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SYSTEMS PROVIDING IRRIGATION
OPTIMIZATION USING SENSOR
NETWORKS AND SOIL MOISTURE
MODELING

FIELD OF THE TECHNOLOGY

[0001] Embodiments of the disclosure relate to irrigation
optimization. In particular, the present disclosure relates to
systems and methods providing irrigation optimization
using sensor networks and soil moisture modeling.

BACKGROUND

[0002] The approaches described in this section could be
pursued, but are not necessarily approaches that have pre-
viously been conceived or pursued. Therefore, unless oth-
erwise indicated, it should not be assumed that any of the
approaches described in this section qualify as prior art
merely by virtue of their inclusion in this section.

[0003] Irrigation is a method of withdrawing water from a
water source and providing the water to a crop field.
Irrigation is used for various instances including increasing
crop yields, maintaining a landscape, greening, and the like.
About eighty percent of irrigation water used in the United
States is used for agricultural irrigation, and more than
seventy percent of the irrigation water may be irrigation
accumulated in the western region of the United States. For
agricultural production, irrigation is not only used for
increasing yields but also for applications such as protecting
crop from frost damage, suppressing weeds, and preventing
soil compaction. Irrigation is effective and indispensable for
establishing stable crop production. However, water is
becoming scarcer because of the frequent occurrence of
drought associated with climate change as well as sinking of
groundwater sources due to land subsidence, among other
factors. Thus, irrigation costs are increasing year-by-year
because of the scarcity of water. Furthermore, the scarcity of
water is threatening sustainable development of agriculture.
Therefore, there is a need to use the limited water resources
more efficiently from the viewpoint of the natural environ-
ment as well as for economic management by farmers.
Consequently, there is a need to reduce irrigation costs
associated with agricultural irrigation without losing pro-
ductivity to provide improved profits for agriculture busi-
ness and to achieve sustainable agriculture by using irriga-
tion water more efficiently to save water for environmental
reasons.

SUMMARY

[0004] According to some embodiments, the present tech-
nology is directed to systems and methods for providing
irrigation water to a soil depth of a crop rootzone in a
plurality of crop fields using a sensor network and soil
moisture modeling. In some embodiments the system com-
prises: (A) a sensor network in a first crop field. In some
instances, the sensor network, comprises: (i) a soil moisture
sensor in the first crop field; (ii) a water added sensor in the
first crop field; and (iii) a meteorological elements sensor in
the first crop field. The system further comprises: (B) at least
one processor; and (C) a memory storing processor-execut-
able instructions, wherein the at least one processor is
configured to implement the following operations upon
executing the processor-executable instructions: (a) deter-
mining a soil moisture model using data from the sensor
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network in the first field; (b) determining a first field
irrigation time using the soil moisture model, the first field
irrigation time providing irrigation water to a soil depth of
the crop rootzone above a Wilting Point (WP) and below a
Field Capacity (FC) of soil in the first field; (c) applying the
soil moisture model to a second field; and (d) determining a
second field irrigation time using the soil moisture model,
the second field irrigation time providing irrigation water to
a soil depth of the crop rootzone above a Wilting Point (WP)
and below a Field Capacity (FC) of soil in the second field;
and (D) an irrigation system providing irrigation water in the
first field for the first field irrigation time to a soil depth of
the crop rootzone above a Wilting Point (WP) and below a
Field Capacity (FC) of soil in the first field, and providing
irrigation water in the second field for the second field
irrigation time to a soil depth of the crop rootzone above a
Wilting Point (WP) and below a Field Capacity (FC) of soil
in the second field.

[0005] In some embodiments the water added sensor mea-
sures an actual amount of water added to a field. In various
embodiments the meteorological elements sensor measures
at least one of temperature, precipitation, solar radiation,
relative humidity, and wind speed.

[0006] In some embodiments the soil moisture sensor
measures an amount of moisture contained in the soil at a
plurality of different depths in the soil at the first field. In
some instances, the plurality of different depths in the soil at
the first field include a soil depth above the crop rootzone,
a soil depth at the crop rootzone, and a soil depth below the
Crop rootzone.

[0007] In some embodiments the first field irrigation time
and the second field irrigation time provide irrigation water
above field capacity for the soil depth at the crop rootzone
resulting in irrigation water percolation to the crop rootzone.

[0008] In some embodiments the first field irrigation time
and the second field irrigation time provide irrigation water
below field capacity for the soil depth at the crop rootzone
preventing irrigation water percolation to the soil depth
below the crop rootzone thereby saving irrigation water.

[0009] According to exemplary embodiments the deter-
mining the soil moisture model comprises: determining
current soil moisture, infiltration, percolation, and evapo-
transpiration at the soil depth above the crop rootzone in the
first field using the data from the sensor network in the first
field; and determining soil moisture at the soil depth above
the crop rootzone in the second field using the current soil
moisture, the infiltration, the percolation, and the evapo-
transpiration at the soil depth above the crop rootzone in the
first field.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The accompanying drawings, where like reference
numerals refer to identical or functionally similar elements
throughout the separate views, together with the detailed
description below, are incorporated in and form part of the
specification, and serve to further illustrate embodiments of
concepts that include the claimed disclosure, and explain
various principles and advantages of those embodiments.

[0011] FIG. 1 is a schematic diagram of an exemplary
computing architecture that can be used to practice aspects
of the present technology.
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[0012] FIG. 2 shows a predicted soil moisture in a field at
different layers of the soil using soil moisture modeling
according to various embodiments of the present technol-
ogy.

[0013] FIG. 3 shows infiltration and percolation in a field
at different layers of the soil using soil moisture modeling
according to various embodiments of the present technol-
ogy.

