connects to second
network 120 using a standard internet connection. In some
embodiments, gateway 102 connects to second network 120
using a wired internet connection. In some embodiments, the
gateway 102 connects to the second network 120 using a
wired LAN. In some embodiments, the gateway 102 con-
nects to the second network 120 using Ethernet. In some
embodiments, the gateway 102 connects to the second
network 120 using a wireless internet connection. In some
embodiments, the gateway 102 connects to the second
network 120 using Wi-Fi1. In some embodiments, the gate-
way 102 connects to the second network 120 using a cellular
connection. In some embodiments, the gateway 102 con-
nects to the second network 120 using a satellite commu-
nication protocol. Many other methods for connecting the
gateway to the cloud computing system 101 are known to a
person ol ordinary skill and may be used without deviating
from the scope of the present disclosure.

[0153] As described above, 1n some embodiments, a gate-
way 102 can comprise, for example, a removable user
interface, such as a tablet computer 212 (depicted in FIG.
2B). In some embodiments, the removable user interface can
be reversibly attached (i.e. docked) into a larger gateway
system 102 that 1s fully enclosed, for example, 1n rugged
case 213, depicted mn FIG. 4. Such gateway system can
include one or more antennae 211 A-Z, which facilitate long
range wireless communication, for example, with cloud
computing system 101 (see FIG. 1A). Such embodiments
will ofler several advantages, including improved wireless
connectivity to, for example, long range network 120 and
local network 110. The rugged case will facilitate transport
of the gateway, and will increase the durability of gateway
120, particularly during use in the field. In some embodi-
ments, the gateway 102 will be fully functional (e.g. able to
collect, store, aggregate, process, and/or communicate data)
in the absence of the removable user interface.

B. Sensor Units

[0154] In some embodiments, each sensor unit 105 1s a
single, standalone device. In other embodiments, each sen-
sor unit comprises a local sensor device (e.g., a hanging
thermocouple) and a modular communications unit (e.g., a
wireless junction box or “WIB™) that connects to the local
sensor device, thereby enabling wireless transfer of data
collected by the local sensor device to a gateway 105. More
detailed information on such modular communications units
and the WIB are described below. Some sensor systems
comprise one or more standalone sensor units (e.g., sensor
pods), as well as one or more local sensor devices fitted with
a modular communications unit (e.g., a WIB).

(1) Standalone Sensor Units

[0155] As described above, 1n some embodiments, the
sensor unit 105, depicted by the block diagram 1n FIG. 3, 1s
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a separate, standalone device (e.g., a sensor pod). Sensor
unit 105 comprises a power supply 301, memory 302,
processor 303, radio receiver 304, radio transmitter 305, and
internal sensors 307. In some embodiments, the sensor unit
105 further comprises one or more external wired sensors
308A-7. In some embodiments, the sensor unit 105 further
comprises one or more external wireless sensors 309A-7.
Power supply 301 delivers power to the sensor unit 105,
thereby enabling its function. The power supply 301 can be,
for example, at least those power sources described above
with respect to power supply 207 (e.g., PoE system, battery,
clectrical outlet, etc.). In some embodiments, memory 302
stores data locally on the sensor umt 103, including data
collected by one or more internal sensors 307, the one or
more wired external sensors 308, and/or the one or more
wireless external sensors 309. Processor 303 executes
instructions stored 1n a non-transitory device such as
memory 302, and reads and writes data to and from memory
302. Data 1s recerved from, for example, the gateway and/or
other sensor units 105 using radio receiver 304. Radio
receiver 204 permits sensor unit 105 to receive data from,
for example, the gateway 102 and/or other sensor units 1035
over, for example, local wireless network 110. In some
embodiments, radio receiver 304 also permits sensor unit
105 to receive data from, for example, the cloud computing
system 101 over, for example, long range network 120. Data
are transmitted to, for example, the gateway 102 and/or
other sensor units 103 using radio transmitter 305. In some
embodiments, radio transmitter 205 permits sensor unit 103
to send data to, for example, the gateway and/or other sensor
units 105 over, for example, local wireless network 110. In
some embodiments, sensor unit 105 comprises switch 310
for configuring and/or manually provisioning sensor unit
105. In some embodiments, radio transmitter 205 also
permits sensor unit 105 to send data to, for example, the

cloud computing system 101 over, for example, long range
network 120.

[0156] Sensor units 105 comprise internal sensors 307A-7
that detect an environmental vanable and generate data
corresponding to that environmental variable. As described
above, exemplary environmental values include the follow-
ing: temperature, humidity level, carbon dioxide concentra-
tion, oxygen concentration, phosphine concentration, ethyl-
ene concentration, sound levels, and movement. In some
embodiments, each sensor umt 105 comprises a plurality
(e.g., 2, 3, 4, 5, etc.) of internal sensors 307A-7. In some
such embodiments, each of the plurality of internal sensors
307 1s specific to a different environmental variable. For
example, m one embodiment, a single sensor umt 1035
comprises a temperature sensor, a humidity sensor, a carbon
dioxide sensor, an oxygen sensor, a phosphine sensor, an
cthylene sensor, a sound/acoustic sensor, a pressure sensor,
and an accelerometer. In another exemplary embodiment, a
single sensor unit 105 comprises at least one of the follow-
ing: a temperature sensor, a humidity sensor, a carbon
dioxide sensor, an oxygen sensor, a phosphine sensor, an
cthylene sensor, a sound/acoustic sensor, a pressure sensor,
and an accelerometer. In another exemplary embodiment, a
single sensor unit 105 comprises at least one of a tempera-
ture sensor and a humidity sensor. In another embodiment,
a single sensor unit 105 comprises at least one of a tem-
perature sensor and a humidity sensor, as well as at least one
of the following: a carbon dioxide sensor, an oxygen sensor,
a phosphine sensor, an ethylene sensor, a sound/acoustic
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sensor, a pressure sensor, and an accelerometer. In another
embodiment, a single sensor unit 105 comprises both a
temperature sensor and a humidity sensor. In some embodi-
ments, a single sensor unit 105 comprises a temperature
sensor, a humidity sensor, and a phosphine sensor. In another
embodiment, a single sensor unit comprises both a tempera-
ture sensor and a humidity sensor, as well as at least one of
the following: a carbon dioxide sensor, an oxygen sensor, a
phosphine sensor, an ethylene sensor, a sound/acoustic sen-
sor, and an accelerometer. In some embodiments, single
sensor unit 105 comprises a temperature sensor, a humaidity
sensor, and a phosphine sensor. A person having ordinary
skill 1n the art will recognize that various combinations of
such sensors can be used without straying from the scope of
the present patent document and claims.

[0157] The sensor unit 105 may comprise additional sen-
sors as well, which are not necessarily used to detect
environmental variables. For example, the sensor unit 105
further comprises a positioning sensor. The positioning
sensor can determine the location of the sensor unit 105 and
transmit to other sensor units, gateway 102, and/or cloud
computing system 101. In some embodiments, the sensor
umt 105 further comprises a pressure sensor. The pressure
sensor can be used to detected changes in atmospheric
pressure in the grain environment. However, pressure sen-
sors can also detect pressure exerted on the sensor unit, such
that the pressure sensor can, for example, detect the sensor
unit’s relative depth 1n a bulk grain pile. In some embodi-
ments, the pressure sensors detect both the atmospheric
pressure 1n the grain environment, as well as presser exerted
on the sensor unit. In some embodiments, the sensor unit 105
also comprises an accelerometer. The accelerometer can be
used to detect movement 1n the grain. This can be useful in
determining the environmental conditions (for example, by
detecting movement cause by pests). However, in some
embodiments, the accelerometer can also be used, for
example, to detect other movement 1n the grain and can be
used to reestablish connectivity by shaking the ball as
needed when deploying or redeploying the sensor unit.

[0158] For embodiments used 1n the monitoring of stored
fruits and vegetables, 1t 1s particularly advantageous to have
an ethylene sensor because ethylene 1s given off by ripening
fruit and/or vegetables. In some embodiments, a single
sensor unit comprises an ethylene sensor as well as at least
one of the following: a temperature sensor, a humidity
sensor, a carbon dioxide sensor, an oxygen sensor, a phos-
phine sensor, a sound/acoustic sensor, a pressure sensor, and
an accelerometer. In some embodiments, a single sensor unit
comprises an ethylene sensor as well as at least one of the
following: a temperature sensor, a humidity sensor, a carbon
dioxide sensor, an oxygen sensor, and a phosphine sensor. In
some embodiments, a single sensor unit comprises an eth-
ylene sensor as well as at least two of the following: a
temperature sensor, a humidity sensor, a carbon dioxide
sensor, an oxygen sensor, a phosphine sensor, a sound/
acoustic sensor, a pressure sensor, and an accelerometer. In
some embodiments, a single sensor unit comprises an eth-
ylene sensor and a temperature sensor, as well as at least one
of the following: a humidity sensor, a carbon dioxide sensor,
an oxygen sensor, a phosphine sensor, a pressure sensor, a
sound/acoustic sensor, and an accelerometer. In some
embodiments, a single sensor unit comprises an ethylene
sensor, a temperature sensor, and a humidity sensor.
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[0159] In some embodiments, sensor unit 105 comprises a
temperature sensor. In some embodiments, sensor unit 105
comprises a humidity sensor. In some embodiments, sensor
unit 105 comprises an ethylene sensor. In some embodi-
ments, sensor unit 105 comprises a phosphine sensor. In
some embodiments, sensor unit 105 comprises an oxygen
sensor. In some embodiments, sensor unit 105 comprises a
carbon dioxide sensor. In some embodiments, sensor unit
105 comprises an acoustic/sound sensor. In some embodi-
ments, sensor unit 105 comprises an accelerometer.

[0160] In some embodiments, sensor unit 105 comprises a
temperature sensor and a humidity sensor. In some embodi-
ments, sensor unit 105 comprises a temperature sensor and
a phosphine sensor. In some embodiments, sensor unit 1035
comprises a temperature sensor and an ethylene sensor. In
some embodiments, sensor unit 105 comprises a tempera-
ture sensor and a carbon dioxide sensor. In some embodi-
ments, sensor unit 105 comprises a temperature sensor and
an oxygen sensor. In some embodiments, sensor umt 1035
comprises a temperature sensor and a pressure sensor. In
some embodiments, sensor unit 105 comprises a tempera-
ture sensor and an accelerometer. In some embodiments,
sensor unit 105 comprises a temperature sensor and an
acoustic/sound sensor.

[0161] In some embodiments, sensor unit 105 comprises a
temperature sensor, a humidity sensor, and a phosphine
sensor. In some embodiments, sensor unit 105 comprises a
temperature sensor, a humidity sensor, and an ethylene
sensor. In some embodiments, sensor unit 105 comprises a
temperature sensor, a humidity sensor, and a carbon dioxide
sensor. In some embodiments, sensor unit 105 comprises a
temperature sensor, a humidity sensor, and an oxygen sen-
SOr

[0162] In some embodiments, sensor unit 105 further
comprises one or more external sensors. In some embodi-
ments, sensor unit 105 further comprises intertace 306 and
1s connected to external wired sensors 308A-7. Such exter-
nal wired sensors 308 also detect an environmental variable
and generate data corresponding to that environmental vari-
able. In some embodiments, interface 306 allows the sensor
unit 105 to be connected to one or more external wired
sensors (as depicted 1 FIG. 3) using a direct wired connec-
tion. In some embodiments, the sensor unit 105 communi-
cates wirelessly with one or more external wireless sensors
309A-7. In some embodiments, sensor unit 105 communi-
cates with the external wireless sensors 309 using the radio
receiver 304 and radio transmitter 305 that sensor unit uses
to communicate with the gateway 102 (e.g., over the local
wireless network). In other embodiments, the sensor unit
105 utilizes different sets of radio receiver and radio trans-
mitters to communicate with the gateway an the external
wireless sensors.

[0163] Each of the external sensors, including external
wired sensors 308 and external wireless sensors 309, detects
an environmental variable that 1s relevant to the quality of
grain 1n a grain storage environment. As described above,
exemplary environmental values include the following: tem-
perature, humidity level, carbon dioxide concentration, oxy-
gen concentration, phosphine concentration, ethylene con-
centration, sound levels, and movement. In some
embodiments, each sensor unit 105 1s connected to a plu-
rality (e.g., 2, 3, 4, 5, 10, etc.) of external wired sensors
308A-7 and/or a plurality (e.g., 2, 3, 4, 5, 10, etc.) of
external wireless sensors 309A-7.
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[0164] In some such embodiments, each of the plurality of
external sensors 1s specific to a diflerent environmental
variable. For example, 1n one embodiment, a single sensor
unit 105 comprises an external temperature sensor, an exter-
nal humidity sensor, an external carbon dioxide sensor, an
external oxygen sensor, an external phosphine sensor, an
external ethylene sensor, an external sound/acoustic sensor,
an external pressure sensor, and an external accelerometer.
In another exemplary embodiment, a single sensor unit 105
comprises at least one of the following: an external tem-
perature sensor, an external humidity sensor, an external
carbon dioxide sensor, an external oxygen sensor, an exter-
nal phosphine sensor, an external ethylene sensor, an exter-
nal sound/acoustic sensor, an external pressure sensor, and
an external accelerometer. In another exemplary, a single
sensor unit 105 comprises at least one of an external
temperature sensor and an external humidity sensor. In
another embodiment, a single sensor unit 105 comprises at
least one of an external temperature sensor and an external
humidity sensor, as well as at least one of the following: an
external carbon dioxide sensor, an external oxygen sensor,
an external phosphine sensor, an external ethylene sensor, an
external sound/acoustic sensor, an external pressure sensor,
and an external accelerometer. In another embodiment, a
single sensor unit 105 comprises both an external tempera-
ture sensor and an external humidity sensor. In another
embodiment, a single sensor unit 105 comprises both an
external temperature sensor and an external humidity sensor,
as well as at least one of the following: an external carbon
dioxide sensor, an external oxygen sensor, an external phos-
phine sensor, an external ethylene sensor, an external sound/
acoustic sensor, and external pressure sensor, and an exter-
nal accelerometer. In some embodiments, the external
sensors communicate data to and from the sensor unit via a
wireless network and/or through a direct wired connection to
the sensor unit 105. In some embodiments, the external
sensors communicate data to the sensor unit 1035 through a
wireless network. In other embodiments, the external sen-
sors communicate data to the sensor unit 105 through a
wired connection.

[0165] In some embodiments, the memory 302 of sensor
umit 105 stores data collected by internal sensors 307,
external wired sensors 308, and/or external wireless sensors
309. In some embodiments, the memory 302 stores this data
until 1t 1s communicated to cloud computing system 101
(e.g., directly from the sensor unit 1035 or via gateway 102).
In some embodiments, the sensor unit 105 will locally store
environmental data on memory 202 for later transmission 1f
the communication link between sensor unit 105 and the
local wireless network 110 1s lost (e.g., 1f solar powered and
due to snow or rain it shut down the radio for a few days)
or the sensor unit 105 1s 1n transport mode In some embodi-
ments, data from the sensors and/or sensor units 105 may be
buffered within the memory of the sensor unit 105 when a
data connection 1s not available and the buflered data may be
transmitted when the data connection becomes available to
the gateway 102 or the cloud computing system 101. In
some embodiments, the sensor unit 105 will automatically
transier to the gateway 102 and/or cloud computing system
101 to data locally stored on memory 302 once sensor 105
connects with local wireless network 110.

[0166] In some embodiments, such as those described
with respect to FIG. 1B, the sensor units 105 connect
directly to cloud computing system 101. In some embodi-
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ments, sensor units 105 connect directly to cloud computing
system 101 over second network 150. Second network can
utilize, for example, any network described with respect to
the long-range network 120 used by gateway 102 (e.g.,
wired LAN, Wi-Fi, cellular, satellite, etc.). In some embodi-
ments, sensor units 1035 connect directly to other sensor units
using first network 140. In some embodiments, sensor
systems with direct communication between sensor units
105 and cloud computing system 101 do not utilize a
gateway 102. In such embodiments, these sensor systems
can utilize all of the methods and features described herein
with respect to sensor systems that utilize a gateway 102.

(2) Wireless Junction Box

[0167] As described above, some sensor units incorporate
local sensors by connecting the local sensor to a modular
communication device, such as a wireless junction box
(“WIB”). Such modular systems have the advantage of
being able to utilize existing farm infrastructure, such as a
local sensor (e.g., hanging thermocouple) that does not have
the ability to wirelessly transmit data. Thus, the WIB
provides a cost-eflective way to incorporate existing sensors
into a sensor system, such as the sensor system depicted 1n
FIG. 1A.

[0168] A schematic for an exemplary sensor unit compris-
ing a WIB 400 and one or more local sensors 407A-7 1s
depicted 1n FIG. 4. In the embodiment depicted 1in FIG. 4,
the WIB comprises power supply 401, memory 402, pro-
cessor 403, radio receiver 404, radio transmitter 405, and
intertace 407. Power supply 401 delivers power to the sensor
unit WIB 400, thereby enabling 1ts function. The power
supply 401 can be, for example, at least those power sources
described above with respect to power supply 207. In some
embodiments, memory 402 stores data locally on the WIB
400, including data collected by one or more local sensors
407. Processor 403 executes 1nstructions 1n memory 402 and
reads and writes data to and from memory 402. Data 1s
received from, for example, the gateway 102 using radio
receiver 404. Radio receiver 404 permits WIB 400 to
receive data from, for example, the gateway 102 over, for
example, local network 110 (as shown 1n FIG. 1A). Data are
transmitted to, for example, gateway 102 using radio trans-
mitter 405. In some embodiments, radio transmitter 405
permits WIB 400 to send data to, for example, the gateway
using, for example, local network 110. In some embodi-
ments, radio receiver 404 and radio transmitter 405 also
permit the WIB 400 to send data to and receive data from,
for example, the cloud computing system 101 over, for
example, long range network 120, when long range network
120 comprises a cellular network. In some embodiments,
radio receiver 404 and radio transmitter 4035 also permait the
WIB 400 to send data to and receive data from, for example,
the cloud computing system 101 through gateway 102.

