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HIGHLIGHTS 
• Straightforward procedure to code prescription maps independent of manufacturers. 
• Methodology suitable for orchard crops and vineyards including pressures up to 10 bar and flowrates up to 100 L/min. 
• Algorithm validated for both trellis-based continuous rows and traditional orchard rows of discrete trees. 
• Method scalable to other agricultural operations, such as fertilizing or data registration for auditing purposes. 

ABSTRACT. The implementation of crop protection solutions contributing to significant reductions in the use and risk of 
chemical pesticides has motivated the interest of site-specific systems, such as variable rate technologies based on user-set 
prescriptions. However, the practical implementation of variable rates has been dissuasive for many growers who are not 
familiar with digital solutions, as proprietary firmware is often difficult to grasp. This paper presents a method for format-
ting prescription maps that is independent of manufacturers, can be easily and freely implemented by industry and can be 
adopted by growers not familiar with advanced software tools. The methodology was successfully demonstrated for peren-
nial specialty crops, in particular for trellised vineyards in vertical shoot position and for traditional olive groves. Results 
showed that the variations within user prescription maps were translated to the fields, but flow errors appeared due to the 
challenge of measuring flow and pressure in the highly pulsating actuation of pulse-width-modulated (PWM) valves. Such 
errors diminished with the use of low-volume rates and the optimal selection of the nozzles when adjusted to the real pressure 
measured in the field. The use cases validated in the field showed the consistency of the method for highly populated pre-
scription maps of 1,221 points/ha accessible to advanced farmers, as well as for modest maps of 80 points/ha within reach 
of the majority of growers. 
Keywords. Automated map building, Local tangent plane coordinates, Orchard crop operations, Precision farming, Pre-
scription maps, User-centered approach, Variable rate spraying. 

he Legally Binding Targets that will be laid down 
in a regulation on all European Union Member 
States, in draft status at present, have instructed the 
implementation of crop protection solutions con-

tributing to a 50% reduction in the use and risk of chemical 
pesticides by 2030. This policy, and similar ones in other 
countries, have resulted in the development of technologies 
leading to a more rational application of spraying products 
in the context of precision agriculture and, in particular, a 
growing interest in variable rate technologies (VRT). Such 
technologies allow for a more accurate delivery of spray 
droplets and systematic ways of data collection for auditing 

and reporting purposes. The problem of effective, while sus-
tainable, crop protection is particularly critical for the case 
of orchard crops, where pests are strongly attracted by fruits, 
and pest attacks typically leave crops without commercial 
value as market standards for fresh produce are usually high. 
Specialty crops are intensive, high-value crops that include 
fruits, vegetables, tree nuts, and dried fruits, as well as hor-
ticulture and floriculture. In Europe, specialty crops are val-
ued at about €70 billion per year, representing 22% of the 
total output value of the agricultural sector. In particular, the 
production of oranges in 2022 reached 6.2 million ton equiv-
alent to €1.9 billion, nectarines and peaches accounted for 
4.1 million ton and €3.7 billion, olives totaled 10.9 million 
ton and €2.3 billion, and grapes for wine led to 178 million 
hl and €8.7 billion (FAO, 2023). In the USA, specialty crop 
production represents approximately 50% of the total value 
of crop production, with a retail value for 2005 of around 
$60 billion (Burks et al., 2008). 