[0014] FIG. 4 show a method for providing irrigation
water to a soil depth of a crop rootzone in a plurality of crop
fields using a sensor network and soil moisture modeling.
[0015] FIG. 5 illustrates an exemplary computer system
that may be used to implement embodiments of the present
disclosure.

DETAILED DESCRIPTION

[0016] In the following description, for purposes of expla-
nation, numerous specific details are set forth in order to
provide a thorough understanding of the disclosure. It will
be apparent, however, to one skilled in the art, that the
disclosure may be practiced without these specific details. In
other instances, structures and devices may be shown in
block diagram form only in order to avoid obscuring the
disclosure. It should be understood that the disclosed
embodiments are merely exemplary of the invention, which
may be embodied in multiple forms. Those details disclosed
herein are not to be interpreted in any form as limiting, but
as the basis for the claims.

[0017] Various exemplary embodiments described and
illustrated herein relate to using irrigation water efficiently
by using a sensor network, soil moisture modeling and
interpolation by remote sensing. The present technology
provides systems and methods for maintaining irrigation
water to a depth of a crop rootzone in a plurality of fields
using a sensor network, soil moisture modeling, and inter-
polation by remote sensing. In order to use irrigation water
effectively, it may be necessary to spray an appropriate
amount of water at a suitable time according to the condi-
tions of crops and soil. For that purpose, it is necessary to
know the current condition of the crops and the soil. In
various embodiments the sensor network is a sensor infra-
structure that measures the current conditions of the crops
and the soil in near real-time with sensors installed in a field.
By utilizing data collected by sensor networks, a model
amount of water movement in the soil may be constructed
using soil moisture modeling. Soil moisture modeling mod-
els movement of water in the soil and may be used to
calculate how long irrigation water will take to reach a depth
of a crop rootzone and to estimate an appropriate irrigation
time for a crop. A crop rootzone is a depth in the soil when
roots of the crop are present and irrigation water to the crop
is used most efficiently when the water reaches the depth of
a crop rootzone. In contrast, deep percolation, where water
moves below the depth of the crop root zone in the soil, can
occur when an irrigation system operates for too long or if
the water delivery rate is too high, resulting is the irrigation
water being wasted and not being used efficiently.

[0018] In various embodiments, a sensor network may
require hardware installation in a field. To control costs on
hardware expenditures, there is an upper limit on the number
of hardware installations for farmers. Therefore, a problem
exits because it is difficult to apply the soil moisture mod-
eling to the entire area of a field because there will be
locations in the field where sensors are not installed. To
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solve this problem, information necessary for the soil mois-
ture modeling is acquired at the non-sensor locations by
interpolation by remote sensing. In other words, interpola-
tion technology using remote sensing.

[0019] Using exemplary embodiments of the present tech-
nology, a sensor network comprising twenty sensors was
constructed into a sensor network in a pistachio ranch in the
Central Valley of California. The sensor network collected a
plurality of data feeds including soil moisture data, water
pressure data, weather data, and dendrometer data every few
minutes to monitor all irrigation events, and a crop (i.e.,
pistachio trees) environment in a field on the pistachio ranch.
By using this data to not make water pass a soil depth of a
crop rootzone (i.e., a soil depth of a pistachio tree rootzone),
the farmers achieved a seven percent reduction of irrigation
costs. In other words, embodiments of the present technol-
ogy avoided deep percolation by irrigation water, where
water moves below the depth of the crop root zone (i.e., the
soil depth of a pistachio tree rootzone), which occurs when
the irrigation system operates for too long or if the water
delivery rate is too high. In exemplary embodiments, sched-
uling of irrigation based on the plurality of data feeds may
be established manually. In some embodiments soil moisture
modeling and interpolation by remote sensing allows farm-
ers to automate decision making of appropriate irrigation
planning. By combining a sensor network, soil moisture
modeling, and interpolation by remote sensing, irrigation
across the crop field (i.e., field of pistachio trees) was
optimized and irrigation costs are reduced.

[0020] In various embodiments a sensor network com-
prises a plurality of sensors to measure a plurality of
environmental elements. In some instances, the plurality of
environmental elements include soil moisture, infiltration,
percolation, and evapotranspiration.

[0021] In some embodiments the sensor network includes
a soil moisture sensor. The soil moisture sensor may mea-
sure the amount of water or moisture contained in the soil.
The soil moisture sensor may have multiple observation
points at different depths in the soil. Soil moisture data from
the soil moisture sensor is important information to calculate
the minimum water content required for preventing crop
growth inhibition by water stress from the current soil water
content.

[0022] In some embodiments the sensor network includes
a water added sensor. The water added sensor measures an
actual amount of water putted or added to a field. A water
added sensor is used to verify that an amount of water
sprayed onto a field matches the amount of water needed by
the crop in that field.

[0023] In some embodiments the sensor network includes
a meteorological elements sensor. The meteorological ele-
ments sensor may measure temperature, precipitation, solar
radiation, relative humidity, wind speed, and the like. By
using meteorological elements data, evapotranspiration (ET)
which corresponds to an amount of water required for
photosynthesis activity of a crop, may be calculated based
on several methods such as using the FAO Penman-Mon-
teith equation.

[0024] In some embodiments the sensor network may
continuously measure the environmental elements including
the soil moisture, the amount of water added to a field, and
the meteorological elements. In various embodiments the
sensor network may measure the environmental elements at
a specific time-interval such as one-minute, five-minutes,
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thirty-minutes, and so forth, and aggregate the specific time
interval into a time-period. For example, the time-period
may be one hour.

[0025] FIG. 1 illustrates an exemplary architecture for
practicing aspects of the present technology. The architec-
ture comprises a server system, hereinafter “system 105
that is configured to provide various functionalities, which
are described in greater detail throughout the present dis-
closure. Generally, the system 105 is configured to commu-
nicate with a client (sensor network), such as client (sensor
network) 115. The client (sensor network) 115 may include,
for example, a sensor system or other similar computing
devices. In various embodiments a sensor network com-
prises a plurality of sensors to measure a plurality of
environmental elements. In some instances, the plurality of
environmental elements include soil moisture, infiltration,
percolation, and evapotranspiration. An example of a com-
puting device that can be utilized in accordance with the
present technology is described in greater detail with respect
to FIG. 5.