[0169] The WIB 400 1s connected to a local sensor 407
(e.g., a thermocouple sensor), via the interface 407 such that
the WIB 400 can collect data from the local sensor. In some
embodiments, the WJIB 400 1s connected to one local sensor
407. In other embodiments, the WIB 400 1s connected to
more than one (e.g., 2, 3, 4, etc.) local sensors 407A-7. The
data collected by the WIB 400 from the local sensor 407 can
then be sent to the gateway 102, for example, using the
methods and systems described above. Thus, mstallation of
a WIB 400 to a local sensor 407 eflectively converts the
local sensor 407 to a fully functioning sensor unit 105,
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represented 1n FIG. 4. by the dashed line around both the
WIB 400 and the local sensor 407. As described above with
respect to FIG. 1A, the gateway 102 can then communicate
the data retrieved from the local sensor and sent by the WIB
to the cloud computing system 101 using the long range
network 120. Data received by the cloud computing system
101 are then processed as discussed throughout the present
disclosure.

[0170] In one exemplary embodiment, local sensors 407
comprise existing temperature reader cards that connect to
existing thermocouple cables using a wired connection.
Several types of such thermocouples are known 1n the art
and can be adapted to sensor systems such as sensor system
100 using, for example, WIB 400.

[0171] As described above, local sensors 407 can be any
number of sensors that, unlike the sensor units 105 discussed
in the present disclosure, cannot mesh nto a wireless
network. However, like the standalone sensor units 105,
local sensors 407 detect an environmental variable and
generate data corresponding to that environmental vanable.
As described above, exemplary environmental values
include the following: temperature, humidity level, carbon
dioxide concentration, oxygen concentration, phosphine
concentration, ethylene concentration, and sound levels. In
some such embodiments, a local sensor can detect a plurality
of different environmental variables. For example, 1n one
embodiment, a single sensor unit comprises a temperature
sensor, a humidity sensor, a carbon dioxide sensor, an
oxygen sensor, a phosphine sensor, an ethylene sensor, a
sound/acoustic sensor, a pressure sensor, and an accelerom-
cter. In another exemplary embodiment, a single sensor unit
comprises at least one of the following: a temperature
sensor, a humidity sensor, a carbon dioxide sensor, an
oxygen sensor, a phosphine sensor, an ethylene sensor, a
sound/acoustic sensor, a pressure sensor, and an accelerom-
cter. In another exemplary, a single sensor unit comprises at
least one of a temperature sensor and a humidity sensor. In
another embodiment, a single sensor unit comprises at least
one of a temperature sensor and a humidity sensor, as well
as at least one of the following: a carbon dioxide sensor, an
oxygen sensor, a phosphine sensor, an ethylene sensor, a
sound/acoustic sensor, a pressure sensor, and an accelerom-
cter. In another embodiment, a single sensor unit comprises
both a temperature sensor and a humidity sensor. In another
embodiment, a single sensor unit comprises both a tempera-
ture sensor and a humidity sensor, as well as at least one of
the following: a carbon dioxide sensor, an oxygen sensor, a
phosphine sensor, an ethylene sensor, a sound/acoustic sen-
sOr, a pressure sensor, and an accelerometer. A person having
ordinary skill in the art will recognize that various combi-
nations of diflerent sensor types can be used and be within
the scope of this patent document and the claims.

C. Repeaters

[0172] Insome instances, the sensor system needs to cover
a vast area of land (e.g., farms with different grain silos that
are thousands of feet, 11 not miles, apart). A sensor unit 105
may be located too far from the gateway 102 for the sensor
umit 105 to connect to the gateway 102 over the local
wireless network 110. In such situations, 1t may be possible
for a portable gateway 102 to be used, which, as described
clsewhere 1n the present disclosure, can automatically con-
nect to the sensor umt 105 and retrieve data when both the
gateway 102 and the sensor unit 105 are within range of the
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local wireless network 110. However, it may also be advan-
tageous for the sensor system to utilize repeaters, which
cllectively bridge the gap between sensor unit 105 and
gateway 102, thereby allowing the two system components
to communicate over the local wireless network 110 without
the need to bring the gateway 102 within proximity to the
sensor unit 102. Moreover, 1t 1s also advantageous to have
additional network nodes within a mesh network to add
resiliency and/or redundancy to the network, in the event
that one or more network nodes fails. Repeater units can
provide such functionality.

[0173] In some embodiments, the repeater 500, shown
schematically in FIG. SA, comprises power supply 501,
radio receivers 504, and radio transmitter 505. Power supply
501 delivers power to the repeater 500, thereby enabling 1ts
tfunction. The power supply 501 can be, for example, at least
those power sources described above with respect to power
supply 207. Data are received from, for example, the sensor
unit 105 using radio receiver 504. Radio receiver 504
permits repeater 500 to receive data from, for example,
sensor unit 105 over, for example, local wireless network
110 (as shown 1 FIG. 1A). Data are transmitted to, for
example, gateway 102 using radio transmitter 505. In some
embodiments, radio transmitter 505 permits repeater 500 to
send data to, for example, the gateway using, for example,
local wireless network 110. In some embodiments, radio
receiver 504 and radio transmitter 505 also permit the
repeater 500 to send data to and receive data from, for
example, the cloud computing system 101 over, for
example, long range network 120.

[0174] In some embodiments, the repeater 500 further
comprises local memory 502 and processor 503. In some
embodiments, memory 402 stores data locally on the WIB
400, including data collected by one or more local sensors
407. Processor 403 executes 1nstructions 1n memory 402 and
reads and writes data to and from memory 402. In some of
such embodiments, the repeater 500 receives data from one
or more sensor units 105 and stores the data on the local
memory 3502. In some embodiments, the repeater 300 wall
store data from one or more sensor umts 105 if the gateway
102 1s not 1n range of local wireless network of the repeater
500. In some embodiments, the repeater 500 will automati-
cally send data saved to the local memory 502 to the
gateway 102 when the gateway 102 1s within range of the
local wireless network of repeater 500.

[0175] FIG. 3B depicts one embodiment of repeater unit
550. Bi-directional repeater 550 1s depicted in FIG. 5B
mounted on the roof of grain storage structure 535. Bi-
directional repeater 350 comprises to external antennas: first
antenna 553 and second antenna 554. First antenna 553,
located on the external side of the grain storage structure 555
1s used, for example, to communicate with a gateway 102
and/or cloud computing system 101. Second antenna 554, 1s
located on the internal side of grain storage structure 555 and
1s used, for example, to communicate with sensor units 105
located within the grain storage structure 555. The power
source for the unit (depicted as power source 501 1n FIG.
5A) comprises solar panel power source 551, which delivers
power to the electronics located within electronics casing
552. In some embodiments, these electronics comprise pro-
cessor 502, processor 503, radio receivers 504, and radio
transmitter 505. In addition, 1n some embodiments, the
bi-directional repeater 550 comprises a battery to store
power generated by solar panel power source 551.
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[0176] Sensor systems of the present disclosure, such as
sensor system 100 can also include additional components
that are not directly involved in collecting, transmaitting, and
processing environmental data. For example, in some
embodiments, sensor system 100 can integrate one or more
[1IDAR sensors that are used to quantily grain stores.
L1iDAR sensors mounted in the interior of a grain storage
environment (€.g., on the top of a grain si1lo) can measure the
distance between the LiDAR sensor and the top of the bulk
grain pile. In this way, the LiDAR sensor can collect data
used to calculate the amount of grain remaining 1n storage
containers. This data can be transmitted, for example, over
local network 110 to gateway 102. Gateway 102 can trans-
mit this data to cloud computing system 101 over, for
example, second network 120. Transmission of this data can
be accomplished using any of the methods discussed herein
with respect to the transmission of environmental data. For
example, 1n some embodiments, a WIB can be connected to
a L1IDAR detector thereby enabling wireless communication
of the data over the local network 101. Thus, data relating
amount ol grain in each of a plurality of storage containers
can be transmitted throughout the system and processed by
cloud computing system 101. This information can be
accessed via a user interface and/or transmitted to a user. In
some embodiments, this output relating to the amount of
grain in storage containers 1s displayed in conjunction with
the display of environmental data, trends, and analysis
discussed throughout the present disclosure.

D. Local Wireless Meshing Network

[0177] In some embodiments, local network 110 1s a
wireless network and each component of the sensor system
functions as a network node for a local meshing wireless
network (with the exception of the cloud computing sys-
tem). An exemplary embodiment of such a sensor system 1s
depicted 1 FIG. 6. Sensor system 600 comprises three
standalone sensor units 605A-C, gateway 602, repeater 608,
and local sensor 607, which has been modified with WIJB
606. Each of these components can communicate data to
other components i1n the system wvia the local wireless
meshing network 610 (depicted by dashed lines). For
example, sensor unit 605A can communicate data directly
with both the repeater 608 and sensor unit 605B. Although
the gateway 602 1s out of range for sensor unit 605A to
communicate with directly, data can be sent from sensor unit
605 A to repeater 608 and from repeater 608 to gateway 602.
In contrast, WIB 606 can communicate directly with gate-
way 602 because the two components are within the range
of the local wireless meshing network 610. Thus, either
directly or indirectly, gateway 602 can communicate with all
three standalone sensor units 505A-C as well as the modified
local sensor 607/ WIB 606 unit. As discussed above, gate-
way 602 can communicate with cloud computing system
601 over long range network 620. Cloud computing system
601 can, 1n turn, be accessed through user interfaces, such
as, for example, mobile phone 603 and/or computer 604. In
some embodiments, the user interface, such as the mobile
phone, also serves as the gateway 602.

[0178] In some embodiments, the local wireless meshing
network 610 can still function to deliver information to the
gateway 602 even when one of the network nodes i1s not
operational. For example, 1 repeater 608 from FIG. 6
became temporarily mmoperable, each component of sensor
system 600 would still be able to communicate with gateway
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602. In such embodiments, sensor unit 605A could commu-
nicate data to sensor unit 6058, which could then, in turn,
send that data to sensor unit 605C. Sensor unit 605C can
send the data to WIB 606, which 1s 1n range to forward the
data to gateway 602. Data flow 1s similarly enabled in the
opposite direction (e.g., from gateway 602, through WIB
606, sensor units 605C and 6058, to sensor unit 605A. Many

variations on this feature are envisioned.

[0179] In some embodiments, the gateway 602 1s a mobile
device (e.g., a tablet computer or a mobile phone). Thus, 1n
such embodiments, there may be time periods where the
gateway 602 1s outside of the range of the local wireless
meshing network 610. In some embodiments, the network
nodes (e.g., sensor units, repeaters, etc.) exchange data with
cach other and one or more of said network nodes stores that
data to local memory. When the gateway 602 1s within range
of the local wireless meshing network 610, that locally
stored data 1s communicated through the local wireless
meshing network 610 to the gateway 602. At this stage, 1t 1s
important to note that the gateway 602 might reenter the
range of the local wireless meshing network 610 at any
point. For example, with reference to FIG. 6, the gateway
602 might come within range of sensor unit 6035A, but be out
of range of all other components of the sensor system 600.
In that case, data from one or all sensors will be commu-
nicated through the local wireless meshing network 610 to
sensor unit 605A, which can then communicate the data to
gateway 602. Data can, of course, be sent in the other
direction as well (e.g., from gateway 602 to sensor unit
605A, and then from sensor unit 6035A to any or all of the
sensor system components via local wireless meshing net-
work 610). Additional features of these meshing sensor
systems are discussed elsewhere 1n the present disclosure
(above and below).

[0180] In some embodiments, the sensor units 605 com-
municate with each other using local wireless meshing first
network 610. In some embodiments, local wireless meshing,
network 610 1s a local meshing wireless network 610 that
operates 1 a defined frequency range. In some embodi-
ments, the frequency range 1s between 400 MHz and 2.5
GHz. In some embodiments, the frequency range 1s between
400 MHz and 2.0 GHz. In some embodiments, the frequency
range 1s between 500 MHz and 1.0 GHz. In some embodi-
ments, the frequency range 1s between 950 MHz and 850
MHz. In some embodiments, the sensor units 105 commu-
nicate over a local meshing wireless network 610 that
operates at one or more communication frequency. In some
embodiments, the one or more communication frequency of
local meshing wireless network 610 includes, for example,
at least one of the following: 2.4 GHz, 915 MHz, 900 MHz,
868 MHz, and/or 433 MHz. In some embodiments, the one
or more communication frequency of local meshing wireless
network 610 1s, for example, 2.4 GHz, 915 MHz, 900 MHz,
868 MHz, or 433 MHz. In some embodiments, the commu-
nication frequency of local meshing wireless network 610 1s
2.4 GHz. In some embodiments, the communication fre-
quency ol local meshing wireless network 610 1s 915 MHz.
In some embodiments, the communication frequency of
local meshing wireless network 610 1s 900 MHz. In some
embodiments, the communication frequency of local mesh-
ing wireless network 610 1s 868 MHz. In some embodi-
ments, the communication frequency of local meshing wire-
less network 610 1s 433 MHz. In some embodiments, the
local meshing wireless network 610 utilizes a ZigBee pro-
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tocol. In some embodiments, the local meshing wireless
network 610 utilizes at least one of the following wireless
protocols: Z-Wave, Thread, Bluetooth mesh, and/or Wi-Fi
mesh.

II. Fully Encapsulated Sensor Pods

[0181] In some embodiments, the standalone sensor unit
105 15 constructed as a sensor pod 705, which 1s entirely
contained 1n a three-dimensional round enclosure 701. In
some embodiments, three-dimensional round enclosure 701
has at least one cross section that 1s circular or semi-circular
(e.g., a three-dimensional ellipsoid or spherical shape).
Sensor pod 705, which represents one set of embodiments of
sensor unit 105, can comprise all of the components of
sensor unit 1035 and possess all the functionality previously
described with respect to sensor unit 105. FIG. 7A depicts an
exemplary embodiments of a sensor pod 705 enclosed 1n
three-dimensional round enclosure 701. Two views of the
sensor pod apparatus are shown 1n FIG. 7A. The right side
of FIG. 7TA depicts the sensor apparatus with the three-
dimensional round enclosure 701 open to show that sensor
pod 703 1s located within three-dimensional round enclosure
701. As discussed, sensor pod 705 can be, for example, any
of the sensor units described above, including those
described in general terms with respect to FIG. 3. The lett
side of FIG. 7A depicts the sensor apparatus with the
three-dimensional round enclosure 701 such that the each
portion of three-dimensional round enclosure 701 are joined
together such that it 1s shaped as a ball. In this embodiment,
the two portions of round enclosure 701 are joined together
by a hinge, but many other embodiments (e.g., those joined
by fasteners, screws, bolts, integral molding, etc.) are within
the scope of the present enclosure and would be apparent to
one skilled 1n the art. In some embodiments not depicted, the
three-dimensional round enclosure 701 comprises only a
single piece into which sensor pod 705 can be 1nserted. In
such embodiments, the three-dimensional round enclosure
can be, for example, plastically deformable to allow 1nser-
tion of the sensor pod 705. As shown 1 FIG. 7A (right) the
sensor pod 1035 1s entirely contained within the three-
dimensional round enclosure 701. In the exemplary embodi-
ment shown 1n FIG. 7A, the three-dimensional round enclo-
sure 701 1s spherical or nearly spherical 1n shape. In other
embodiments, such as that described below, with respect to
FI1G. 7B, the three-dimensional round enclosure 1s elon-
gated.

[0182] In some embodiments, the sensor umit 105 1s
enclosed 1 a three-dimensional round enclosure that is
clongated and/or oblong. In some embodiments, such as the
embodiment depicted 1n FIG. 7B, enclosed sensor unit 750
comprises three-dimensional round enclosure 751. Three-
dimensional round enclosure 751 comprises at least one
ellipsoid cross section. Three-dimensional round enclosure
751 also comprises at least one circular cross section. Sensor
pod 755, like sensor pod 705, represents one set of embodi-
ments of sensor unit 105, and can comprise all of the
components of sensor unit 105 and possess all the function-
ality previously described with respect to sensor unit 105.
FIG. 7B depicts an exemplary embodiment of a sensor pod
755 enclosed 1n elongated three-dimensional round enclo-
sure 751. Two views of the sensor pod apparatus are shown
in FIG. 7B. The right side of FIG. 7B depicts the sensor
apparatus with the three-dimensional round enclosure 751
open to show that sensor pod 735 1s located within three-
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dimensional round enclosure 751. As discussed, sensor pod
755 can be, for example, any of the sensor units described
above, including those described in general terms with
respect to FIG. 3. The lett side of FIG. 7B depicts the sensor
apparatus with the three-dimensional round enclosure 751
such that the each portion of three-dimensional round enclo-
sure 731 are joined together. In this embodiment, the two
portions of three-dimensional round enclosure 7351 are
joined together by a hinge, but many other embodiments
(e.g., those joined by fasteners, screws, bolts, integral mold-
ing, etc.) are within the scope of the present enclosure and
would be apparent to one skilled in the art. In some
embodiments not depicted, the three-dimensional round
enclosure 751 comprises only a single piece into which
sensor pod 735 can be inserted. In such embodiments, the
three-dimensional round enclosure can be, for example,
plastically deformable to allow insertion of the sensor pod
755. As shown i FIG. 7B (right) the sensor pod 103 1is
entirely contained within the three-dimensional round enclo-
sure 751.

[0183] Embodiments having an elongated enclosure, such
as enclosed sensor unit 750, can have all the features and
components discussed in the present disclosure, imncluding
those described with respect to, for example, sensor unit
105, sensor unit 605, and enclosed sensor unit 700, as well
as enclosed sensor units 800, 850, and 880. Each of the
various embodiments of the enclosed sensor unit 700 and
750 described below can be used 1n connection with any of
the various sensor systems described throughout the present
disclosure. For ease of explanation, many of the following
teatures are described with reference to enclosed sensor unit
700, but such features are equally applicable to sensor units
in elongated three-dimensional round enclosures, such as
enclosed sensor unit 750.

[0184] In some embodiments, three-dimensional round
enclosure 701 comprises a permeable or semi-permeable
area, which allows for the passage of gasses into the
three-dimensional round enclosure 701. In this way, the
gasses from the grain storage environment can interact with
the 1internal sensors on the sensor pod 705, thereby allowing,
the sensors to detect environmental variables from the grain
storage environment. For example, 1n an exemplary embodi-
ment where the sensor pod 705 comprises an internal
temperature sensor and an internal humidity sensor, the
atmosphere from the grain storage condition can permeate
the permeable area of the three-dimensional round enclosure
701. The temperature and humidity sensors can then interact
with the atmospheric gas of the storage environment,
thereby detecting the temperature and humidity level of the
storage environment. In some embodiments, such as the
enclosed sensor unit 700 depicted 1n FIG. 7A, the permeable
area 1n the three-dimensional round enclosure 701 define at
least one opening 702 that allows gasses to permeate the
three-dimensional round enclosure 701.

[0185] Placement of the entire sensor unit 105 1nto such a
three-dimensional round enclosure 701 offers several advan-
tages heretofore unrealized in the prior art. For example,
round enclosures such as three-dimensional round enclosure
701, by the virtue of their shape, are intrinsically resistant to
damage from blunt force. Thus, sensor units 705 encapsu-
lated 1n such three-dimensional round structures will be
inherently more durable than sensor units having other
shapes. This enhanced durability 1s particularly important 1n
the field of grain storage due to, in some 1nstances, pro-
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longed exposure to the elements. Moreover, during deploy-
ment of the sensor pod, 1t might have to be dropped from
significant heights, thereby risking damage to the sensor unit
705. Similarly, during emptying of the grain silos, the
enclosed sensor unit 700 might be subject to significant
force. Thus, the enhanced durability afforded by the three-
dimensional round enclosure 702 represents a significant
improvement over any prior art sensor devices for use 1n
grain storage.

[0186] In addition to enhanced stability, the three-dimen-
sional round enclosure 701 offers the advantage of easy
deployment. In some embodiments, the three-dimensional
round enclosure 701 1s spherical and approximately the size
of a softball. Such embodiments can easily be handled and
tossed or thrown 1nto place by a user (e.g., into a desired area
within a grain silo). Such embodiments will also roll with
case, and the user can utilize this unique feature to place the
sensor pod 1n an area that might otherwise be diflicult to
access, simply by rolling the sensor pod along the ground. In
some embodiments, including the enclosed sensor unit 700
depicted 1n FIG. 7A (and, as discussed, enclosed sensor unit
750 depicted in FIG. 7B), the three-dimensional round
enclosure further has a surface defining openings that aid the
user 1 handling and rolling the sensor pod because such
users can isert their fingers mto such openings, thereby
allowing for increased force and accuracy 1n positioning. In
some embodiments, the user can utilize, for example, an
external rod to better position the sensor pod. In some
embodiments, the surface defines a plurality of openings that
are independent of the opening used to facilitate interaction
of the internal sensors with the grain storage environment.
For example, 1n the embodiment depicted in FIG. 7A, the
surface of the sensor defines three openings 703 for rolling
the sensor pod, and the openings are arranged in a triangle.
In some embodiments, the surface of the sensor ball is
arranged such that at least some of these openings will be
arranged 1n a manner that resembles a bowling ball. Such a
configuration may be more familiar to the user and will

allow greater control when placing the enclosed sensor unit
700.

[0187] The size of the three-dimensional round enclosure
701 (and thereby the size of enclosed sensor unit 700) also
tacilitates handling and deployment of enclosed sensor unit
700. In some embodiments, enclosed sensor unit 700 has an
external diameter between 3 inches and 36 inches. In some
embodiments, enclosed sensor unit 700 has an external
diameter between 3 inches and 24 inches. In some embodi-
ments, enclosed sensor unit 700 has an external diameter
from 3 1nches to 12 inches. In some embodiments, enclosed
sensor unit 700 has an external diameter from 4 inches to 10
inches. In some embodiments, enclosed sensor unit 700 has
an external diameter from 4 inches to 8 inches. In some
embodiments, enclosed sensor unit 700 has an external
diameter of 6 inches.

[0188] The dimensions are slightly different for embodi-
ments of the enclosed sensor unit that are enclosed 1n an
clongated case, such as enclosed sensor unit 750 depicted 1n
FIG. 7B. In some embodiments, enclosed sensor unit 750
has a circular or semi-circular cross section having an
external diameter between 3 inches and 36 inches and an
external length (defined perpendicular to the first cross
section) between 3 inches and 48 inches. In some embodi-
ments, enclosed sensor unit 750 has a circular or semi-
circular cross section having an external diameter between 3
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inches and 24 inches and an external length between 3
inches and 36 inches. In some embodiments, enclosed
sensor unit 750 has a circular or semi-circular cross section
having an external diameter from 3 inches to 12 inches and
an external length between 3 and 24 inches. In some
embodiments, enclosed sensor unit 750 has circular or
semi-circular cross section having an external diameter from
4 inches to 10 inches and an external length between 6 and
16 1inches. In some embodiments, enclosed sensor unit 750
has circular or semi-circular cross section having an external
diameter from 4 inches to 8 inches and an external length
between 6 inches and 12 inches. In some embodiments,
enclosed sensor unit 750 has a circular or semi-circular
external diameter of 6 inches. In some embodiments,
enclosed sensor unit 750 has a circular or semi-circular
external diameter of 6 inches and a length between 8 and 12
inches.

[0189] The round shape of the three-dimensional round
enclosure 701 also aids in retrieval of the sensor pods
following deployment. For example, some grain silos are
emptied using a vacuum system. Generally, a vacuum 1s
applied to a portion of the grain, thereby pulling the grain out
of the grain silo so 1t can be weighed and shipped. Appli-
cation of the existing vacuum system to the grain silo can
also create a negative pressure that will act on the sensor
pod. Because of the shape of the three-dimensional round
enclosure 701, the sensor pod will roll under the force of the
negative pressure, thereby pulling the ball out of the grain
storage environment (e.g., grain silo). In some embodi-
ments, the dimensions of the sensor pod aid 1n retrieval
because the diameter of the circular cross section (e.g., of
enclosed sensor pod 700 and/or 750) 1s larger than the
spacing between loadout grates, causing the sensor unit to
remain 1n the storage container after unloading of the grain.
In this way, the shape of the three-dimensional round
enclosure 701 facilitates retrieval of the sensor pod.

[0190] Insome embodiments, the enclosed sensor unit 700
turther comprises structures for remote retrieval. Such struc-
tures may include one or more of the following. In some
embodiments, an attached string or cord 1s connected to the
three-dimensional round enclosure 701, so that the enclosed
sensor unit 700 can be manually retrieved. In one such
embodiment, the three-dimensional round enclosure 701
comprises a hook or a ring (as depicted, for example, as
hooks 809 i FIG. 8A) to which the cord or string 1s
reversibly attached. In other embodiments, the enclosed
sensor unit 700 comprises enclosed motors that roll the
enclosed sensor unit 700 using an ofl-center weight (e.g., a
propulsion system using a weight mounted inside the ball on
a gimbal, such that when the gimbal 1s rotated the heaviest
part of the ball moves to different areas on the ball, causing
rotation of the ball). In one such embodiment, the steering
direction may be implemented using a gyroscope and con-
trolled remotely. In other embodiments, internal fans may be
used to roll the enclosed sensor unit 700 in the desired
directions. In some embodiments, the delivery and/or
retrieval of the enclosed sensor unit 700 1s achieved using
drones. In such embodiments, the three-dimensional round
enclosure 701 may further comprise further modification
(e.g., one or more handles, divots, openings, grooves, etc.)
to facilitate the handling of the enclosed sensor unit 700 by
the drone during delivery and/or retrieval. In other embodi-
ments, delivery and/or retrieval 1s achieved because the
enclosed sensor unit 700 1itself 1s capable of flight (e.g., the
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enclosed sensor unit has fans built 1n such that it 1s a drone
itsell). In yet other embodiments, delivery and/or retrieval of
the enclosed sensor unit 700 1s achieved through magnetism.
For example, retrieval can be achieved using electromagnets
that are energized and de-energized 1n sequence such that the
ball rolls 1tself along a metal surface.

[0191] Insome embodiments, the enclosed sensor unit 700
may include one or more positioning sensors to determine
position of the sensor unit 700, (e.g., GPS). In some embodi-
ments, position may be determined through triangulation,
(e.g., by measuring angle to strongest signal for three or
more wireless nodes that are 1n known locations).

[0192] In some embodiments the enclosed sensor units
700 may move themselves to provide even coverage of the
space. In some such embodiments, a set of rules for desirable
placement 1s created. For example, in some embodiments, a
rule 1s created so that each enclosed sensor unit 700 must be
no further than 10 meters from 1ts nearest sensor unit. In this
embodiment, the enclosed sensor units 700 may use their
data communication capability to transmit their position to
a central device, such as a gateway. The central device may
use a planner (e.g. a recursive decent planner) to determine
an efhicient plan for moving the balls so they satisty the rules
for desirable placement as closely as possible. The central
device may then transmit to each enclosed sensor unit 700
instructions as to where each enclosed sensor unit 700
should move and/or what route each enclosed sensor unit
700 should take to achieve the best placement. For embodi-
ments 1n which the enclosed sensor unit 700 1s not config-
ured to move 1tsell, coordinated movement of the enclosed
sensor unit 700 can also be achieved, for example, using
drones, as described above.

[0193] In some embodiments, a camera may be included
on an enclosed sensor unit 700. In some embodiments the
camera 1s used to transmit continuous (e.g. low resolution
images of the surrounding area) or periodic 1images of the
area. In some embodiments, the camera 1s used to transmit
thermal 1mages. These 1images are used to determine local
conditions remotely, such as development of a pest colony
or visual observation of wheat kernels to determine their
condition. In some embodiments, the enclosed sensor unit
700 comprises hyper spectral imaging sensors that can
detect the presence of specific chemicals (e.g., phosphine
gas, methane, etc.).

[0194] One exemplary embodiment 1s depicted 1n FIG. 8A
in exploded view. In this embodiment, the three-dimensional
round enclosure 801 comprises a top part 801 A and a bottom
part 801B. In this embodiment, the top portion part of the
enclosure 801A defines a plurality of small openings 810,
which comprises permeable area 802. Sensors 807 are
located directly under the top part of enclosure 801A. The
three dimensional round enclosure further comprises two
hooks 809, located on the bottom part of the enclosure 801B,
which can be used for hanging, deploying, and retrieving
enclosed sensor unit 800. In this way, sensors 807 can
interact with the grain storage environment, thereby detect-
ing data corresponding to relevant environmental variables.
In the example depicted 1n FIG. 8A, three sensors (807A-C)
are mstalled on the sensor board 804 of enclosed sensor unit
800. In some embodiments, these sensors 807 are modular
and can be removed and/or replaced without damaging other
portions of the enclosed sensor unit 800. In this embodi-
ment, an on/ofl switch 806 1s also located on the sensor
board 804. In some embodiments, on/off switch 806 can be
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manipulated via button 808 on the top part of the enclosure
801A (button 808 1s visible 1n the schematic in FIG. 8A). In
the exemplary embodiment depicted mn FIG. 8A, power
source 805 and antenna 803 are located underneath the
sensor board 804. In some embodiments, these components
are also modular and can be removed and/or replaced
without damaging other portions of enclosed sensor umnit
800. In some embodiments, internal components (e.g.,
power source, memory, antenna, etc.) are sealed such that
corrosive gasses cannot come nto contact with these com-
ponents.

[0195] Another exemplary embodiment 1s depicted 1n
FIG. 8B 1n exploded view. Enclosed sensor unit 850 has
many of the components described above, with respect to
enclosed sensor unit 800, depicted 1n FIG. 8B. Such com-
ponents include Sensors 857A-C, sensor board 854, power
source 855, and antenna 853. In some embodiments, each of
these components can be modular and replaceable, as
described above. All of these components are tully enclosed
in three dimensional round enclosure 851, which 1s com-
prised of the top part of the enclosure 851 A and bottom part
of the enclosure 851B. Many varniations and designs for
enclosed sensor units 700 are within the scope of the present
disclosure, including, for example, those with elongated
three-dimensional round enclosures (i.e., embodiments hav-
ing a three-dimensional round enclosure having at least one
cross section that 1s ellipsoid).

[0196] Another exemplary embodiment 1s depicted 1n
FIG. 8C. Like previously described embodiments, enclosed
sensor unit 880 comprises a three-dimensional round enclo-
sure 881 that 1s made up of a top part 881 A and a bottom part
881B. The top part of the enclosure 881 A comprises per-
meable area 882. In embodiment 880, permeable arca 882
comprises a screen 888 that has small enough openings to
prevent grain and other particulate matter to enter the
enclosure 881 and allow gas to enter the enclosure 881,
thereby interacting with the internal sensor units. Screen 888
1s modular and can be easily replaced so that screens can be
implemented having i1deal hole sizes that maximize airtlow
into the enclosure 881 for each particular grain type. Sensor
board 884 1s also designed to be modular and easily replace-
able, such that a user can swap out the sensor board to
incorporate different combinations of sensors (e.g., tempera-
ture sensor, humidity sensor, phosphine sensor, etc.) into
enclosed sensor unit 880. Enclosed sensor unit 880 1is
designed such that the sensors are exposed to the environ-
ment, but other electronics are sealed 1n an inner chamber
that 1s not exposed to the environment. In this way, enclosed
sensor unit 880 1s designed to extend the lifetime of the most
high-value electronics. Enclosed sensor unit 880 also com-
prises antenna unit 883. Antenna unit 883 comprises two
circular coaxial antennas, each oriented at a 90° angle from
each other. In some embodiments, the enclosed sensor unit
880 will turn on the first coaxial antenna and test the signal
quality. The enclosed sensor unit 880 will then turn on the
second coaxial antenna and test the signal quality. Next, the
enclosed sensor unit 880 will compare the two signals and
use the coaxial antenna that delivers the best signal quality.
Although the preceding exemplary embodiment utilize
spherical or nearly spherical enclosures, each of the features
described with respect to enclosed sensor units 800, 850, and
880 can be similarly implemented with enclosed sensor units
that comprise an elongated enclosure, such as that described

in FIG. 7B.
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[0197] Although the preceding discussion highlights the
use of enclosed sensor systems 1n the application of moni-
toring grain storage, these modular sensor apparatuses are
equally applicable to the monitoring of other items 1n
storage (e.g., fruits and vegetables). This can be accom-
plished simply by configuring the sensors on the sensor
panel to detect environmental conditions relevant to the
desired application (e.g., the use of ethylene, temperature,
and/or humidity 1n the monitoring of stored fruit and/or
vegetables).

II1I. Advanced Functionality of Sensors and Sensor Systems

[0198] Insome embodiments, the sensor units 105, mnclud-
ing enclosed sensor units 700, possess additional function-
ality to that which has been heretofore described. Through-
out the present disclosure, references made to features and
functionality of sensor units 105 include those embodiments
in which the sensor unit 105 1s enclosed 1n a three-dimen-
sional round enclosure, such as, for example, enclosed
sensor unit 700.

A. Power Saving Features

[0199] Some embodiments of sensor units 105 use a
battery as a power source. As 1n any battery system, 1t 1s
desirable for battery life to be as long as possible. Therelore,
in some embodiments, sensor units 105 have features and
programs 1n place to eflectuate power savings, thereby
increasing the battery life of the unat.

[0200] A common strategy for power savings 1s to have
clectronics go to sleep, e.g., enter a low-power consumption
state. In a sleep mode unused or unnecessary electronic
circuits can be powered down, with only a small portion of
the electronics remaining powered up so that the small
portion can wake up the remaining electronics.