[0026] The system 105 may communicatively couple with
the client (sensor network) 115 via a public or private
network, such as network 120. Suitable networks may
include or interface with any one or more of, for instance, a
local intranet, a PAN (Personal Area Network), a LAN
(Local Area Network), a WAN (Wide Area Network), a
MAN (Metropolitan Area Network), a virtual private net-
work (VPN), a storage area network (SAN), a frame relay
connection, an Advanced Intelligent Network (AIN) con-
nection, a synchronous optical network (SONET) connec-
tion, a digital T1, T3, E1 or E3 line, Digital Data Service
(DDS) connection, DSL (Digital Subscriber Line) connec-
tion, an Ethernet connection, an ISDN (Integrated Services
Digital Network) line, a dial-up port such as a V.90, V.34 or
V.34bis analog modem connection, a cable modem, an ATM
(Asynchronous Transfer Mode) connection, or an FDDI
(Fiber Distributed Data Interface) or CDDI (Copper Dis-
tributed Data Interface) connection. Furthermore, commu-
nications may also include links to any of a variety of
wireless networks, including WAP (Wireless Application
Protocol), GPRS (General Packet Radio Service), GSM
(Global System for Mobile Communication), CDMA (Code
Division Multiple Access) or TDMA (Time Division Mul-
tiple Access), cellular phone networks, GPS (Global Posi-
tioning System), CDPD (cellular digital packet data), RIM
(Research in Motion, Limited) duplex paging network,
Bluetooth radio, or an IEEE 802.11-based radio frequency
network. The network 120 can further include or interface
with any one or more of an RS-232 serial connection, an
IEEE-1394 (Firewire) connection, a Fiber Channel connec-
tion, an IrDA (infrared) port, a SCSI (Small Computer
Systems Interface) connection, a USB (Universal Serial
Bus) connection or other wired or wireless, digital or analog
interface or connection, mesh or Digi® networking.

[0027] The system 105 generally comprises a processor,
130, a network interface 135, and a memory 140. According
to some embodiments, the memory 140 comprises logic
(e.g., instructions) 145 that can be executed by the processor
130 to perform various methods. For example, the logic may
include a user interface module 125 as well as a data
aggregation and correlation application (hereinafter appli-
cation 150) that is configured to provide the functionalities
described in greater detail herein.
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[0028] It will be understood that the functionalities
described herein, which are attributed to the system 105 and
application 150 may also be executed within the client
(sensor network) 115. That is, the client (sensor network)
115 may be programmed to execute the functionalities
described herein. In other instances, the system 105 and
client (sensor network) 115 may cooperate to provide the
functionalities described herein, such that the client (sensor
network) 115 is provided with a client-side application that
interacts with the system 105 such that the system 105 and
client (sensor network) 115 operate in a client/server rela-
tionship. Complex computational features may be executed
by the server 105, while simple operations that require fewer
computational resources may be executed by the client
(sensor network) 115, such as data gathering and data
display.

[0029] In general, the user interface module 125 may be
executed by the system 105 to provide various graphical
user interfaces (GUIs) that allow users to interact with the
system 105. The system 105 may generate web-based inter-
faces for the client.

[0030] In various embodiments of the present technology,
the soil environment and ability of irrigation facilities (i.e.,
irrigation system) in fields are not uniform, the water move-
ment speed and water holding capacity in the soil, and
ability of water spraying from a pipeline differs depending
on the location. To cover different location characteristics,
the plurality of sensors (e.g., the client (sensor network) 115)
described above may be installed in several different fields.
The number of fields with installed sensors may need to be
limited to control costs for the farmer. Thus, in various
embodiments using low-cost network technology allows a
farmer to put more sensors in more fields while controlling
costs to generate more data for enhanced results.

[0031] In some embodiments, network 120 may be a
low-cost network system including a wireless mesh network
or a start network. The communications network (e.g.,
network 120) may be constructed using small antenna
devices that transmit and receive data wirelessly. By con-
figuring the local network wirelessly rather than wired, it is
possible to introduce a wider observation network at lower
cost. Various types of sensors are connected to the antenna
devices, and data observed by sensors is transferred to the
central computer which is mounted at the base station
through the local network. After data is collected at a
computer of the base station, that data is processed to apply
into the soil moisture model to optimize irrigation opera-
tions, or the data is transferred from the base station to more
powerful computers located remotely.

[0032] In various embodiments, the data collected from
the sensor network (e.g., the client (sensor network) 115)
described above may be used for a soil moisture model. In
various embodiments data is collected in real-time or near
real-time. Furthermore, the soil around each of the sensors
of the plurality of sensors measuring the plurality of envi-
ronmental elements is characterized an the soil data is
analyzed and used for modeling. Specifically, the amount of
water movement in the soil may be arbitrarily calculated
based on the physical laws and the empirical formulas.
Those rules and equations may be used to construct the soil
moisture model that calculates an amount of water move-
ment in different soil layers. The purpose of using the soil
moisture model is to determine a proper amount of irrigation
water or irrigation time (e.g., irrigation duration, and the
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like) which achieves a minimum amount of percolation
under a crop rootzone. A basic formula of a soil moisture
model according to various embodiments is described by
Error! Reference source not found.).

O(t+A1)=0()+g(1)-F(1)-ET(z) Error! Reference source

not found.)
[0033] 6(1): Soil moisture at time t [mm].
[0034] g(t): Infiltration at time t [mm)].
[0035] F(t): Percolation at time t [mm/hour].
[0036] ET(t): Evapotranspiration at time t [mm/hour].
[0037] At: Difference of time step [hour]
[0038] In various embodiments, a calculation of percola-

tion may be made using Equation (2).