[0201] In some embodiments, sensor unit 105 can transi-
tion 1nto and out of a sleep mode. In many embodiments of
sensor units 105, the most power-hungry component is the
radio transmitter 3035. Accordingly, 1n some embodiments,
when sensor unit 105 1s 1n sleep mode, no power 1s delivered
to the radio transmitter 305. In some embodiments, when
sensor unit 105 1s 1n sleep mode, no power 1s delivered to at
least one of the following: radio transmitter 305, radio
receiver 304, internal sensors 307, interface 306, and exter-
nal wired sensors 308. In some embodiments, when sensor
unit 105 1s 1 sleep mode, no power 1s delivered to the radio
transmitter 305, and at least one of the following: radio
receiver 304, internal sensors 307, interface 306, and exter-
nal wired sensors 308. In those embodiments where no
power 1s delivered to radio transmitter 305 while the sensor
unmt 105 1s 1n sleep mode, no data can be transmitted from
the sensor unit 105 until the sensor unit 105 transitions out
of sleep mode (thereby delivering power once again to radio
transmitter 3035). Therefore, the transition mto and out of
sleep mode can be controlled 1n a variety of manners, each
of which can be used either alone or in combination with the
others.

[0202] In some embodiments, the sensor umt 105 transi-
tions 1nto and out of sleep mode based on an internal timing
system. In some embodiments, the schedule can be set by the
user (using, for example, a user interface application, such
as a native or web-based application). In some embodi-
ments, the schedule will be preconfigured. In some embodi-
ments, the sensor unit 105 will transition out of sleep mode
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when the sensor unit 1s moved. In such embodiments, the
accelerometer will 1mtiate the waking protocol when 1t
detects movement beyond a predetermined threshold. In
some embodiments, the sensor unit 105 will transition into
sleep mode when 1t 1s unable to connect to the local network
(e.g., wirelessly through connection to gateway 102 or
repeater) for a predetermined period of time. In some
embodiments, the sensor unit will repeatedly attempt to
connect to the local network (e.g., once every minute) for a
predetermined period of time (e.g., 30 minutes) before
transitioning into sleep mode. Other protocols for transitions
into and out of sleep mode are described below.

[0203] As discussed above, in some embodiments, data
values may be tracked and stored in the sensor unit 105 (1.e.,
stored on local memory 302). In some embodiments, the
sensor unit 105 can compare the latest data set to one or
more prior data sets. IT the latest data set has not changed
meaningfully from the one or more prior data sets, then to
save power a special short message that indicates that
“nothing has changed” may be sent instead of the latest data
set. Because the power needed by a transmitter 1s directly
proportional to length of power transmission (which 1n turn
1s directly proportional to the length of message sent), the
shorter message sent 1n lieu of the latest data set will require
less power to send. While this process consumes more
power than not sending data at all, 1t allows the receiver to
know that the sensor unit 105 1s still functional and active.
However, 1n other embodiments, the sensor unit 105 will not
send anything at all 1f the latest data set 1s not meaningfully
different than one or more prior data sets.

[0204] In other embodiments, 11 all data values since the
last transmission are within a desired range, data i1s sent 1n
a batch mode on an infrequent basis to save power. However,
iI any data value since the last transmission 1s out of range,
the data may be sent either immediately or more frequently.
For example, suppose a sensor previously detected a carbon
dioxide level of 405 parts per million (ppm) and transmaitted
that data value to the gateway 102. The range for the sensor
unit 105 was set at £10 ppm. If the next measurement was
within that range (e.g., 408 ppm), then the sensor 105 umit
would locally store the data and would not transmait the data
to the gateway 102. In some embodiments, as long as each
new data set was within the range (e.g. 395-415 ppm), this
local storage would continue for a predetermined number of
cycles (e.g., 2, 3, 4, 5, 6, etc. measurements). Only after the
completion of the predetermined number of cycles would
the locally stored data set be sent from sensor unit 105 to
gateway 102. In some embodiments, each of the stored data
sets would be sent. In other embodiments, an average (e.g.,
mean, median, etc.) value would be sent instead of the
entirety of the locally stored data. However, 11, for example,
the next data value detected was out of range (e.g., 447
ppm), then that data would be sent before the predetermined
number of cycles. For example, in one embodiment, the
out-of-range data would be sent immediately. In other
embodiments, the out-of-range data would be sent if later
confirmed 1n additional measurements.

[0205] In other embodiments, a trend model runs 1 both
the gateway 102 and the sensor unit 105 using 1dentical
mathematical equations. In such embodiments, the sensor
unit 105 tracks the data values that the trend model 1n the
gateway 102 calculates. If the sensor unit 105 determines
that the values calculated 1n the gateway 102 have good
accuracy data may be sent less frequently, even 11 the data
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are outside of range. However, i the values of the trend
model drifts from the actual values, data may be sent from
the sensor unit 105 to the gateway 102. For example,
temperature 1n a refrigerated storage environment can be
monitored using this method. In this example, the trend
model assumes that values outside of range will continue to
have the same first and second derivative, for example 1° C.
rise per hour and a 0.1° C. decrease in the rate of rise. So 1f
a temperature of 10° C. 1s sent one hour and the value read
by the sensor pod 1s 11° C. in the next hour and 11.9° C. 1n
the following hour, there would be no need to send these
intermediate values since the model has done a good job
predicting values. However, 11 the value read by the sensor
pod 1s 11.1° C. and then 13.0° C., one or both values may
be transmitted since it 1s clear that the trend model 1s not
making accurate predictions. This technique may have sig-
nificant saving in the amount of data being transmitted,
thereby extending the battery life of the sensor unit 105. This
method also greatly increases the amount of off-line data that
can be stored.

[0206] In some embodiments, the data transmission inter-
val may be adaptive, such that the frequency of transmission
may be based on how far the values predicted by the trend
model differ from the actual values. For example, a given
embodiment might have a policy of not transmitting a new
value 1f the trend model 1s accurate to 5%, transmitting a
new value every 60 minutes 1f the trend model has between
5% and 10% inaccuracy, and transmitting a new value every
10 minutes 1f the accuracy of the trend model 1s 10% or
WOrse.

[0207] In some embodiments, variable length coding may
be utilized so that the amount of data needed to send a data
packet with values that are normal and expected (such as
small changes 1n value) requires less bits than for values that
are unexpected (such as large changes 1n value). One method
of implementing such variable length coding 1s Huilman
Coding. Those skilled 1n the art will realize that other
variable length codes may be substituted for other known
techniques (e.g., Snappy compression).

B. Alarms and/or Notifications

[0208] In some embodiments, alarms and/or notifications
are generated under certain circumstances. In some embodi-
ments comparison data from one part of the system, e.g. a
sensor pod may be forwarded to another part of the system
(e.g., a gateway). In some embodiments the comparison data
may be used for an alarm and/or a comparison display. In
some embodiments, the alarm and/or notification 1s gener-
ated by the gateway 102. In some embodiments, the alarm
and/or notification 1s generated by one or more sensors 105.
In some embodiments, the alarm and/or notification signal 1s
sent to cloud computing 101, which can be accessed by user
interfaces, such as for example mobile phone 103 or per-
sonal computer 104. In some embodiments, the alarm and/or
notification 1s generated by at least one of the following: the
gateway 102, the sensor umt 105, and the cloud computing
system 101.

[0209] In some embodiments, alarms and/or notifications
are generated 1n response to data values outside a predeter-
mined range. The range can be set using any methodology
described herein. For example, the range can be manually
set by the user (via, for example, the cloud computing
interface or the gateway). The range can also be predeter-
mined based a number of preset modules. The range can also
be dynamic and based on prior measurements registered by
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the sensor unit, or those registered by other sensor units. In
some embodiments, when the sensor registers data that are
outside the predetermined range, an alarm signal 1s gener-
ated at the sensor umt 105 and sent to other parts of the
sensor system (e.g., the gateway 102 and/or cloud comput-
ing system 101). In other embodiments, the data from sensor
105 1s sent to the gateway 102, where the data value 1s
compared to the range and the alarm signal 1s generated. In
yet other embodiments, the data 1s received by the cloud
computing system 101, where the data value 1s compared to
the range and the alarm signal 1s generated. In some embodi-
ments, the alarm and/or notification signal 1s sent back to the
gateway 102 and/or accessed via a user interface to the cloud
computing system 101 (e.g., a mobile phone).
[0210] In some embodiments, alarms and/or notifications
are generated when one sensor unit registers a data value that
1s significantly different than those data values registered by
other sensor units. As discussed above, in some embodi-
ments multiple sensor units 105 communicate with a single
gateway 102. In some embodiments, data from different
sensor units 105 are compared to each other to determine
outliers and/or failures. In such embodiments one or more of
the following techniques are used:
[0211] a. Data from each sensor units 105 1s forwarded
to a gateway 102, wherein the comparison 1s made;
[0212] b. Data from a first sensor unit 105 (e.g., 105A)
1s communicated to a second sensor unit (e.g., 105B)
wherein the comparison 1s made; and
[0213] c. Data from a first sensor pod 1s send through a
network (e.g. a self-organizing mesh network) to a
second sensor pod wherein the comparison 1s made.
[0214] If the data from the first sensor pod 1s significantly
different than the data from the second sensor pod, an alarm
and/or notification will be generated, for example, on the
gateway, the sensor umit itself, or the cloud computing
system (which can be accessed by a user interface such as a
mobile phone or computer). Those skilled 1n the art waill
realize that the above may be generalized to an arbitrary
number of sensor units and/or gateways.
[0215] As described above, 1n some embodiments, sensor
unit 105 comprises a plurality of sensors (e.g., internal
sensors 307, external wired sensors 398, or external wireless
sensors 309). In some embodiments data sets from different
sensors attached and/or communicating to the same sensor
unit 105 may be compared to each other to determine
outliers and/or failures. For example, 1f a single sensor unit
105 has three different external temperature probes, each
located within the same grain storage bag and one shows a
temperature that 1s 10 degrees or more different than the
other two, a fault condition could be declared with an
appropriate notification and/or alarm to the user.
[0216] In some embodiments, various components of the
sensor units 105 and/or sensor system 100 are connected by
long wires. In some such embodiments, noise picked up by
long wires may be addressed. In some embodiments, longer
probe lengths may act as an antenna. For example, industrial
environments can contain noise from power supplies at
50/60 Hz and their harmonics. In some embodiments, both
hardware and digital filtering are be applied to cancel out
noise in the environment.

C. Advanced Spoilage Detection

[0217] Some sensor systems are equipped with hardware
and/or software that allows the system to determine when
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conditions 1n the storage environment raise a substantial risk
that spoilage will occur. In some embodiments, the sensor
units 105 and/or sensor systems 100 allow for the detection
of conditions conducive to grain spoilage. In such embodi-
ments, data collected by one or more sensor units 105 are
analyzed, for example, by an algorithm to detect conditions
conducive to grain spoilage. In some embodiments, data
collected by one or more sensor units 105 are transferred to
the gateway 102, where the data 1s analyzed. In other
embodiments, data are transierred to the cloud computing
system 101, where the data are analyzed. The data analyzed
to determine whether spoilage 1s likely to occur are data
corresponding to any environmental variable discussed 1n
the present disclosure, including temperature, humidity,
carbon dioxide, oxygen, phosphine, ethylene, sound, move-
ment, pressure, and combinations thereof. In some embodi-
ments, the environmental data analyzed to determine
whether spoilage 1s likely to occur comprises temperature
data, humadity data, carbon dioxide data, oxygen data,
phosphine data, ethylene data, sound data, or movement
data. In some embodiments, the environmental data ana-
lyzed to determine whether spoilage 1s likely to occur
comprises temperature data, and humidity data. In some
embodiments, the environmental data analyzed to determine
whether spoilage 1s likely to occur comprises temperature
data, and humidity data, and at least one of the following:
carbon dioxide data, oxygen data, phosphine data, ethylene
data, sound data, or movement data. In some embodiments,
the data analysis occurs 1n the cloud computing system 101.
In some embodiments, the data analysis occurs in the
gateway 102. In some embodiments, the data analysis occurs
in the sensor unit 1035.

[0218] By way of example, reference will be made to the
sensor system depicted in FIG. 6. In this example, sensor
units 605A, 6058, and 605C are each located a different area
within a grain storage environment. In this exemplary
embodiment, a data set comprising temperature data 1s used
to determine 1f natural convection currents can be generated
in a bin. For example, the temperature values recorded by
sensor unit 605A in one section of the grain mass are
compared to, for example, the values recorded by sensor
units 605B and 605C, each located 1n a different section of
the grain mass. The difference in temperature and the
distance between the regions 1s used to calculate the velocity
of airtlow within the storage environment due to natural
convection. I the calculated velocity 1s above a threshold
value, the system will register conditions are conducive to
grain spoilage. In some embodiments, the data set comprises
other environmental data, including, for example, humidity
data, carbon dioxide data, oxygen data, phosphine data,
cthylene data, sound data, and/or movement data. In some
embodiments, the data set comprises humidity data.

[0219] In some embodiments, the threshold value 1s deter-
mined at least i part by analyzing a data set comprising at
least part of the historical environmental data set. For
example, with respect to the exemplary embodiment dis-
cussed above, 1n some embodiments, the algorithm will use
environmental data (e.g., humidity data, carbon dioxide
data, oxygen data, etc.) to determine the threshold value that
the calculated velocity will be compared to. For example, 1t
the temperature data and the humidity data shows that
conditions 1n the storage environment are particularly well-
suited for mold growth, then the threshold value might be
lower than it would be if the same data showed conditions
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were not conducive to mold growth. In this way, the algo-
rithm can conduct multi-variant analysis to determine
whether or not the storage environment i1s conducive to
spoilage. This method 1s described 1n general terms 1n FIG.

9

[0220] In some embodiments, the method described 1n
FIG. 9 1s performed. As depicted in FIG. 9, the method
comprises the following steps:

[0221] receiving a detected environmental data set from
the gateway;

[0222] applying the trained algorithm to a prediction
data set comprising a historical environmental data set
thereby generating a predicted environmental data set;

[0223] comparing the predicted environmental data set
to the detected environmental data set, thereby gener-
ating a differential value set;

[0224] analyzing the diferential value set using a set of
conditions; and

[0225] 1f the differential value set satisfies the set of
conditions, automatically mitiating a downstream pro-
Cess.

[0226] In the embodiment in FIG. 9, current environmen-
tal data corresponding to environmental variables 1nside a
grain storage environment are received (e.g., detected tem-
perature data, humidity data, and carbon dioxide data). An
algorithm 1s applied to a prediction data set, which 1n some
embodiments comprises historical environmental data from
within the storage environment (e.g., previously detected
temperature data, humidity data, and carbon dioxide data
stored, for example, on the cloud computing system). In
some embodiments, application of the algorithm to the
prediction data set creates predicted environmental data
(e.g., predicted temperature data, predicted humidity data,
and predicted carbon dioxide data). These predicted envi-
ronmental data are compared to the detected environmental
data thereby generating a diflerential value set (e.g., having
differential values for each environmental variable mea-
sured). This differential value set 1s analyzed using a set of
conditions (e.g., comparison of each differential value to a
threshold value) to determine whether the detected data are
significantly different from the predicted data. In some
embodiments, 1f the set of conditions 1s satisfied, a down-
stream process 1s 1nitiated.

[0227] Although 1n the preceding example, temperature
and humidity data were used to describe the process, any
combination of environmental data described 1n the present
disclosure can be utilized. For example, 1n some embodi-
ments, the detected environmental data set and the historical
environmental data set each comprise at least one of the
following: temperature data, humidity data, oxygen data,
carbon dioxide data, phosphine level data, and ethylene data.
In some embodiments, the historical environmental data set
comprises environmental data previously generated by the

sensor corresponding to the one or more environmental
variables.

[0228] In some embodiments, the advanced spoilage
detection utilizes a rule based algorithm. In some embodi-
ments, the advanced spoilage conditions are determined by
the comparison of actual and predicted values. In some
embodiments, the advanced spoilage detection utilizes pat-
tern recognition.

[0229] In some embodiments, the system will produce an
output in response to the determination that the storage
environment 1s conducive to spoilage. In some embodi-
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ments, a nofification and/or alarm 1s generated. In some
embodiments, the notification and/or alarm 1s generated by
cloud computing system 101. In some embodiments, the
notification and/or alarm 1s displayed to the user when the
user accesses cloud computing system 101 via a user inter-
face (such as mobile phone 103 and/or computer 104). In
some embodiments, a notification and/or alarm 1s sent
directly to the user (e.g., to the user’s computer 104 and/or
mobile phone 103). In some embodiments, the user receives
the notification and/or alarm over email, text message,
and/or phone call. In some embodiments, the alarm and/or
notification comprises a probability that a spoilage event
(e.g., mold growth, nsect colony growth, etc.) will occur
over a defined time period (e.g., 1, 2,3, 4, 5,7, 10, 14 etc.
days).

[0230] In some embodiments, the system will automati-
cally mitiate a downstream process in response to the
determination that the storage environment 1s conducive to
spoilage. In some embodiments, the automatic mitiation of
the downstream process will be performed by cloud com-
puting system 101. In some embodiments, the automatic
initiation of the downstream process will be performed by
gateway 102. In some embodiments, the automated down-
stream process comprises generation of alarms and/or noti-
fications as described throughout this application. In some
embodiments, the automated downstream process comprises
alterations 1n the storage environment, as discussed 1n other
portions of this application. In some embodiments, the
alterations 1n the storage environment are achieved by the
action of an actuator that engages a mechanical process (e.g.,
turning on a fan, opening vents, initiating fumigation, stir-
ring the grain, etc.).

D. Anomaly Detection

[0231] In some embodiments, the sensor units 105 and/or
sensor systems 100 allow for the detection of anomalies 1n
the grain storage environment. In such embodiments, data
collected by one or more sensor units 105 are analyzed by
an algorithm to detect anomalous events. In some embodi-
ments, data collected by one or more sensor units 105 are
transierred to the gateway 102, where the data are analyzed.
In other embodiments, data are transferred to the cloud
computing system 101, where the data are analyzed. The
data analyzed to determine the presence of an anomaly
comprise data corresponding to any environmental variable
discussed 1n the present disclosure, including temperature,
humidity, carbon dioxide, oxygen, phosphine, ethylene,
sound, movement, pressure and combinations thereof. In
some embodiments, the data analysis occurs in the cloud
computing system 101. In some embodiments, the data
analysis occurs 1n the gateway 102. In some embodiments,
the data analysis occurs 1n the sensor unit 105.

[0232] In some embodiments, previous data collected
from one or more sensors 105 1s stored on the cloud
computing system 101 or the gateway 102. These previous
data comprise a historical data set. In some embodiments, an
algorithm 1s applied to this historical data set to generate one
or more predicted data values. In such embodiments, a
current data set 1s recerved by the cloud computing system
101 or gateway 102 and the current data set 1s compared to
the predicted data values. If the differential between the
predicted data values and the current data 1s higher than a
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predetermined threshold value, then the algorithm will reg-
1ster an anomalous event and/or a probability that an anoma-
lous event 1s occurring.

[0233] Insome embodiments, each set of data collected by
the sensor units 105 at different time points (e.g., once each
day) 1s received by the cloud computing system 101 and/or
gateway 102. Each data set 1s analyzed by an algorithm that
applies a predetermined set of rules and/or conditions. If the
rules and/or conditions are satisfied for a predetermined
number of data sets, then the algorithm will register an
anomalous event and/or a probability that an anomalous
event 1s occurring.

[0234] For example, in one embodiment, a data set com-
prising temperature data 1s used to determine the presence of
a hot spot using a set of rules depicted schematically 1n FIG.
10. In some embodiments, temperature data are collected
from one or more sensor units 105, for example, once every
day, and 1s transierred to gateway 102 and uploaded to the
cloud computing system 101. Each set of temperature data
are recerved by the cloud computing system 101. Each set of
temperature data 1s then analyzed by an algorithm depicted
in FIG. 10. On the first day, the temperature data (T1) 1s
compared to a threshold value (X1). If the temperature 1s
higher than the threshold value, then the algorithm waill
register this condition as satisfied. This process 1s repeated
for data at several time points. In this example, each day the
temperature data (In) from that data 1s compared to the
corresponding threshold value for that day (Xn). If the
condition 1s met (1.., temperature recorded 1s higher than
threshold) for a suflicient number of days, the system will
register the formation of a hot spot. In some embodiments,
the condition must be satisfied for a suthicient number (e.g.,
4,5 .,6,7, 8,9, 10, etc.) of consecutive days for the system
to register a hot spot. In some embodiments, the condition
must be satisfied for at least 6 consecutive days for the
system to register a hot spot.

[0235] Although the preceding exemplary embodiment
discusses the use of temperature data, any combination of
environmental variables can be analyzed to determine the
presence of anomalous events. For example, in another
exemplary embodiment, the system utilizes a data set that
comprises temperature, oxygen, and carbon dioxide data to
detect the presence of an emerging pest colony. The system
can momnitor data over time (e.g, a historical data set com-
prising temperature, oxygen, and carbon dioxide data from
prior days, weeks, and/or months). If the algorithm detects,
using any number ol methods described herein, that there 1s
an anomalous increase in temperature, combined with a
statistically significant decrease 1n oxygen and a statistically
significant increase 1n carbon dioxide, the system will reg-
ister the development of a pest colony. In some embodi-
ments, a decibel meter can be used to detect sound generated
by the growing pest colony, and the sound data collected can
also be factored into the analysis. Many different combina-
tions of data are envisioned that can detect several anoma-
lous events that are likely to have a deleterious eflect on the
quality of the grain 1n storage.

[0236] Insome embodiments, the system provides the user
with one or more outputs following analysis of the environ-
mental data by the anomaly detection algorithm. In some
embodiments, the output comprises one or more ol the
tollowing: visual representations of historical, current, and
predicted data, such as graphs and/or trendlines; probabilis-
tic models that depict the probability that an anomalous
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event 15 occurring and/or will occur; confidence intervals
that inform the user as to the strength of predictive insights;
and/or warnings, alerts and/or notifications.

[0237] Insome embodiments, an alarm and/or notification
1s generated when the system registers an anomalous event
(e.g., hot spot, pest infestations, mold growth, etc.). In some
embodiments, the alarm and/or notification 1s generated 1n
the gateway 102 or generated 1n the cloud computing system
101 and sent to gateway 102. In some embodiments, the
alarm and/or notification 1s generated in the cloud comput-
ing system 101, where 1t can be accessed via a user interface,
such as, for example, a mobile phone or computer. In some
embodiments, the alarm and/or notification is sent to the user
interface (e.g., via text message or email notification). In
some embodiments, the user interface utilizes a native
application (e.g., on the mobile phone and/or computer). In
some embodiments, the user utilizes a web-based applica-
tion that 1s accessed via the user interface.

[0238] In some embodiments, the alarm and/or notifica-
tion 1ncludes or 1s delivered with suggested instructions for
how to best maintain the quality of the grain 1n storage. For
example, 1n some embodiments, if the system detects a hot
spot, then suggested instructions include instructions for
mixing the grain and/or aerating the storage environment. In
other embodiments, 11 the system detects a pest infestation,
then the suggested instructions include instructions as to the
duration and amount of pesticide to be administered to the
grain. Many 1terations on this system are possible.

[0239] Insome embodiments, the system provides the user
with a probability that an anomalous event 1s occurring or
will occur 1n the future. In some embodiments, this prob-
ability 1s sent to gateway 102. In some embodiments, this
information 1s maintained in the cloud computing system
101, which can be accessed via a user interface, such as for
example, a mobile phone or personal computer. In some
embodiments, this information 1s sent to the user interface
(e.g., via text message or email notification).

[0240] In some embodiments, this probability 1s deter-
mined using a rule based algorithm. In some embodiments,
the probability 1s determined by the comparison of actual
and predicted values. For example, a spike in temperature of
an actual value over a predicted daily spike in temperature
can be used 1n the determination of an anomalous event. In
some embodiments, the predictive models utilize moving
averages. In some embodiments, the predictive models
utilize exponential smoothing and/or double exponential
smoothing. In some embodiments, the anomaly prediction
utilizes pattern recognition. In some embodiments, the algo-
rithm 1dentifies a previous trend in the environmental data
based on a historical environmental data set. The algorithm
also 1dentifies a current trend based on current and recent
environmental data. The alogorithm then compares the two
data sets and provides a probability that the current trend 1s
the product of an anomalous event.

[0241] The probability of an anomalous event can be
calculated using any number of methods known in the art
and disclosed herein. For example, in one embodiment, the
probability of developing a hotspot i1s calculated by analyz-
ing a data set comprising temperature data over time. In an
exemplary situation, the system registers a modest increase
in temperature relative to the historical average (e.g. 0.5° C.
higher than average) on day 1. The algorithm uses this
information to generate a probability (e.g., 12%) that a hot
spot 1s developing. On day 2, the system registers a tem-
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perature that 1s again higher than the historical average (e.g.
1.2° C. higher than average). The algorithm then analyzes
both the data from day 1 and day 2, to generate an updated
probability (e.g., 31%) that a hot spot 1s developing. If, for
example, the system registers a temperature on day 3 that 1s
less than day 2, but higher than day 1 (e.g. 0.9° C. higher
than average), the algorithm will use the data values from all
three days to update the probability (e.g., 34%) that a hot
spot 1s developing. Thus, 1n some embodiments, the system
will analyze the current data in the context of historical and
recent data to determine the probability that an anomalous
event 1s occurring. In some embodiments, other data will be
included (e.g., weather data, such as temperature data,
humidity data, and pressure data from a local weather
service) to further refine the probabilities generated by the
algorithm.

[0242] In some embodiments, the algorithms used to
detect anomalous events (1.e., anomaly detection algorithms)
utilize increasing sensitivity logic. In some embodiments,
the sensitivity of the algorithm increases when the environ-
mental conditions indicate an increased probability that an
anomalous event will develop. For example, the temperature
of the environment increases due to the presence of mold.
This temperature increase 1s slow at first and then increases
rapidly 1n an exponential way. Thus, 1n some embodiments,
the algorithm has a built-in logic that increases the sensi-
tivity of its analysis (e.g., by reducing the required threshold
temperature values) upon detection of a small but statisti-
cally significant temperature increase. Similar sensitivity
logic can be utilized for the detection of other anomalous
event (e.g., increased sensitivity for determiming presence of
pest colony based upon localized decreases 1n oxygen levels
and increases 1n carbon dioxide levels). Many embodiments
are within the scope of the present disclosure.

[0243] In some embodiments, an anomaly detection algo-
rithm comprises artificial intelligence models. In some
embodiments, the anomaly detection algorithms are trained
using machine learning. In some embodiments, the anomaly
detection algorithms are trained utilizing inverse weight
clustering and decision tree. In some embodiments, the
anomaly detection algorithms are trained using linear one
class support vector machines (“SVM with”) deep learning.
In some embodiments, the anomaly detection algorithms are
trained using deep learning. In some embodiments, the
anomaly detection algorithms are trained with deep Q-leamn-
ing. In some embodiments, the algorithms are trained using
deep policy gradient. In some embodiments, the anomaly
detection algorithms are trained using neural networks.

[0244] In some embodiments, the anomaly detection algo-
rithm 1s trained using deep learning. In some embodiments,
the anomaly detection algorithm 1s trained using Restricted
Boltzmann Machines (RBMs). In some embodiments, the
anomaly detection algorithm 1s trained using Deep Belief
Networks (DBNs). DBNs are built by stacking several
RBMs and allow learning the distribution of the training
data in an unsupervised manner. Thus, systems using
anomaly detection algorithms trained in this manner can
detect samples that do not come from the same distribution
(thereby detecting anomalous events).

[0245] Training of the algorithm using these machine
learning systems allows the anomaly detection algorithm to
recognize patterns and regularities 1n the data collected by
the sensor systems. Properly tramned algorithms analyze
environmental data sets to determine 1f the data represent
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standard/normal conditions within the grain storage envi-
ronment, or 1f the data represent one or more anomalous
conditions within the grain storage environment. In some
embodiments, the anomaly detection algorithms can be
trained to be probabilistic in nature and use statistical
inference to find the best label for a given data set. In some
embodiments, the output of an anomaly detection algorithm
1s the probability that the analyzed data represents an
anomalous event (in contrast to a normal fluctuation of
environment 1n absence of the anomaly).

E. Automation of Downstream Processes

[0246] In some embodiments, downstream processes are
automatically imitiated based on the results from data analy-
s1s conducted by the algorithms. In some embodiments, the
downstream processes are simply the delivery of an alarm
and/or notification to the user, as described above. However,
in some embodiments, the automatically initiated down-
stream process comprises alterations of the environment of
the grain in storage (e.g., increase or decrease 1n aeration,
change in temperature, change 1n fumigation pattern and/or
intensity, etc.).

[0247] For example, in some embodiments, the sensor
system detects the presence of a hot spot using a data set that
comprises temperature data. Upon registration of a hotspot
by the system, a signal 1s sent, for example, from cloud
computing system 101 to gateway 102 and from the gateway
102 to an actuator. The actuator then initiates a process that
leads to changes 1n the storage environment that are likely to
mitigate the damage caused by the hot spot and/or decrease
the probability of having a hot spot develop. For example, in
some embodiments, the actuator engages fans and/or other
aeration systems to increase air flow in the grain storage
environment. In some embodiments, the actuator engages a
system that stirs and/or mixes the grain in storage.

[0248] In some exemplary embodiments, the sensor sys-
tem 1s enabled with the ability to detect the presence of
emerging pest colonies (using, for example, variations 1n
temperature, carbon dioxide, and oxygen levels). In some
such embodiments, upon the registration of an emerging pest
colony event, a downstream process 1s 1nitiated that results
in increased fumigation of the grain 1n storage. In some
embodiments, the system automatically selects an amount of
fumigant, duration of fumigation, and/or a time schedule for
fumigation based on the detection of an emerging pest
colony event. These selected properties are then sent to an
actuator that initiates a process that results 1n automated
fumigation of the gramn according to the automatically
selected parameters.

[0249] Automation of downstream processes 1s not only
possible when an anomalous event (e.g., pest infection) 1s
formally registered by the system, but such processes can be
automated 1n many different ways. For example, in some
embodiments, downstream processes can be automated by
the user (e.g., through scheduled events or direct instruc-
tion). In some embodiments, processes can be automated in
response to an increased probability that such an event 1s
occurring or will occur 1n the future. In such embodiments,
the user can set a threshold probability beyond which, a
downstream process will be automatically initiated. For
example, 1n one embodiment, a system 1s configured to
generate a probability that a hot spot 1s developing. If, for
example, the probability of generating a hot spot exceeds
60%, the system 1s configured to send a signal to an actuator




US 2019/0265082 Al

that 1mitiates a process to mitigate the possibility of devel-
oping a hot spot (e.g., periodically stirring the grain or
increasing aeration for a set period of time each day). In
some embodiments, this process will be continued 1n a
periodic manner until the system calculates a probability that
1s below a second threshold (e.g., 20% probability of a hot
spot). In some embodiments, upon reaching this point, the
system will revert back to the baseline settings. In other
embodiments, upon reaching this reduced probability of
developing a hot spot, the system will reduce the intensity of
the downstream process but will not stop the process
entirely. Many permutations on this responsive automation
are possible using the sensor system disclosed herein.

F. Sensor Delete Logic

[0250] In systems with a plurality of sensors and/or sensor
units, 1t 1s often advantageous to know whether each of the
plurality of sensors and/or sensor units 1s accurately mea-
suring the environment within the bulk grain. For example,
levels of temperature, humidity, carbon dioxide and oxygen
might be different at the top of a hali-full grain silo than at
the bottom of the grain pile within the silo. Furthermore,
when determining the quality of the grain, the potential for
spoilage, and/or the development of anomalous events, the
measurements taken from within the grain pile likely waill
have greater relevance than the measurements taken outside
of the grain pile. In some embodiments, the systems dis-
closed herein can detect which sensors and/or sensor units
are outside of the bulk grain.

[0251] In some embodiments, the system will factor this
information (i1.e., which sensors and/or sensor units are
outside of the bulk grain) into calculations when determin-
ing the features of the grain storage environment. For
example, 1n one embodiment, environmental data collected
by sensors and/or sensor units determined to be outside of
the bulk grain will not be included 1n the environmental data
set used by the algorithms to determine current and/or
predicted environmental conditions of the storage environ-
ment, grain quality, presence or absence of anomalous

events, or other determinations and/or predictive analysis
disclosed herein. In some embodiments, environmental data
collected by sensors and/or sensor units determined to be
outside of the bulk grain will be included 1n the environ-
mental data set, but its impact on calculations will be
modified by applying, for example, a coetlicient to the
environmental data generated by the sensor and/or sensor
unit located outside of the bulk grain.

[0252] In some embodiments, previous data collected
from the sensors and/or sensor units in a grain storage
environment are stored on the cloud computing system 101,
gateway 102, and/or sensor unit 105. In some embodiments,
a historical environmental data set 1s stored on cloud com-
puting system 101, gateway 102, and/or sensor unit 105. In
some embodiments, the historical environmental data set
comprises environmental data previously collected by one or
more sensors and/or sensor units. In some embodiments, an
algorithm 1s applied to the historical environmental data set
to generate one or more predicted data values. In some
embodiments, a current environmental data set 1s received
by the cloud computing system 101, gateway 102 and/or
sensor unit 105. In some embodiments, the current environ-
mental data set comprises data collected from the sensors
and/or sensor units in the grain storage environment. In
some embodiments, the current data are compared to the
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predicted data values. In some embodiments, the algorithm
determines 1 there 1s a sigmificant difference (e.g., greater
than a threshold value) between the predicted data values for
a sensor and/or sensor unit and the current data collected by
the sensor and/or sensor unit. In some embodiments, it there
1s a significant difference (e.g., greater than a threshold
value) between the predicted data values for a sensor and/or
sensor unit and the current data collected by the sensor unit,
then the algorithm will register that a sensor 1s outside of
grain. In some embodiments, i1 there 1s a significant difler-
ence (e.g., greater than a threshold value) between the
predicted data values for a sensor and/or sensor unit, and the
current data collected by the sensor umit, then the algorithm
will register a probability that a sensor 1s outside of grain.

[0253] In some embodiments, the algorithm will make a
series of comparisons (1.e., comparing predicted environ-
mental data to current environmental data) at a plurality of
different time points. In some embodiments, the plurality of
different time points will be evenly spaced in time (e.g., once
every day, twice every day, every several hours, etc.). In
other embodiments, the plurality of different time point 1is
not necessarily evenly spaced in time. In some embodi-
ments, the algorithm will not make a determination that a
sensor and/or sensor unit 1s outside of the bulk grain until the
difference between the predicted environmental data set and
the current environmental data set 1s greater than a threshold
value for a defined number of consecutive time points (e.g.,
2,3, 4,35, 6, 8. 10, etc. consecutive measurements ).