Floy= 1 7 Equation (2)
L+ py exp(—p2(0() - 0p))

[0039] { : Infiltration when moisture is around field capac-
ity [mm/hour].
[0040] p,: Parameter.
[0041] p,: Parameter.
[0042] 6, Moisture when soil is field capacity [mml].
[0043] In various embodiments, a calculation of evapo-

transpiration may be made using Equation (3).

ET() = PET ET,(0) Equation (1)
1+ my exp(—my(0() —6p) 7
[0044] PET: Ratio of actual ET.
[0045] m,: Parameter.
[0046] m,: Parameter.
[0047] ET,: Parameter.
[0048] In various embodiments the soil moisture model is

described by Error! Reference source not found.) calculates
a change of moisture per unit time. The change of moisture
is composed by three factors. The first factor is infiltration
(e.g., g(t)) which is an amount of water moving from the
upper layer. One exemplary formula to calculate infiltration
is Horton’s equation. However, the soil moisture model may
use other theories to calculate infiltration. The second factor
is percolation (e.g., F(t)) which is an amount of water
penetrating into the lower layer. The third factor is evapo-
transpiration (e.g., ET(t)) which is an amount of water
consumed by crops or the atmosphere. These factors are
described by governing equations. In each of the terms
included in the right side of Error! Reference source not
found.), parameters depending on soil or crop characteristics
exist.

[0049] In various embodiments, unknown values of
parameters are determined by using an optimization algo-
rithm to find out most probable combination of parameters.
An optimization algorithm calculates outputs of a model
with temporary parameters and selects the best result by
fitting the outputs to minimize the residual of observation
data. There are several types of optimization algorithms and
an efficiency of an optimization algorithm depends on an
approach of a specific optimization algorithm.

[0050] FIG. 2 shows predicted soil moisture in a field at
different layers of the soil using the soil moisture model
according to various embodiments of the present technol-
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ogy. FIG. 2 shows a predicted soil moisture 205 by the soil
moisture model using Error! Reference source not found.) at
four soil layers. FIG. 2 includes measured soil moisture 210
(e.g., a measured soil moisture using data from a soil
moisture sensor) compared with the predicted soil moisture
205 (i.e., a predicted soil moisture using the soil moisture
model). In other words, the true soil moisture. FIG. 2 also
shows irrigation water pressure data 215 (psi) showing the
amount of water pressure in the irrigation system. For
instance, six irrigation events are shown in FIG. 2 (i.e., six
peaks of irrigation water pressure data 215 at all four soil
layers followed by a decrease in both measured soil moisture
210 (e.g., a measured soil moisture using data from a soil
moisture sensor) and the predicted soil moisture 205 (i.e., a
predicted soil moisture using the soil moisture model). The
measured soil moisture 210 (e.g. true soil moisture) is
observed data by soil moisture sensor (i.e., measured soil
moisture using data from a soil moisture sensor). The
predicted soil moisture 205 is a predicted soil moisture by
the soil moisture model (i.e., a predicted soil moisture using
the soil moisture model.) The measured soil moisture 210
(e.g. true soil moisture) is similar to the predicted soil
moisture 205 (i.e., a predicted soil moisture using the soil
moisture model) demonstrating the accuracy of the soil
moisture model. The data displayed in FIG. 2 were achieved
after parameter calibration with a soil sensor data. The
determination of coefficient was 0.997 for this data set
displayed in FIG. 2.

[0051] Irrigation water or rainfall water moves into verti-
cal direction in soil under the influence of gravity. For
example, infiltration is the process by which water on the
ground surface enters the soil. For example, an amount of
infiltration depends on the current amount of soil moisture.
For instance, if an amount of water from an upper layer of
soil is larger than infiltration, not all of an amount of water
can penetrate into the lower soil layer with the rest of the
water remaining on the ground surface.

[0052] In various embodiments, an amount of water from
rainfall or irrigation is calculated by Error! Reference source
not found.

R(1)=P(t)+flpressure(?)) Equation (4)

[0053]

[0054] f(pressure(t)): Amount of irrigation water at time
calculated by pressure [mm/hour].

[0055] For example, typically when it is raining, farmers
may not turn on an irrigation system to save irrigation water,
but using Equation (4), the total amount of water from
rainfall and irrigation system is calculated to determine an
amount of water in the top layer of soil. In fact, the amount
of water from each irrigation emitter in an irrigation system
may be localized and may not be uniform. For instance, a
localized emitter may be caused by a problem with an
irrigation pipeline such as degradation of a pipe or difference
of elevation. Thus, an amount of water from an emitter in
unit time is calculated by pressure data from a pipeline. For
example, a pressure sensor may be installed to measure
pressure (e.g., irrigation water pressure data 215 (psi) in
FIG. 2) between emitters with the function of calculating an
amount of water depending on the type of emitter. In some
instances, flow data at the pump may be used to estimate the
amount of applied water for irrigation, so other data besides

P(1): Precipitation at time [mm/hour].
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pressure data may be used. According to the sensor data in
field, duration of irrigation may exceed two days in exem-
plary embodiments.

[0056] In some instances, percolation happens when soil
moisture of the current layer exceeds the near level of Field
Capacity (FC). Percolation is calculated by Error! Reference
source not found.). The f_ is a constant value infiltration
when moisture is equal to FC. In one scientific definition of
FC, the amount of soil moisture or water content held in the
soil after excess water has drained away and the rate of
downward movement has decreased. For example, FC usu-
ally takes place two to three days after rain or irrigation in
pervious soils of uniform structure and texture. Thus, using
this definition, percolation starts when moisture reaches to
FC. However, according to soil moisture data, percolation
has happened gradually, not suddenly. Therefore, in Error!
Reference source not found.), £, is multiplied to activation
function to calculate percolation. In Error! Reference source
not found.), when soil moisture gets close to FC, percolation
increases gradually. This non-linear relationship is described
by the activation function in Error! Reference source not
found.). When moisture exceeds FC, ratio of percolation
reaches one.

[0057] In various embodiments, if percolation happens at
a deeper soil layer (i.e., a greater soil depth) than a crop
rootzone, water below the crop rootzone is surplus water and
is not consumed by crop growth resulting in inefficient
irrigation water use. In various instances, FC may be deter-
mined after parameters of the soil moisture model are fitted.
In addition, soil moisture has another threshold called Wilt-
ing Point (WP) which is lower than FC. When soil moisture
reaches to the WP, plants will get severe damage and may
not be able to fully recover from the WP. For example,
Wilting Point (WP) may be defined as the minimum amount
of water in the soil that a plant requires not to wilt. If the soil
water content decreases to WP or any point below WP, a
plant wilts and can no longer recover its turgidity when
placed in a saturated atmosphere for twelve hours. There-
fore, an optimum amount of water in soil of a crop field is
a level at which the soil moisture in the crop rootzone is
above WP as a minimum level and below FC, while includ-
ing a sufficient amount of water to account for evapotrans-
piration.

[0058] In various embodiments, an actual evapotranspira-
tion (ET) in each soil layer is calculated using Error!
Reference source not found.). Calculating potential ET has
several methodologies such as using the FAO Penman-
Montieth equation. However, the actual amount of ET
consumed by crop may depend on other factors of soil
moisture. For example, if soil does not contain much soil
moisture, attraction from soil to water is too strong to allow
crops to absorb water by their roots. Thus, an activation
function similar to percolation may be applied to calculate
actual ET. At the surface, surplus water by irrigation would
be consumed by evaporation and not only to infiltration into
the soil. However, it is difficult to account for transpiration
and evaporation from ET. In this model, potential ET is
multiplied by a constant ratio to simply estimate evaporation
at the surface.

[0059] FIG. 3 shows infiltration 310 and percolation 315
in a field at different layers of the soil using soil moisture
modeling according to various embodiments of the present
technology. For example, FIG. 3 shows infiltration 310 and
percolation 315 at each of the four soil layers calculated
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using a soil moisture model calibrated by observation data.
For instance, six irrigation events are shown in Error!
Reference source not found. that correspond to the six peaks
of irrigation water pressure data 215 shown in FIG. 2 at all
four soil layers followed by a decrease in measured soil
moisture 210 and predicted soil moisture 205. FIG. 3 also
shows that infiltration 310 and percolation 315 are decrease
at lower soil levels. Furthermore, a duration length of
irrigation affected the amount of the infiltration 310 and the
percolation 315 at all four layers consecutively. For
example, the first irrigation event (i.e., first peak) did not
make percolation at the fourth layer because the length of
irrigation event was shorter than a subsequent irrigation
duration.

[0060] In various embodiments, to fill the crop rootzone
with an optimum amount of soil moisture, it is necessary to
fill the upper soil layer the Field Capacity (FC) or more and
generate percolation to transport water. For example, an
amount of water sprayed by the irrigation system can be
obtained either by measuring with an irrigation sensor or by
setting it before starting irrigation using Error! Reference
source not found.). Typically, the amount of irrigation water
sprayed per unit time is higher than the infiltration of the
topsoil layer, thus, water stagnates if the surface layer is flat.
If water remains on the ground surface even after irrigation
stops, the residual water calculated using Error! Reference
source not found.) will infiltrate into the soil layer. In
exemplary embodiments, Error! Reference source not
found.) and Equation (8) below may be used calculate an
optimal irrigation duration to provide a minimum amount of
water by irrigation, including the aforementioned residual
water.

[0061] In various embodiments, an optimum irrigation
duration is calculated using Equation 5. An amount of water
form irrigation is calculated using Equation 5.

w(t)=fpxt Equation (5)

[0062] £, Irrigation rate [mm/hour].
[0063] t: Irrigation duration [hour].
[0064] R,: Amount of water to fill from current moisture to

field capacity at layer [mm].
[0065] In various embodiments, an amount of water to fill
field capacity at layer is calculated using Equation 6.

RA0pc6,,, Equation (6)

[0066] R, Amount of water to fill from current moisture to
field capacity at layer 1 [mm)].

[0067] Oz, Soil moisture of field capacity at layer [mm].
[0068] 6, ,: The present moisture at layer [mm].
[0069] In various embodiments, an amount of surplus

water on the surface is calculated by Equation 7.

wT)—-Ry, T<Tgc

Equation (2)
sh= { W)= Ry = fox(T = Tre), T Trc

[0070] R,: Amount of water to fill from current moisture
to field capacity at layer 1 [mm].

[0071] T: The duration of irrigation [hour].

[0072] £ Infiltration when moisture is filled by field
capacity [mm/hour].

[0073] {£.: The duration which takes to fill moisture to field

capacity.
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[0074] Ty The duration which takes to fill moisture to
field capacity.
[0075] In various embodiments, an irrigation duration is

calculated by Equation 8 including an optimal irrigation
duration.

Equation (3)

N
min(s(7) - [Z R + ET(T)

=2

[0076] N: Total number of soil layers.
[0077] ET(T): Cumulative ET for duration [mm].
[0078] In various embodiments, an optimum irrigation

duration is calculated at A=f(x).