[0254] In some embodiments, the determination of
whether a particular sensor and/or sensor unit 1s outside of
the bulk grain will be made by comparing a first current
environmental data set, comprising data collected by a first
sensor and/or sensor unit, to a second current environmental
data set, comprising data collected by at least one other
sensor and/or sensor unit. In some embodiments, the first
environmental data set, comprising data collected by a first
sensor and/or sensor unit, 1s compared to a second current
environmental set, comprising data collected by a second
sensor and/or sensor unit. In some embodiments, the first
environmental data set, comprising data collected by a first
sensor and/or sensor unit, 1s compared to a second current
environmental set, comprising data collected by two or more
other sensor sand/or sensor units (e.g., a second, third, fourth
and/or fifth sensor and/or sensor unit). In some embodi-
ments, the difference between the first environmental data
set and the second environmental data set will be compared
to a threshold value and or threshold value(s). In some
embodiments, 1f the differences between the first environ-
mental data set are greater than the threshold value and/or
values, the system will register this difference as significant.
In some embodiments, this comparison will be made at a
plurality of time points. In some embodiments, the algorithm
will not make a determination that a sensor and/or sensor
unit 1s outside of the bulk grain until the difference between
the first environmental data set and the second environmen-
tal data set 1s greater than a threshold value (1.e., significant)
for a defined number of consecutive time points (e.g., 2, 3,
4, 5, 6, 8. 10, etc. consecutive measurements).

[0255] In some embodiments, the determination of
whether a sensor and/or sensor unit 1s outside of the bulk
grain 15 made by cloud computing system 101. In some
embodiments, the determination of whether a sensor and/or
sensor unit 1s outside of the bulk grain 1s made by gateway
102. In some embodiment, the determination of whether a
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sensor and/or sensor unit 1s outside of the bulk grain 1s made
by sensor unit 105 (including, for example, standalone
sensor units and/or WIB units coupled to local sensors).

[0256] For purposes of illustration only, application of the
sensor delete logic system 1s described with respect to a
WIB connected to a plurality of sensors. In this example, the
WIB 1s iterfaced with a plurality of thermocouple cables
installed 1n a grain storage structure. These cables consist of
individual temperature sensors connected together. Data
collected by the plurality of sensors are transferred to the
WIB. As discussed 1n throughout the present disclosure, data
collected by the WIB can then be communicated to one or
more gateways and/or a cloud computing system. The data
are analyzed by an algorithm to determine whether each
individual sensor from the plurality of sensors 1s embedded
in grain or 1s exposed to {ree air. In some embodiments, the
data analysis occurs 1n the cloud computing system. In some
embodiments, the data analysis occurs 1n the gateway. In
some embodiments, the data analysis occurs in the WIB
(e.g., using local memory and local processor).

[0257] In one exemplary embodiment, the change 1n tem-
perature values registered by each sensor on a cable 1s
compared to both the average change of all other sensors as
well as the change 1n the ambient temperature (collected, for
example by another sensor that 1s either connected to the
WIB or communicates wirelessly with the WIB). If the
change 1n temperature of a sensor 1s less than a specified
fraction of the change of ambient temperature and greater
than a specified fraction of the change of the average grain
temperature, then the sensor 1s registered as being outside of
the grain. As discussed above, when the system registers a
sensor as being outside of the grain, the data from this
system will be analyzed differently than the data collected by
sensors determined to be mnside the grain. In some embodi-
ments, the data collected from the sensor(s) outside the grain
will not be added to the current and/or historical environ-
mental data sets, which are used for downstream analysis. In
some embodiments, the data collected from the sensor(s)
outside the grain will be modified (e.g., modified by a
coellicient) before being added to the current and/or histori-
cal environmental data sets, which are used for downstream
analysis.

[0258] In another exemplary embodiment, a plurality of
sensor units 1s placed within different areas of a grain storage
environment. As the quantity of the bulk grain 1s diminished,
one sensor unit 1s released from the bulk grain and exposed
to free air. The exposed sensor unit continues to transmit
data (e.g., temperature, humidity, pressure, oxygen, carbon
dioxide, etc.), for example, to a cloud computing system. An
algorithm on the cloud computing system analyzes the
current data set collected by the exposed sensor unit and
compares 1t to a historical data obtained by the exposed
sensor. By analyzing the differences between the current
data set and the historical data set, the algorithm can
determine that the sensor unit 1s no longer embedded in the
bulk grain, but 1s now freely exposed. In some embodiments,
the comparison of current data to historical data will be
accompanied by the comparison of current data from the
exposed sensor units to current and/or historical data col-
lected by other sensor units.

[0259] Although the preceding exemplary embodiment
discusses primarily the use of temperature data, any com-
bination of environmental variables can be analyzed to
determine that a sensor 1s outside of grain.
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IV. Systems and Methods Utilizing GSQI

[0260] In some embodiments, the methods and systems
disclosed herein provide the user with a quantitative mea-
sure of grain quality, referred to herein as a Grain Storage
Quality Index (“GSQI”). The GSQI value of a given batch
of grain corresponds to the objective quality of that grain
batch. In some embodiments, the maximum GSQI value 1s
1000 and the minimum GSQI value 1s 100. In some embodi-
ments, the GSQI scale comprises integers from 100 to 1000.
GSQI allows an easy measurement of the quality of grain 1n
a silo based on multiple factors simultaneously. The GSQI
value 1s universal, 1n that the quality of two batches of grain,
cach comprising a different type of grain (e.g., rice and corn)
can be directly compared simply by comparing the two
GSQI values. Similarly, the quality of two batches of grain,
cach comprising grain from a different region (e.g., rice from
Thailand and rice from California) can be directly compared
simply by comparing the two GSQI values. For example, 11
grain Batch A, which 1s composed of rice grown California,
has a GSQI value of 892, and Batch B, which 1s composed
of rice grown 1n Texas, has a GSQI value of 772, a potential
purchaser can easily quantify the difference i1n quality
between Batch A and Batch B based on these GSQI values.
GSQI-enabled systems can utilize all components (e.g.,
sensor units, WIBs, repeaters, gateways, cloud computing
systems, user interfaces, etc.) and features (e.g., anomaly
detection, sensor delete logic, advanced spoilage detection,
notifications, automation of downstream processes, etc.) that
are disclosed herein.

[0261] FEach of GSQI providing algorithms discussed
below can be trained using machine learning and/or artificial
intelligence. In some embodiments, the GSQI algorithms
comprise artificial intelligence models. In some embodi-
ments, the GSQI algorithms are trained using machine
learning. In some embodiments, the GSQI algorithms are
trained utilizing inverse weight clustering and decision tree.
In some embodiments, the GSQI algorithms are trained
using linear one class support vector machines (“SVM
with”) deep learning. In some embodiments, the GSQI
algorithms are trained using deep learning. In some embodi-
ments, the GSQI algorithms are trained with deep Q-learn-
ing. In some embodiments, the GSQI algorithms are trained
using deep policy gradient. In some embodiments, the GSQI
algorithms are trained using neural networks.

[0262] In some embodiments, the GSQI algorithms are

trained using deep learning. In some embodiments, the
GSQI algorithms are traimned using Restricted Boltzmann
Machines (RBMs). In some embodiments, the GSQI algo-
rithms are trained using Deep Belief Networks (DBNs).
DBNs are built by stacking several RBMs and allow leamn-
ing of the distribution of the training data 1n an unsupervised
manner.

[0263] Using the concepts, methods, and systems dis-
closed herein, a similar quality index score could be devel-
oped for other crops 1n storage. For example, a quality score
based on the ripeness level of fruit and/or vegetables could
be developed. In some cases, where necessary, specific
considerations for application to fruits and vegetables are
discussed.

A. Imitial GSQI Values

[0264] For each batch of grain 1n storage, an mnitial GSQI
value must be determined. In some embodiments, a primary
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grain quality data set 1s used to determine the mitial GSQI
value includes an Equilibrium moisture content (EMC) for
the grain batch, a test weight value for the grain batch, and
a visual quality value for the grain batch. In some embodi-
ments, the visual quality value comprises a number of
broken kernels, stress cracks and/or a number of pests 1n a
sample of grain from the grain batch. In some embodiments,
the primary grain quality data set further comprises at least
one of the following the species of the first batch of grain,
the fatty acid content of the first batch of grain, and the
protein, o1l, and/or starch content of the first batch of grain.
In some embodiments, the primary grain quality data set 1s
analyzed by an algorithm that generates an imtial GSQI

value. In some embodiments, that algorithm can be traimned
using a machine learning process.

[0265] In some embodiments, a method 1s performed to
determine an nitial GSQI value. For example, in some
embodiments, a system performs a method comprising the
following steps:

[0266] recerving a primary grain quality data set com-
prising a first batch data set, the first batch data set
comprising at least one the following values: an equiva-
lent moisture content value for a first grain batch, a test
weight value for the first grain batch, and a visual
quality value for the first grain batch; and

[0267] providing the primary grain quality data set to a
GSQI predictor, wherein the GSQI predictor applies
machine learning to the primary grain storage data set,
thereby generating the mitial GSQI value.

[0268] In some embodiments, a diflerence in quality
between a first grain type and a second grain type can be
determined by directly comparing a first iitial GSQI value
corresponding to the first grain type to a second 1nitial GSQI
value corresponding to the second grain type.

[0269] In some embodiments, cloud computing system
101 performs the steps necessary to generate an 1mtial GSQI
value. In some embodiments, gateway 102 performs the
steps necessary to generate an mitial GSQI value. In some
embodiments, data corresponding to the primary grain qual-
ity data set are provided to the system by manual data entry.
In some embodiments, the primary grain quality data set 1s
provided to the system using an automatic process.

[0270] In some embodiments, the mitial GSQI value 1is
calculated using a formula. In some embodiments, the nitial
GSQI value 1s calculated using a clustering algorithm that 1s
trained using a training data set that comprises grade scores
for a plurality of grain batches, as well as GSQI values
calculated for those batches (e.g., using a formula and/or
machine learning trained algorithm). In some embodiments,
the clustering algorithm defines ranges for each grade score
and quantifies those scores. The clustering algorithm then
correlates those grade scores to GSQI values to define the
index. For example, the clustering algorithm could deter-
mine that “Grade A” canola corresponds to an initial GSQI
score between 850 and 1000. To determine the 1nitial GSQI
value for a first grain batch (e.g., one determined to be
“Grade A” canola), the algorithm in this example compares
the 1mitial quality data set for the first grain batch to initial
quality data sets from other batches within the “Grade A”
range to obtain the imitial GSQI value for the first grain

batch.
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B. Determining Current GSQI Values

[0271] In some embodiments, the system can determine
GSQI values for a batch of grain in storage. In some
embodiments, the system predicts a current and/or future
GSQI value for a batch of grain 1n storage based on
historical GSQI values (including the initial GSQI value
described above), data about the grain storage environment
(e.g., data collected from sensors within the storage units,
weather data from a local weather service, etc.), and future
weather forecasts. In some embodiments, the predicted
GSQI value representing the current quality of grain 1n
storage 1s generated automatically upon receipt of updated
environmental data. In some embodiments, the updated
environmental data comprise data received from sensors
inside the grain storage environment. In some embodiment,
the updated environmental data comprise data received from
external sources, such as, for example, a local weather
Service.

[0272] In some embodiments, cloud computing system
101 performs the steps necessary to determine a current
GSQI value for a batch of gramn in storage. In some
embodiments, gateway 102 performs the steps necessary to
determine a current GSQI value for a batch of grain 1n
storage. In some embodiments, environmental data corre-
sponding to environmental variables in the grain storage
environment are provided to the system by manual data
entry. In some embodiments, environmental data corre-
sponding to environmental variables 1n the grain storage
environment are provided to the system using an automatic
pProcess.

[0273] In some embodiments, current GSQI values are
calculated using the following formula. Starting with an
initial or baseline GSQI value, a value 1s subtracted, for
example, for each day of storage. In one embodiment, the
value subtracted for each day 1s dependent on the environ-
mental conditions measured for that day. For example, the
value that 1s subtracted 1s greater, for example, for high
humidity and/or temperature values. In some embodiments,
the values that are subtracted for a particular humidity
and/or temperature have been determined empirically,
through data collected 1n grain silos. In some embodiments,
the values that are subtracted for a particular humidity,
temperature, and/or pressure are determined based on local
weather reports.

[0274] FIG. 11 depicts a chart of a GSQI score over time
for a hypothetical batch of grain. In this example, the 1nitial
GSQI value 1s calculated to be 1000. Over time, however,
the GSQI value 1s gradually reduced. The reduction in GSQI
value corresponds to the reduction in quality of the grain in
storage. In the beginming, the deterioration 1s slow. During
this time, for example, the environmental data (e.g., tem-
perature and humidity data) indicate favorable conditions for
storing grain (e.g., low humidity and moderate temperature).
Accordingly, the system would not register a large decrease
in grain quality during this time. In contrast, during a later
time period (1indicated by the middle portion of the curve, the
rate of degradation (indicated by the slope of the line) 1s
much higher. During this time period, for example, condi-
tions 1n the grain storage environment are less favorable to
maintaining grain quality (e.g., high temperature and high
humidity), thereby leading to more rapid degradation in
quality. As depicted in the graph in FIG. 11, the rate of
degradation 1s reduced at the end of the observation period,
as indicated by a reduction 1n the downward slope of the
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line. During this time, the grain storage conditions are
determined to be more favorable.

[0275] In some embodiments, the GSQI value will corre-
spond to one or more current grain quality scores. For
example, 1 FIG. 11, the GSQI scale matches an arbitrary
current grain score as follows: GSQI values from 850 to
1000 correspond to Grade 1 for a particular graimn (for
example, canola). GSQI values from 650 to 849 correspond
to Grade 2 for that same grain. GSQI values below 650 may
correspond to Grade 3 for that grain. Thus, as demonstrated
in FIG. 10, the grain 1n storage degrades from a Grade 1
grain to a Grade 3 grain during the course of storage, and this
information 1s available because the system provides a GSQI
score. In some embodiments, these threshold values will
change over time based on the availability of additional data
and normalization across a myriad of agricultural standards.
In some embodiments, the thresholds will change over time
when normalizing across countries and regions. Importantly,
the GSQI score provides a more granular and nuanced
quality readout for a particular batch of grain, while still
correlating to an existing grain quality grading system. Also,
as discussed above, GSQI permits direct comparison of
grain quality across regions and grain types.

[0276] In some embodiments, sensor systems of the pres-
ent disclosure, such as for example sensor system 100 and
sensor system 600, are able to predict current and future
grain quality of grain 1n storage using the GSQI metric. For
example, 1n some embodiments, a grain batch 1s stored 1n a
storage container which i1s equipped with a sensor system of
the type disclosed herein, such as GSQI-enabled sensor
system 1200, depicted in FIG. 12. This exemplary sensor
system comprises two enclosed sensor units 1205, analo-
gous to enclosed sensor unit 700. Enclosed sensor units 1205
are configured, for example, to detect temperature and
humidity values inside grain silo 1210, where they are
deployed. Sensors 1205 gather environmental data (e.g.,
temperature and humidity data from inside grain silo 1210)
and transmuit that data wirelessly to gateway 1202. Gateway
1202 then sends the temperature data to cloud computing
system 1201, where 1t 1s analyzed to determine a predicted
GSQI score for the grain stored in the grain silo over time.
This information can be accessed by the user via user
interface 1204, which could be, for example, a personal
computer or mobile phone. In some embodiments, the user
interface 1204 utilizes a native application (e.g., on the
mobile phone and/or computer). In some embodiments, the
user utilizes a web-based application that 1s accessed via the
user interface 1204. The user intertace 1204 provides dis-
play 1220 which communicates, among other things, the
GSQI score over time to the user. In the embodiment
depicted 1n FIG. 12, the GSQI Score 1s displayed as a graph
of GSQI score over time. However, many formats and
methods of display are within the scope of the present

disclosure.

[0277] With reference to the exemplary embodiment
depicted in FI1G. 12, the grain batch 1n grain silo 1210 has an
mitial GSQI value, determined using one or more of the
techniques described herein. By way of example, this mnitial
GSQI value was determined to be 900, but the initial value
can, of course, be any GSQI value, as long as it correlates
to the quality of the grain as described herein. At a first time
point, sensors 1205 detect, for example, temperature and
humidity values inside the grain silo. These values are
transmitted wirelessly to the gateway 1202, which sends the
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data to cloud computing system 1201 for processing, as
discussed. The cloud computing system 1201 applies an
algorithm to determine GSQI based on the historical data set
comprising the mitial GSQI value, and the environmental
data set, which comprises the temperature and humidity data
received by the cloud computing system 1201 from sensors
1205. The algorithm then subtracts from the mnitial GSQI
score an appropriate number, which 1s based on the tem-
perature and humidity levels detected at the first time point.
In some 1nstances, the system will determine based on the
data receirved from the sensors 12035 that no deduction 1is
necessary, and the GSQI score will remain constant. At a
second time point, this process 1s repeated. However, the
GSQI value from the first time point 1s now factored into the
historical data set, and new environmental data are received
from sensors 1203. This process continues for a plurality of
time points. Over time, this data can be displayed, for
example as a graph of GSQI score over time, as depicted by
display 1220, which 1s accessed via user interface 1204.