[0079] In various embodiments the present technology
allows interpolation by remote sensing. For example, using
interpolation, a “parameter estimation model” may be used
with parameters of a soil model as dependent variables.
Independent variables may be observable by remote sensing
or referenceable by a third-party dataset. For example, to
determine an optimized irrigation schedule with a soil model
at different locations, observational data (i.e., measured
data) may be required to select valid parameters. Parameters
determined by sensor data may be difficult to use at a
different location because characteristics of the soil may not
the same at the different location. Nonetheless, by applying
a parameter estimation model at a location that a sensor is
not installed, a soil model may be used without sensor data.
Thus, allowing planning of an optimal irrigation schedule
for fields without a sensor system installed.

[0080] FIG. 4 show a method for providing irrigation
water to a soil depth of a crop rootzone in a plurality of crop
fields using a sensor network and soil moisture modeling.
FIG. 4 is a process flow diagram showing a method 400 for
providing irrigation water to a soil depth of a crop rootzone
in a plurality of crop fields using a sensor network and soil
moisture modeling. The method 400 may be performed by
processing logic that may comprise hardware (e.g., dedi-
cated logic, programmable logic, and microcode), software
(such as software run on a general-purpose computer system
or a dedicated machine), or a combination thereof. In one or
more example embodiments, the processing logic resides at
the server system 105 or the client (sensor network) 115, or
combinations thereof.

[0081] As shown in FIG. 4, the method 400 may com-
mence at operation 410, receiving data from a sensor net-
work in a first crop field. The data from the sensor network
in a first crop field may include data from a soil moisture
sensor in the first crop field, data from a water added sensor
in the first crop field, and data from a meteorological
elements sensor in the first crop field. The data for the sensor
network may be monitored continuously or in set increments
such as one-hour intervals.

[0082] At operation 420, the method 400 may proceed
with determining a soil moisture model using data from the
sensor network in the first field. The soil moisture model
may be determined using Equation (1) as described above as
well as using the other equations described herein.

[0083] At operation 430, the method 400 may include
determining a soil moisture model using data from the
sensor network in the first field. For example, data from a
sensor network (i.e., client (sensor network 115) may be
used for determining a soil moisture model.
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[0084] At operation 440, the method 400 may proceed
with determining a first field irrigation time using the soil
moisture model, the first field irrigation time providing
irrigation water to a soil depth of the crop rootzone above a
Wilting Point (WP) and below a Field Capacity (FC) of soil
in the first field. For example, Equation (1) through Equation
(8) described herein may be used to determine the first field
irrigation time. In one embodiment, the first field irrigation
time (i.e., an irrigation duration) is calculated by Equation 8
including an optimal irrigation duration.

[0085] At operation 450, the method 400 may proceed
with applying the soil moisture model to a second field. For
example, interpolation by remote sensing may be used to
determine data the second field even though sensors may not
be installed in the second field.

[0086] At operation 460, the method 400 may include
determining a second field irrigation time using the soil
moisture model, the second field irrigation time providing
irrigation water to a soil depth of the crop rootzone above a
Wilting Point (WP) and below a Field Capacity (FC) of soil
in the second field. For example, the Equation (1) through
Equation (8) described herein and interpolation by remote
sensing may be used to determine the first field irrigation
time. In one embodiment, the second field irrigation time
(i.e., an irrigation duration) is calculated by Equation 8
including an optimal irrigation duration.

[0087] At operation 470, the method 400 may include
providing irrigation water in the first field for the first field
irrigation time to a soil depth of the crop rootzone above a
Wilting Point (WP) and below a Field Capacity (FC) of soil
in the first field. An irrigation system for providing irrigation
water in the first field may include a system of pipes and
emitters.

[0088] At operation 480, the method 400 may include
providing irrigation water in the second field for the second
field irrigation time to a soil depth of the crop rootzone
above a Wilting Point (WP) and below a Field Capacity (FC)
soil in the second field. An irrigation system for providing
irrigation water in the second field may include a system of
pipes and emitters.

[0089] FIG. 5 is a diagrammatic representation of an
example machine in the form of'a computer system 1, within
which a set of instructions for causing the machine to
perform any one or more of the methodologies discussed
herein may be executed. In various example embodiments,
the machine operates as a standalone device or may be
connected (e.g., networked) to other machines. In a net-
worked deployment, the machine may operate in the capac-
ity of'a server or a client machine in a server-client network
environment, or as a peer machine in a peer-to-peer (or
distributed) network environment. The machine may be a
personal computer (PC), a tablet PC, a set-top box (STB), a
personal digital assistant (PDA), a cellular telephone, a
portable music player (e.g., a portable hard drive audio
device such as an Moving Picture Experts Group Audio
Layer 3 (MP3) player), a web appliance, a network router,
switch or bridge, or any machine capable of executing a set
of instructions (sequential or otherwise) that specify actions
to be taken by that machine. Further, while only a single
machine is illustrated, the term “machine” shall also be
taken to include any collection of machines that individually
or jointly execute a set (or multiple sets) of instructions to
perform any one or more of the methodologies discussed
herein.
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[0090] The example computer system 1 includes a pro-
cessor or multiple processor(s) 5 (e.g., a central processing
unit (CPU), a graphics processing unit (GPU), or both), and
a main memory 10 and static memory 15, which commu-
nicate with each other via a bus 20. The computer system 1
may further include a video display 35 (e.g., a liquid crystal
display (LCD)). The computer system 1 may also include an
alpha-numeric input device(s) 30 (e.g., a keyboard), a cursor
control device (e.g., a mouse), a voice recognition or bio-
metric verification unit (not shown), a drive unit 37 (also
referred to as disk drive unit), a signal generation device 40
(e.g., a speaker), and a network interface device 45. The
computer system 1 may further include a data encryption
module (not shown) to encrypt data.

[0091] The disk drive unit 37 includes a computer or
machine-readable medium 50 on which is stored one or
more sets of instructions and data structures (e.g., instruc-
tions 55) embodying or utilizing any one or more of the
methodologies or functions described herein. The instruc-
tions 55 may also reside, completely or at least partially,
within the main memory 10 and/or within the processor(s) 5
during execution thereof by the computer system 1. The
main memory 10 and the processor(s) 5 may also constitute
machine-readable media.

[0092] The instructions 55 may further be transmitted or
received over a network (e.g., network 120, see FIG. 1) via
the network interface device 45 utilizing any one of a
number of well-known transfer protocols (e.g., Hyper Text
Transfer Protocol (HTTP)). While the machine-readable
medium 50 is shown in an example embodiment to be a
single medium, the term “computer-readable medium”
should be taken to include a single medium or multiple
media (e.g., a centralized or distributed database and/or
associated caches and servers) that store the one or more sets
of instructions. The term “computer-readable medium” shall
also be taken to include any medium that is capable of
storing, encoding, or carrying a set of instructions for
execution by the machine and that causes the machine to
perform any one or more of the methodologies of the present
application, or that is capable of storing, encoding, or
carrying data structures utilized by or associated with such
a set of instructions. The term “computer-readable medium”
shall accordingly be taken to include, but not be limited to,
solid-state memories, optical and magnetic media, and car-
rier wave signals. Such media may also include, without
limitation, hard disks, floppy disks, flash memory cards,
digital video disks, random access memory (RAM), read
only memory (ROM), and the like. The example embodi-
ments described herein may be implemented in an operating
environment comprising software installed on a computer, in
hardware, or in a combination of software and hardware.
[0093] One skilled in the art will recognize that the
Internet service may be configured to provide Internet access
to one or more computing devices that are coupled to the
Internet service, and that the computing devices may include
one or more processors, buses, memory devices, display
devices, input/output devices, and the like. Furthermore,
those skilled in the art may appreciate that the Internet
service may be coupled to one or more databases, reposi-
tories, servers, and the like, which may be utilized in order
to implement any of the embodiments of the disclosure as
described herein.

[0094] These computer program instructions may also be
stored in a computer readable medium that can direct a
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computer, other programmable data processing apparatus, or
other devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

[0095] The computer program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other devices to cause a series of opera-
tional steps to be performed on the computer, other pro-
grammable apparatus or other devices to produce a
computer implemented process such that the instructions
which execute on the computer or other programmable
apparatus provide processes for implementing the functions/
acts specified in the flowchart and/or block diagram block or
blocks.

[0096] In the description, for purposes of explanation and
not limitation, specific details are set forth, such as particular
embodiments, procedures, techniques, etc. in order to pro-
vide a thorough understanding of the present technology.
However, it will be apparent to one skilled in the art that the
present technology may be practiced in other embodiments
that depart from these specific details.

[0097] While specific embodiments of, and examples for,
the system are described above for illustrative purposes,
various equivalent modifications are possible within the
scope of the system, as those skilled in the relevant art will
recognize. For example, while processes or steps are pre-
sented in a given order, alternative embodiments may per-
form routines having steps in a different order, and some
processes or steps may be deleted, moved, added, subdi-
vided, combined, and/or modified to provide alternative or
sub-combinations. Each of these processes or steps may be
implemented in a variety of different ways. Also, while
processes or steps are at times shown as being performed in
series, these processes or steps may instead be performed in
parallel or may be performed at different times.

[0098] While various embodiments have been described
above, it should be understood that they have been presented
by way of example only, and not limitation. The descriptions
are not intended to limit the scope of the present technology
to the particular forms set forth herein. To the contrary, the
present descriptions are intended to cover such alternatives,
modifications, and equivalents as may be included within
the spirit and scope of the present technology as appreciated
by one of ordinary skill in the art. Thus, the breadth and
scope of a preferred embodiment should not be limited by
any of the above-described exemplary embodiments.

What is claimed is:

1. A system for providing irrigation water to a soil depth
of'a crop rootzone in a plurality of crop fields using a sensor
network and soil moisture modeling, the system comprising:

a sensor network in a first crop field, comprising:

a soil moisture sensor in the first crop field;

a water added sensor in the first crop field; and

a meteorological elements sensor in the first crop field;
at least one processor; and

a memory storing processor-executable instructions,

wherein the at least one processor is configured to

implement the following operations upon executing the

processor-executable instructions:

determining a soil moisture model using data from the
sensor network in the first field;
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determining a first field irrigation time using the soil
moisture model, the first field irrigation time provid-
ing irrigation water to a soil depth of the crop
rootzone above a Wilting Point (WP) and below a
Field Capacity (FC) of soil in the first field;
applying the soil moisture model to a second field; and
determining a second field irrigation time using the soil
moisture model, the second field irrigation time
providing irrigation water to a soil depth of the crop
rootzone above a Wilting Point (WP) and below a
Field Capacity (FC) of soil in the second field; and
an irrigation system providing irrigation water in the first
field for the first field irrigation time to a soil depth of
the crop rootzone above a Wilting Point (WP) and
below a Field Capacity (FC) of soil in the first field, and
providing irrigation water in the second field for the
second field irrigation time to a soil depth of the crop
rootzone above a Wilting Point (WP) and below a Field
Capacity (FC) of soil in the second field.

2. The system of claim 1, wherein the water added sensor
measures an actual amount of water added to a field.

3. The system of claim 1, wherein the meteorological
elements sensor measures at least one of temperature, pre-
cipitation, solar radiation, relative humidity, and wind speed.

4. The system of claim 1, wherein the soil moisture sensor
measures an amount of moisture contained in the soil at a
plurality of different depths in the soil at the first field.

5. The system of claim 4, wherein the plurality of different
depths in the soil at the first field include a soil depth above
the crop rootzone, a soil depth at the crop rootzone, and a
soil depth below the crop rootzone.