[0278] Although for ease of explanation this example
utilizes sensors 1n only one grain storage environment (1.€.,
grain silo 1210), sensor systems covering a plurality of grain
storage environments are envisioned. Sensors systems can
utilize a plurality of sensors units (including both standalone
sensor units and WIB-enabled local sensors), gateways,
repeaters, etc. In some embodiments, these systems can
create a local meshing network, as described above. All
other features described herein can also be incorporated nto
a GSQI-enabled sensor system. For example, power saving
modalities, discussed above, can be incorporated into a
GSQI-enabled sensor system. For example, 11 the tempera-
ture and/or humidity data do not differ significantly from
prior values, one or more “no change” signals are sent from
sensors 1205 to the cloud computing system 1201 via
gateway 1202. Cloud computing system 1201 will then
proceed with calculating a present GSQI value using one or
more data points from the previous environmental data set.
As discussed above, each of the components and features
discussed herein can be combined in many ways without
deviating from the scope of the present disclosure.

[0279] Similarly, display 1220 1s not limited to displaying
GSQI values. It can display environmental data collected by
the sensors 1205. Current and historical environmental data
can be viewed, and the display 1220 can be configured to
display such data 1n a variety of manners. In some embodi-
ments, display 1220 also depicts the presence or absence of
anomalous events (e.g., hot spot formation, pest colony
development, mold growth, etc.), as well as probabilities
that such anomalous events are developing. Display 1220
can also provide notifications and/or alarms, as well as
suggested parameters for modifying the grain storage envi-
ronment. In some embodiments, user interface 1204 will
also be gateway 1202 (e.g., in embodiments where gateway

1202 1s a mobile phone).

[0280] Although the examples described above utilize
temperature and/or humidity data, many diflerent types of
environmental data can be utilized 1n a GSQI-enabled grain
storage system, such as grain storage system 1200. For
example, the environmental data used when determining a
GSQI value can include the following: temperature, humid-
ity level, carbon dioxide concentration, oxygen concentra-
tion, phosphine concentration, ethylene concentration, and
sound levels. In some embodiments, each grain storage
environment comprises a plurality (e.g., 2, 3, 4, 5, etc.) of
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sensors. In some such embodiments, each of the plurality of
sensors 1s specific to a different environmental variable. In
other embodiments, at least one sensor can detect data from
a plurality (e.g., 2, 3, 4, 5, etc.) of environmental variables.
For example, 1n one embodiment, a single sensor can detect
more than one of the following: temperature, humidity,
carbon dioxide, oxygen, phosphine, ethylene, and sound. In
some embodiments, each sensor in the GSQI-enabled sensor
system detects the same environmental variable or a set of
environmental variables. In other embodiments, at least one
sensor 1 the GSQI-enabled sensor system detects a different
environmental variable or set of environmental vanables
than at least one other sensor on the GSQI-enabled sensor
system. Thus, the use of GSQI allows an easy measurement
of the quality of grain 1n a grain storage environment (e.g.,
grain silo, grain bag, etc.) based on multiple factors simul-
taneously.

[0281] Many diflerent sets of environmental data may be
utilized to determine the GSQI score of a batch of grain in
storage. In some embodiments, the environmental data set
used to determine GSQI comprises at least one of the
following: temperature data, humidity data, carbon data,
oxygen data, phosphine data, ethylene data, sound/acoustic
data, pressure data, and movement data. In some embodi-
ments, the environmental data set used to determine GSQI
comprises at least one of temperature data and humidity
data. In another embodiment, the environmental data set
used to determine GSQI comprises at least one of tempera-
ture data and humidity data, as well as at least one of the
tollowing: carbon data, oxygen data, phosphine data, ethyl-
ene data, sound/acoustic data, pressure data, and movement
data. In another embodiment, the environmental data set
used to determine GSQI comprises both temperature data
and humidity data. In another embodiment, the environmen-
tal data set used to determine GSQI comprises both tem-
perature data and humidity data, as well as at least one of the
following: temperature data, humidity data, carbon data,
oxygen data, phosphine data, ethylene data, sound/acoustic
data, pressure data, and movement data.

[0282] As discussed above, 1n some embodiments, the
environmental data used to determine the GSQI value of
grain in storage comprises data from a weather service. For
example, 1n some embodiments, a GSQI-enabled system
will import data from a local weather service at a regular
time period (e.g. twice a day), and use this data as part of an
environmental data set to determine the GSQI value of a
batch of grain in storage. The data imported from the
weather service can be, for example, temperature data,
humidity data, and/or pressure data corresponding to the
local area i which the grain storage environment (or
plurality of grain storage environments) 1s located. In some
embodiments, the environmental data set used to calculate a
GSQI value 1s composed entirely of data retrieved from a
weather service. In other embodiments, the environmental
data set comprises data received from a weather service as
well as data obtained from one or more sensors that detect
environmental variables of the grain storage environment.
For example, 1n one embodiment, a sensor system such as
GSQI-enabled sensor system 1200 records temperature data,
carbon dioxide data, and oxygen data using sensors 1205.
However, when calculating a GSQI value for the grain 1n the
storage environment (e.g., grain silo 1210), cloud computing
system 1201 utilizes an environmental data set that com-
prises both data from sensors 1205 (e.g., temperature data,
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carbon dioxide data, and oxygen data) and data from a
weather service (e.g., temperature data, humidity data, and/
or pressure data). Many combinations of environmental data
derived from sensors and weather services are envisioned,
cach of which 1s within the scope of the present disclosure.

[0283] In some embodiments, the sensor system develops
a thermal signature of a storage unit (e.g., storage bin, silo,
container, etc.). In such embodiments, one or more sensor
units 1205 obtains environmental data that correspond to
one or more environmental variables within the storage unait.
The environmental data 1s stored, for example, on gateway
1202 or cloud computing system 1201, thereby creating a
historical environmental data set. In some embodiments, the
historical environmental data set comprises environmental
data collected by sensors 1205 at a plurality of time points,
with each subset of environmental data corresponding to
environmental variables in the storage container at each of
the plurality of time points. The historical data set 1s
analyzed using an algorithm, thereby creating a thermal
signature of the storage bin. In some embodiments, data
storage and analysis are performed by cloud computing
system 1201. In some embodiments, data storage and analy-
s1s are performed by cloud computing system 1202 and/or
gateway 1202. In some embodiments, thermal signature 1s
seasonally adjusted. In some embodiments, the thermal
signature 1s unique to the storage unit 1n which sensors 1205
are located. The system analyzes a future environmental data
set comprising predicted future weather data (e.g., data from
a local weather forecast) and the thermal signature of the
storage unit to determine predicted GSQI value(s) for the
grain located 1n the storage umit. In some embodiments, the
thermal profile 1s refined as new environmental data are
transierred from sensors 1205 to cloud computing system

1201.

[0284] In some embodiments, the system develops the
thermal profile of the storage unit using a combined histori-
cal data set comprising a historical environmental data set
and a historical weather data set. In such embodiments, the
algorithm analyzes the combined historical data set to gen-
crate a thermal profile of the storage unit. In some embodi-
ments, the historical weather data set comprises weather data
from the region in which the storage unit 1s located and the
historical weather data set comprises local weather data at a
plurality of time points. In some embodiments, the historical
weather data set comprises a plurality of local weather data
subsets each corresponding to the local weather at one of a
plurality of time points. In some embodiments, the data from
the historical weather data set at each of a plurality of time
points are correlated with corresponding data from the
historical environmental data set (e.g., environmental data
obtained by the sensors 1205 on the same day as the local
weather data). In some embodiments, cloud computing
system 1201 applies an algorithm to the combined historical
data set thereby generating a thermal profile for the storage
unit. In some embodiments, the thermal profile 1s seasonally
adjusted. In some embodiments, the thermal profile 1is
refined as new environmental data and/or weather data are
transmitted to cloud computing system 1201. In some
embodiments, the local weather data 1s obtained from a third
party (e.g., a local weather service). Using the same prin-
cipals and methods, the system 1200 can also create thermal
profiles for each of a plurality of storage units.

[0285] While the examples above focus primarily on sys-
tems that are configured to generate a GSQI value, methods
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for generating such values are within the purview of the
present disclosure. For example, 1n some embodiments, a
system performs a method comprising the following steps,
which are outlined in FIG. 13.

[0286] recerving an environmental data;

[0287] applying a trained algorithm to combined data
set comprising detected environmental data and his-
torical grain quality data; and

[0288] generating a current GSQI value;

wherein a difference 1n quality between a first grain type and
a second grain type can be determined by directly comparing
a first GSQI value corresponding to the first grain type to a
second GSQI value corresponding to the second grain type.
In some embodiments, the historical grain quality data set
turther comprises a historical GSQI profile, and the histor-
cal GSQI profile comprising a plurality of historical GSQI
values. In some embodiments, the environmental data set
comprises a temperature value and a humidity value. In
some embodiments, the environmental data set further com-
prises at least one of the following: an oxygen value, a
carbon dioxide value, a phosphine value, an ethylene value,
an acoustic value, a pressure value, and a movement value.
In some embodiments, the environmental data set comprises
data derived from one or more sensors that detect environ-
mental vanables 1n a grain storage environment. In some
embodiments, the environmental data set comprises data
derived from a weather service.

[0289] As discussed above, a quality index for fruit and/or
vegetables 1n storage could be devised using many of the
same systems and methods described herein. In such a
system, the data correlating to levels of ethylene gas
detected by sensor units, such as sensor unmit 105, are
factored prominently in the determination of quality. Ethyl-
ene 1s given ol by ripening fruit and/or vegetables. There-
fore, the environmental data tracked by the system includes
cthylene concentration, as well as temperature and humaidity.
This data can be used to determine the level of ripeness for
the fruit and/or vegetables. In addition, analysis using other
environmental variables (e.g., temperature, humidity, carbon
dioxide, oxygen, phosphine, etc.) can be analyzed to deter-
mine the presence or absence of additional factors, such as
anomalous conditions, conditions conducive to spoilage, etc.
These additional factors can also be included 1n determining
the quality level of the fruit and/or vegetables 1n storage.

C. Predicting Future GSQI Values

[0290] In some 1nstances, it 1s advantageous to predict the
quality of a batch of grain in storage at a future time point.
Thus, a GSQI predictive model 1s particularly desirable, as
decisions could be made today based on anticipated GSQI
values 1n the future.

[0291] In some embodiments, the system predicts a future
GSQI value for a batch of grain 1n a storage environment. In
some embodiments, the system predicts a plurality of future
GSQI values, each corresponding to the quality of a batch 1n
grain in storage at a different future time point. In some
embodiments, the system generates a predicted GSQI profile
for a batch of grain 1n storage that comprises a plurality of
tuture GSQI values, each corresponding to the quality of a
batch 1n grain in storage at a different future time point. In
some embodiments, the predicted GSQI value(s) are derived
from a GSQI predictive model.

[0292] In some embodiments, the GSQI predictive model
1s based on a predicted environmental data set. In some
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embodiments, the predicted environmental data set com-
prises predicted environmental data derived from weather
forecasts and/or predicted environmental data derived at
least 1n part from analysis of historical environmental data.
In some embodiments, the analysis of historical environ-
mental data 1s based on the application of one or more of the
following: artificial intelligence (e.g., neural network,
machine learning, etc.), lookup tables, curve fitting to a
mathematical model, and direct mathematical modeling. In
some embodiments, a historical environmental data set 1s
analyzed using a machine-learning trained algorithm that
generates predicted environmental data. In some embodi-
ments, this predicted environmental data 1s used to calculate
a predicted GSQI profile for a batch of grain 1n storage. In
some embodiments, this predicted environmental data 1s
combined with data from at least outside source (e.g.,
weather report) before 1t 1s used to calculate a predicted
GSQI profile for a batch of grain 1n storage.

[0293] In some embodiments, the historical environmental
data are derived from sensors that detect one or more
environmental variables 1n the grain storage environment. In
some embodiments, the sensors comprise standalone sen-
sors, such as sensor unit 105 (described, for example, with
respect to FIG. 1A and FIG. 3). In some embodiments, the
sensors comprise local sensors 407 that have been modified
using a WIB 400, (described, for example, with respect to
FIG. 4). In some embodiments, the sensors comprise
enclosed sensor units 700 (described, for example, with
respect to FIG. 7A). In some embodiments, the historical
environmental data are collected as part of a sensor system
disclosed 1n the present embodiment (e.g., sensors systems
100, 600, 1200, etc.). In some embodiments, the historical
environmental data set comprises data derived from at least
one external source (e.g., weather report data). In some
embodiments, for example, historical data (e.g., temperature
data, humidity data, and/or pressure data) gathered and
collected by one or more third parties (e.g. weather report)
will be collected and incorporated into the historical data set
used to predict future GSQI values. In some embodiments,
such historical data, 1n conjunction with historical environ-
mental data dertved from sensors within the grain storage
environment, will be used to train and/or refine the predic-
tive algorithm.

[0294] The historical environmental data used to predict
tuture GSQI values can comprise data corresponding to any
environmental variable, including for example, those envi-
ronmental variables described herein. For example, the
environmental data used when predicting a future GSQI
value can include the following: temperature, humidity
level, carbon dioxide concentration, oxygen concentration,
phosphine concentration, ethylene concentration, and sound
levels. Many diflerent sets of environmental data may be
utilized to predict future GSQI scores for a batch of grain 1n
storage. In some embodiments, the historical environmental
data set used to predict tuture GSQI values comprises at
least one of the following: temperature data, humidity data,
carbon data, oxygen data, phosphine data, ethylene data,
sound/acoustic data, pressure data, and movement data. In
some embodiments, the historical environmental data set
used to predict future GSQI values comprises at least one of
temperature data and humidity data. In another embodiment,
the historical environmental data set used to predict future
GSQI values comprises at least one of temperature data and
humidity data, as well as at least one of the following:
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carbon data, oxygen data, phosphine data, ethylene data,
sound/acoustic data, pressure data, and movement data. In
another embodiment, the historical environmental data set
used to predict future GSQI values comprises both tempera-
ture data and humidity data. In another embodiment, the
historical environmental data set used to predict tuture GSQI
values comprises both temperature data and humidity data,
as well as at least one of the following: temperature data,
humidity data, carbon data, oxygen data, phosphine data,
cthylene data, sound/acoustic data, pressure data, and move-
ment data.

[0295] In some embodiments, the provision of predicted
GSQI values and/or a predicted GSQI profile 1s achieved
using a sensor system, such as, for example, sensor system
1200, depicted in FIG. 12. In some embodiments, the
historical environmental data set comprises data derived
from sensors 1203, located within grain silo 1210. In some
embodiments, this historical data set 1s stored in cloud
computing system 1201 and/or gateway 1202. In some
embodiments, cloud computing system 1201 and/or gateway
1202 also stores a historical GSQI profile for grain silo 1210,
which 1s comprised of a plurality of GSQI values at diflerent
time points, which were determined using any of the meth-
ods disclosed herein. In some embodiments, the cloud
computing system 1201 utilizes a machine-learning trained
algorithm to generate the predicted GSQI profile. In some
embodiments, the machine-learning trained algorithm ana-
lyzes the historical GSQI profile and the historical environ-
mental data to generate the predicted GSQI profile. In some
embodiments, the cloud computing system 1201 provides a
visual depiction of the predicted GSQI profile. In some
embodiments, the user can access the predicted GSQI profile
and/or the visual depiction using user interface 1204, which
in some such embodiments comprises a mobile phone,
personal computer, tablet computer, etc. This feature of
providing predicted GSQI values 1n connection with a
sensor system can be combined with any of the various
features and/or sensor systems described in the present
disclosure. Many permutations are envisioned, each of
which are within the scope of the present disclosure.

[0296] While the examples above focus primarily on sys-
tems that are configured to generate a GSQI value, methods
for generating such values are within the purview of the
present disclosure. For example, in some embodiments, a
system performs a method comprising the following steps,

which are outlined in FIG. 14:

[0297] 1ncorporating a predicted environmental data set
into a combined data set:

[0298] applyving a trained algorithm to the combined
data set; and

[0299] generating a predicted GSQI value;

wherein a difference 1n quality between a first grain type and
a second grain type can be determined by directly comparing
a first GSQI value corresponding to the first grain type to a
second GSQI value corresponding to the second grain type.
Also as depicted 1n FIG. 14, the system can generate the
predicted environmental data set 1n several possible ways.
First, in some embodiments, the system can import an
external predicted environmental data set, such as {for
example temperature data, humidity data, and pressure data
from a local weather forecast. In some embodiments, this
external predicted environmental data set 1s analyzed and/or
processed before being incorporated into the combined data
set. Second, 1n some embodiments, a historical environmen-
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tal data set 1s stored on the cloud computing system. In some
embodiments, this historical environmental data set com-
prises environmental data previously collected from within
the grain storage environment. In some embodiments, a
trained algorithm analyzes this historical data set, thereby
generating internal predicted environmental data. In some
embodiments, this imnternal predicted data set 1s used 1n the
predicted environmental data set that 1s incorporated into the
combined data set. In some embodiments, the predicted
environmental data set incorporated into the combined data
set comprises both the external predicted environmental data
set and the mternal predicted environmental data set.

[0300] In some embodiments, the historical grain quality
data set further comprises a historical GSQI profile, the
historical GSQI profile comprising a plurality of historical
GSQI values. In some embodiments, the environmental data
set comprises a temperature value and a humidity value. In
some embodiments, the environmental data set further com-
prises at least one of the following: an oxygen value, a
carbon dioxide value, a phosphine value, an ethylene value,
an acoustic value, a pressure value, and a movement value.
In some embodiments, the environmental data set comprises
data dertved from one or more sensors that detect environ-
mental variables 1n a grain storage environment. In some
embodiments, the environmental data set comprises data
derived from a weather service.