6. The system of claim 5, wherein the first field irrigation
time and the second field irrigation time provide irrigation
water above field capacity for the soil depth at the crop
rootzone resulting in irrigation water percolation to the crop
rootzone.

7. The system of claim 5, wherein the first field irrigation
time and the second field irrigation time provide irrigation
water below field capacity for the soil depth at the crop
rootzone preventing irrigation water percolation to the soil
depth below the crop rootzone thereby saving irrigation
water.

8. The system of claim 5, wherein the determining the soil
moisture model comprises:

determining current soil moisture, infiltration, percola-

tion, and evapotranspiration at the soil depth above the
crop rootzone in the first field using the data from the
sensor network in the first field; and

determining soil moisture at the soil depth above the crop

rootzone in the second field using the current soil
moisture, the infiltration, the percolation, and the
evapotranspiration at the soil depth above the crop
rootzone in the first field.

9. A method for providing irrigation water to a soil depth
of'a crop rootzone in a plurality of crop fields using a sensor
network and soil moisture modeling, the method compris-
ing:

receiving data from a sensor network in a first crop field,

comprising:

receiving data from a soil moisture sensor in the first
crop field;

receiving data from a water added sensor in the first
crop field; and
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receiving data from a meteorological elements sensor
in the first crop field;

determining a soil moisture model using data from the

sensor network in the first field;
determining a first field irrigation time using the soil
moisture model, the first field irrigation time providing
irrigation water to a soil depth of the crop rootzone
above a Wilting Point (WP) and below a Field Capacity
(FC) of soil in the first field;
applying the soil moisture model to a second field;
determining a second field irrigation time using the soil
moisture model, the second field irrigation time pro-
viding irrigation water to a soil depth of the crop
rootzone above a Wilting Point (WP) and below a Field
Capacity (FC) of soil in the second field;

providing irrigation water in the first field for the first field
irrigation time to a soil depth of the crop rootzone
above a Wilting Point (WP) and below a Field Capacity
(FC) soil in the first field; and

providing irrigation water in the second field for the
second field irrigation time to a soil depth of the crop
rootzone above a Wilting Point (WP) and below a Field
Capacity (FC) of soil in the second field.

10. The method of claim 9, wherein the water added
sensor measures an actual amount of water added to a field.

11. The method of claim 9, wherein the meteorological
elements sensor measures at least one of temperature, pre-
cipitation, solar radiation, relative humidity, and wind speed.

12. The method of claim 9, wherein the soil moisture
sensor measures an amount of moisture contained in the soil
at a plurality of different depths in the soil at the first field.

13. The method of claim 12, wherein the plurality of
different depths in the soil at the first field include a soil
depth above the crop rootzone, a soil depth at the crop
rootzone, and a soil depth below the crop rootzone.

14. The method of claim 13, wherein the first field
irrigation time and the second field irrigation time provide
irrigation water above field capacity for the soil depth at the
crop rootzone resulting in irrigation water percolation to the
Crop rootzone.

15. The method of claim 13, wherein the first field
irrigation time and the second field irrigation time provide
irrigation water below field capacity for the soil depth at the
crop rootzone preventing irrigation water percolation to the
soil depth below the crop rootzone thereby saving irrigation
water.

16. The method of claim 13, wherein the determining the
soil moisture model comprises:

determining current soil moisture, infiltration, percola-

tion, and evapotranspiration at the soil depth above the
crop rootzone in the first field using the data from the
sensor network in the first field; and

determining soil moisture at the soil depth above the crop

rootzone in the second field using the current soil
moisture, the infiltration, the percolation, and the
evapotranspiration at the soil depth above the crop
rootzone in the first field.

17. A non-transitory computer readable medium having
embodied thereon instructions being executable by at least
one processor to perform a for providing irrigation water to
a soil depth of a crop rootzone in a plurality of crop fields
using a sensor network and soil moisture modeling, the
method comprising:
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receiving data from a sensor network in a first crop field,
comprising:
receiving data from a soil moisture sensor in the first
crop field;
receiving data from a water added sensor in the first
crop field; and
receiving data from a meteorological elements sensor
in the first crop field;
determining a soil moisture model using data from the
sensor network in the first field;
determining a first field irrigation time using the soil
moisture model, the first field irrigation time providing
irrigation water to a soil depth of the crop rootzone
above a Wilting Point (WP) and below a Field Capacity
(FC) of soil in the first field;
applying the soil moisture model to a second field;

determining a second field irrigation time using the soil
moisture model, the second field irrigation time pro-
viding irrigation water to a soil depth of the crop
rootzone above a Wilting Point (WP) and below a Field
Capacity (FC) of soil in the second field;

providing irrigation water in the first field for the first field
irrigation time to a soil depth of the crop rootzone
above a Wilting Point (WP) and below a Field Capacity
(FC) of soil in the first field; and
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providing irrigation water in the second field for the
second field irrigation time to a soil depth of the crop
rootzone above a Wilting Point (WP) and below a Field
Capacity (FC) of soil in the second field.
18. The non-transitory computer readable medium of
claim 17, wherein the soil moisture sensor measures an
amount of moisture contained in the soil at a plurality of
different depths in the soil at the first field.
19. The non-transitory computer readable medium of
claim 18, wherein the plurality of different depths in the soil
at the first field include a soil depth above the crop rootzone,
a soil depth at the crop rootzone, and a soil depth below the
Crop rootzone.
20. The non-transitory computer readable medium of
claim 19,
wherein the first field irrigation time and the second field
irrigation time provide irrigation water above field
capacity for the soil depth at the crop rootzone resulting
in irrigation water percolation to the crop rootzone;

wherein the first field irrigation time and the second field
irrigation time provide irrigation water below field
capacity for the soil depth at the crop rootzone pre-
venting irrigation water percolation to the soil depth
below the crop rootzone thereby saving irrigation
water.