[0301] In some embodiments, predicted GSQI values are
calculated and refined over time. In one embodiment, model
refinement occurs as follows. Current GSQI values are
computed at regular or approximately regular intervals of
time (e.g., every day, every 2 days, every week, etc.) based
upon environmental data collected by the sensor units within
the grain storage environment. In some embodiments, each
current GSQI value 1s calculated, for example, based on
stepwise deduction from the prior GSQI values (1.e., his-
torical GSQI data set). The magnitude of the stepwise
deduction 1s, 1n turn, dependent on the environmental data
obtained by the sensors within the grain storage environ-
ment. In some embodiments, a first future predicted GSQI
value 1s calculated, based, for example, on a linear regres-
sion model with data inputs from, for example, local weather
data. After the passage of time, the first future predicted
GSQI value 1s compared to a first calculated current GSQI
value at that time point (1.¢., the next GSQI value calculated
using actual data collected from sensors within the grain
storage environment). The first future GSQI value 1s com-
pared to the first calculated current GSQI value to determine
a first error margin. This process 1s then repeated with each
iteration of predicted data. For example, a second future
predicted GSQI value 1s generated, using slight alterations to
the analytical parameters. For example, in the next iteration,
the predictive model will factor humidity data from the
weather forecast slightly higher in 1ts analysis, temperature
data from the weather forecast slightly lower 1n 1ts analysis,
and the linear regression from the historical GSQI data
slightly higher in its analysis. This second future predicted
GSQI value 1s then compared to a second calculated current
GSQI value, which 1s generated when the corresponding
environmental data are collected. This comparison produces
a second error margin. This process 1s iteratively repeated
over time, and the predictive model systematically changes
the analytical parameters at each iteration to improve the
accuracy of the predicted future GSQI values (1.e., lower the
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margin of error). In this way, the predictive model 1s
responsive and improves over time.

[0302] In some embodiments, the predictive GSQI model
will produce different predictive outputs over time. For
example, 1n some embodiments, the predictive GSQI model
will only produce conservative predictions of future GSQI
profiles (e.g., predictive GSQI profiles only 1-2 weeks out)
due to the limited access of historical data. However, as
more historical data are analyzed over time and the predic-
tive algorithm 1s refined (for example, as discussed above),
the predictive algorithm predictive future GSQI profiles will
be made over longer periods of time (e.g., 1-2 months). In
some embodiments, these more advanced predictions are the
result of pattern recognition analysis. In some embodiments,
these predictions are coupled with confidence intervals. In
some embodiments, a plurality of predictive models are
offered, each having an associated probability.

[0303] In some embodiments, the predicted GSQI value 1s
determined using a rule based algorithm. In some embodi-
ments, the probability 1s determined by the comparison of
actual and predicted environmental values (as discussed
betfore). In some embodiments, the predictive models utilize
moving averages. In some embodiments, the predictive
models utilize exponential smoothing and/or double expo-
nential smoothing. In some embodiments, the GSQI predic-
tion algorithm utilizes pattern recognition.

[0304] Similar methodology can be utilized to predict the
quality of fruit and/or vegetables in storage. For example,
trends 1 ethylene data in the historical data set can be
analyzed 1n conjunction with additional environmental data
(e.g., temperature and/or humidity data) to determine pre-
dictive models for ripening during storage and/or transport.
These predictive ripening models can be analyzed in con-
junction with predicted environmental data (e.g., predicted
temperature, humidity data, and/or pressure data derived
from a local weather forecast) to generate a predicted quality
profile for the fruit and/or vegetables 1n storage. Like those
for grains, these predictive models can be 1teratively refined.
In addition, analysis using other environmental variables
(e.g., temperature, humidity, carbon dioxide, oxygen, phos-
phine, etc.) can be analyzed to determine the presence or
absence of additional factors, such as anomalous conditions,
conditions conducive to spoilage, etc. These additional
factors can also be included in the prediction models for the
quality level of the fruit and/or vegetables 1n storage.

D. Optimization Processes utilizing GSQI Values

[0305] In some circumstances, 1t 1s advantageous to have
a system that automatically analyzes current and/or future
quality data (e.g., GSQI profiles) from one or more batches
of grain and uses these data sets to optimize a process. Two
exemplary optimization processes are described below.
However, many business decisions can be automated using
predicted GSQI profiles without deviating from the scope of
the present disclosure.

(1) Optimizing Decisions Relating to Sale of Grain Batches
and/or Grain Products

[0306] For example, an operator might have two batches
of grain, Batch 1 and Batch 2, which are located 1n different
grain storage environments. In some embodiments of the
systems described in the present disclosure, GSQI profiles
tor each batch will be generated by the system and displayed
for the operator. In some embodiments, the system will
provide a display that include a predicted GSQI profile for
future time points. These displays can mnform decisions
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made by an operator (e.g., which batch to sell, when to sell,
whether to move one or both batches to different storage
areas, etc.). In some embodiments, the display will also
provide suggestions to the operator to help the operator
make that decision. For example, in one embodiment, the
system generates an alert notifying the operator that the
quality of Batch 1 1s deteriorating rapidly, while the quality
of Batch 2 1s relatively constant. The notification also
includes predicted GSQI profiles that tell the operator that
Batch 1 1s likely to continue to degrade at a rapid rate, while
Batch 2 1s likely to hold its quality for the foreseeable future.
Along with this data, the notification would include a
suggestion that the operator sell Batch 1 within the next
week or two, while holding onto Batch 2. In some embodi-
ments, the notification includes predicted returns on the sale,
based on public data pertaining to the most recent prevailing
market rate for that particular grain in that particular region.
In some embodiments, the entire decision of when and how
much to sell could be automated by the system.

[0307] In some embodiments, weather forecasts for each
of the grain batches are utilized to generate the predictive
GSQI models. In some embodiments, commodity market
forecasts, weather forecasts, energy costs, estimated shrink,
and/or labor costs are analyzed to predict the ideal time to
sell grain. In some embodiments, the presence of a delete-
rious anomalous event (e.g., hotspot) 1s utilized to generate
the predictive GSQI models. In some embodiments, the
probability of a future deleterious anomalous event 1s uti-
lized to generate the predictive GSQI models.

(2) Optimizing Decisions Relating to the Shipment of Grain
and/or Grain Products

[0308] The sensor systems, apparatuses, and methods of
the present disclosure have applications outside of stationary
grain storage environments. For example, a grain storage
environment can be mobile (e.g., shipping container, ship-
ping truck, boat, train, etc.). Sensor systems disclosed herein
are uniquely suited for utilization in mobile grain storage
environments.

[0309] For example, a sensor system comprising three
sensor units and a gateway can be used to monitor shipment
of grain products 1n a refrigerated truck. In this exemplary
embodiment, each sensor units monitors the environmental
variables within the refrigerated truck. The sensor units send
the data to the gateway over, for example, a local wireless
network. The gateway then utilizes a long range wireless
network to send the data to a cloud computing system over
a long-range network, using, for example, cellular or satel-
lite connectivity. In this way, the cloud computing system
can monitor the environmental variables within the refrig-
erated truck i real time or nearly in real time during the
transport of the grain products.

[0310] In some embodiments, the system will provide
suggestions for optimal shipping methods and/or shipping
routes for grain and/or grain products before the grain and/or
grain products are shipped. By optimizing the route selected
to ship the grain or grain product, the system will allow the
user to obtain the maximum return on their product by
delivering the product at the highest possible quality. In
some embodiments, the system will provide suggestions for
the optimal shipping destination for grain and/or grain
products, thereby allowing the user to ship and sell their
product to the buyer who will recerve the grain at maximum
quality and consequentially be willing to pay the highest
price.
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[0311] In some embodiments, one or more of the follow-
ing pieces ol imformation may be collected:

[0312] a. the transport distance for each possible desti-
nation;

[0313] b. for non-refrigerated shipping, ambient tem-
perature along possible routes for each possible desti-
nation;

[0314] c. vanability of time to reach each possible
destination; and

[0315] d. likely time that the given product 1s likely to
spend 1n the remaining portions of the supply chain
betore reaching the end customer.

[0316] This information may be collected using one or
more of the following means:

10317]

[0318] b. The data 1s transferred from another system,
¢.g. through an automated process.

[0319] c. The data i1s determined from other information
that 1s available to the sensor system. For example, i1
the sensor unit 105 receives power only when a trip 1s
underway, and a gateway has access to a log which
indicates which route a given sensor unit 105 1s tra-
versing, the average time that the sensor pod receives
power on a given route 1s the average time required to
traverse that route. Those skilled in the art will realize
that other statistics may equally be determined, such as
variability 1n time to cover the route. Those skilled in
the art will also realize that other data may equally be
used, for example variability in temperature of a refrig-
erated truck during the loading and unloading of the
truck compared to stable temperature during transit.

[0320] d. In some embodiments, sensor pods may
include a geolocation function such as GPS or mobile
tower triangulation to facilitate data collection.

[0321] e¢. In some embodiments, a smart phone
equipped with a GPS function may be used to track the
movement of the truck 1n the Cloud e.g. using an app.
The Smart phone may also communicate with the
Internet e.g., using a cellular (e.g., GSM) gateway 1f
real-time data 1s needed. The smartphone may also
collect data from the Sensor Node (e.g., using the
Bluetooth protocol).

[0322] In some embodiments, machine learning 1s used to
estimate transit time based on multiple variables, such as the
neural network depicted 1n FIG. 15. In a preferred embodi-
ment, a neural net may be used. The neural net may have
inputs that include route, time of day, day of week, dniver,
truck 1dentifier and/or other information. The neural net may
have outputs that include trip length, trip variability, and/or
other parameters e.g. expressed as ranges, for example trip
length less than 1 hour, trip length 1 hour to 2 hours, 2 hours
to 3 hours, etc. The neural network 1s tramed using tech-
niques known to those knowledgeable 1n the art, such as
back propagation. In some embodiments, the neural network
1s tramned using many other techniques described in the
present disclosure with respect to other features (e.g., GSQI,
anomaly detection, predictive analytics, etc.).

[0323] In some embodiments, an analog neural network
may be used, with output values including a numerical value
for trip length, trip variability, etc. In some embodiments, the
output values for each potential trip will be combined into
predicted trip quality value. In some embodiments, the
predicted trip quality value for each potential trip 15 com-

a. Data 1s input manually.
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pared, and the potential trip with the largest predicted trip
quality value 1s suggested by the system.
[0324] In some embodiments, a predicted GSQI profile 1s
oflered for each potential transport option. Such embodi-
ments can utilize all of the methods for determining and
predicting GSQI profiles previously discussed. For example,
a system could utilize the weather forecast for each of the
possible routes of shipment to predict temperature, humidity,
and pressure values for the storage environment. Using this
information, combined with time for shipping, the system
can generate a proposed GSQI profile for the time period of
shipment. The system can then suggest the route and/or
method of shipment that 1s predicted to result in the highest
GSQI value upon delivery.
[0325] In some embodiments, this information may be
combined with data on remaining shelf life to determine the
optimal distribution order and means of distribution. The
algorithm for thus will use the perishable item’s expected
life, real-time environmental conditions (e.g., temperature,
humidity), and additional factors important to the business
(physical condition including color). The determination 1s
made using one or more of the following algorithms:
[0326] a. Combining these values together using a
mathematical equation that has coeflicients to weigh
different factors differently; (for example, if tempera-
ture 1s twice as important as humidity, temperature
could have a coeflicient of 2 and humidity could have
a coellicient of 1; this equation may be evaluated for
cach 1tem, and distribution may be ordered based on
minimizing the sum, utilizing numerical techniques
known to those skilled in the art); or
[0327] b. Machine learning, for example, using any of
the machine learning systems disclosed herein or oth-
erwise known 1n the art.
[0328] In some embodiments, real-time data on inventory
at the destination may be used as an 1put to the system to
determine where to send a given perishable good. For
example, 1 the real-time data derived from grain in a
shipping truck indicates an unforeseen decrease in quality
during shipment, the system can suggest rerouting the truck
to a closer destination. In some embodiments, a plurality of
transport batches 1s analyzed 1n real time and each transport
batch 1s matched with the shipping destination that waill
match the overall quality of all of the batches upon delivery.
[0329] Many business decisions can be optimized and/
automated using variations on the processes described
herein. Thus, many systems and methods for providing such
optimization are within the scope of the present disclosure.

What 1s claimed 1s:

1. A sensor pod for detecting or providing information
about characteristics of an environment, the sensor pod
comprising;

(a) a three-dimensional round enclosure; the three-dimen-
stonal round enclosure having at least one cross section
that 1s circular or approximately circular, the three-
dimensional round enclosure containing at least the
following:

(1) a power supply;

(11) a memory;

(111) a processor, the processor configured to execute
instructions in the memory and to read and write data
to and from the memory;

(1v) a radio receiver;

(v) a radio transmutter;
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(vi) an antenna; the antenna configured to wirelessly
transmit data and receive data; and
(vil) one or more sensors; wheremn the one or more
sensors comprise at least one of the following: a
temperature sensor, a humidity sensor, an oxygen
sensor, a carbon dioxide sensor, a phosphine sensor,
an acoustic sensor, an ethylene sensor, a positioning
sensor, an accelerometer, and a pressure sensor;
wherein the power supply 1s operably coupled to the
memory chip, the processor, the radio receiver, the
radio transmitter, and the one or more sensors; the
memory chip 1s operably coupled to the processor,
the radio receiver, the radio transmitter, and the
one or more sensors; the processor 1s operably
coupled to the radio recerver, the radio transmutter,
and the one or more sensors; and the antenna i1s
operably coupled to the radio transmitter and the
radio receiver;

(b) an on-off switch, the on-ofl switch operably coupled to

the power supply;

wherein the three-dimensional round enclosure comprises

a permeable area, thereby allowing the one or more
sensors to detect the environment.

2. The sensor pod of claam 1, wherein the sensor pod
turther comprises one or more external sensors not con-
tained within the three-dimensional round enclosure,
wherein data 1s collected by the sensor pod from the one or
more external sensors using a wireless connection or direct
coupling between the one or more external sensors and the
sensor pod.

3. The sensor pod of claim 2, wherein the one or more
external sensors 1s coupled to the sensor pod.

4. The sensor pod of claim 2, wherein data 1s collected
from the one or more external sensors by a wireless con-
nection.

5. The sensor pod of claim 2, wherein the one or more
external sensors comprises at least one of the following: an
external temperature sensor, an external humidity sensor, an
external carbon dioxide sensor, an external oxygen sensor,
an external phosphine sensor, an external ethylene sensor, an
external acoustic sensor; an external positioning sensor, an
external accelerometer, and an external pressure sensor.

6. The sensor pod of claim 35, wherein the one or more
external sensors comprise at least one of the following: an
external temperature sensor, an external humidity sensor, an
external phosphine sensor, an external carbon dioxide sen-
sor, and an external oxygen sensor.

7. The sensor pod of claim 1, wherein the one or more
sensors comprises a temperature sensor and a humaidity
SENSor.

8. The sensor pod of claim 7, wherein the one or more
sensors further comprises at least one of the following: an
oxygen sensor, a carbon dioxide sensor, a phosphine sensor,
an acoustic sensor, a positioning sensor, an accelerometer,
and a pressure sensor.

35

Aug. 29, 2019

9. The sensor pod of claim 1, wherein the one or more
sensors comprises a temperature sensor, a humidity sensor,
and a phosphine sensor.

10. The sensor pod of claim 9, wherein the one or more
sensors further comprises a at least one of the following: an
oxygen sensor, a carbon dioxide sensor, a phosphine sensor,
an acoustic sensor, a positioning sensor, an accelerometer,
and a pressure sensor.

11. The sensor pod of claim 1, wherein the sensor pod 1s
configured to be 1 two possible modes: an active mode, 1n
which power from the power supply 1s delivered to the radio
transmitter and the radio recetrver, or a sleep mode, in which
power from the power supply i1s not delivered to the radio
transmitter or the radio recetver; wherein the sensor pod can
switch between the active mode and the sleep mode and
between the sleep mode and the active mode.

12. The sensor pod of claim 11, wherein the sensor pod
will switch from the sleep mode to the active mode upon at
least one of the following:

data received by the sensor pod 1s outside of a predeter-
mined range or a predetermined set of ranges;

data received by the sensor pod 1s different from or
substantially different from a predetermined value or a
predetermined set of values;

the sensor pod was 1n the sleep mode for a predetermined
time period; and

the sensor pod detects pressure and/or movement.

13. The sensor pod of claims 11, wherein the sensor pod

will automatically transfer data to a gateway upon switching
from sleep mode to active mode.

14. The sensor pod of claim 11, wherein the sensor pod
switches from the active mode to the sleep mode upon at
least one the following:

data received by the sensor pod 1s within a predetermined
range or ranges;

data received by the sensor pod 1s equal to or substantially
equal to a predetermined value or values;

the sensor pod was 1n the active mode for a predetermined
time period; and

the sensor pod cannot find connectivity to a wireless
network for a predetermined time period.

15. The sensor pod of claim 1, wherein the antenna
comprises a lirst coaxial antenna unit and a second coaxial
antenna unit, and wherein the plane defined by the first
coaxial antenna unit 1s oriented perpendicular to or nearly
perpendicular to the plane defined by the second coaxial
antenna unit.

16. The sensor pod of claim 15, wherein the sensor pod
tests the connectivity for each of the first coaxial antenna
unmit and the second coaxial antenna units prior to commu-
nication, and communicates using the coaxial antenna unit
having the better connectivity.
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