The benefits of VRT have been reported to approximate 
the reduction challenges posed by the crop protection poli-
cies of the European Union, the USA, and many other coun-
tries with similar environmental laws. Yang et al. (2018), for 
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instance, effectively controlled cotton root rot with fungicide 
reductions over 40%. Such savings can be applied in practice 
by two approaches within VRT: 1) by applying a prescrip-
tion map built and uploaded before the treatment; and 2) by 
sensing and processing crop features in real time. Given that 
weed patches are relatively immobile in fields, Brown and 
Stecklen (1995) applied prescribed maps to reduce herbicide 
amounts with spatially variable spraying. However, despite 
successful implementations over the last two decades, the 
adoption rate of VRT is still low. Masi et al. (2023) recently 
reported that North American farms are more likely to use 
VRT than European farms, and yet VRT utilization rates in 
the USA hardly exceed 40%, whereas in Europe, its uptake 
rarely exceeds 20%. In fact, although cotton growers are 
aware that only patches are infested, they apply fungicide 
uniformly because (among other reasons) prescription maps 
and VRT equipment are not readily available (Yang et al., 
2018). As a result, there is a need for developing standard-
ized procedures capable of creating prescription maps and 
adapting VRT to existing machinery. In a survey conducted 
in Italy (Masi et al., 2023), where fruit and vegetables were 
the dominant crops (58%), farmer age, equipment cost, and 
farm size were found to strongly influence the VRT adoption 
rate, in addition to system complexity. Yang et al. (2018) 
also concluded that variable rate applications require more 
advanced computer and equipment skills, as well as a better 
understanding of the techniques involved, which often re-
sults in the need of assistance from dealers or service pro-
viders to actually draw prescription maps and effectively ap-
ply VRT. The fact that the adoption of VRT in Europe rarely 
exceeds 20% and is half the rate found in the USA may be 
induced by the weight of family-based small-scale farmers 
in European agriculture. A standard procedure to code maps 
that is independent of manufacturers, and therefore can be 
implemented with the machinery already existing in the farm 
can reduce the impact of technology cost as a barrier for 
VRT uptake, even though the average age of professional 
farmers in Europe is still an obstacle for widespread farm 
digitization. 

The advantages of mapping the fields ahead of time to 
code application rates into a prescription map are often can-
celed out by the difficulty of creating and transferring a pre-
scription map to a machine enabled to deliver variable rates, 
as map configuration depends on equipment manufacturers. 
As explained by Norwood et al. (2009) and confirmed by 
Song et al. (2012), one must know what computer and con-
troller will be used to create a prescription map in the appro-
priate format, such as “.tgt” for Ag Leader (PF3000 Pro) or 
“.shp” for Raven (Viper), for example. Furthermore, some 
controllers, such as those made by John Deere, require a 
boundary file of the field in addition to the prescriptions. 
Due to the lack of standardization, and thus a consensus 
among manufacturers and practitioners, some commercial 
solutions have borrowed GIS formats such as “.geojson” and 
“.json.” It is here, in the core of prescription coding, where 
the requirement of advanced computer and equipment skills 
mentioned by Yang et al. (2018) fits into place, providing 
thus a motivation for finding new ways of coding prescrip-
tion maps that are independent of specific manufacturers. 
The calculation of prescriptions is based on data collected 

from the field, and the nature of these data depends on the 
type of application. For example, Brown and Stecklen 
(1995) used conventional color and infrared images taken 
from a low altitude (900 m) aircraft to apply herbicide to 
weed patches with a ground sample distance (GSD) of 10 x 
10 cm2/pix; Norwood et al. (2009) outlined prescription 
maps of fertilizer according to soil test results; Song et al. 
(2012) combined soil sampling, NDVI, and historical rec-
ords to produce prescription maps for variable rate aerial 
spraying; Yang et al. (2018) effectively controlled cotton 
root rot with site-specific fungicide application at planting 
based on airborne imagery acquired from a Cessna 206 air-
craft with a four-camera imaging system providing images 
(2048 x 2048 pixels) in the blue, green, red, and infrared 
bands; and Li et al. (2019) calculated fertilizing rates based 
on the nutritional status of corn estimated from photos taken 
in the field with a handheld digital camera. Even though the 
process of determining rates from field data is important for 
VRT, it is not central to map construction and interpretation 
by machines, which is where the lack of standardization 
rests. As a result, this paper will focus on map coding and 
configuration rather than the calculation of rates, which de-
pends on each particular application (spraying, seeding, fer-
tilizing, irrigation, etc.) and thus falls outside of the scope of 
this article. 

The steps typically followed to create prescription maps 
include map zoning, although there is no one single approach 
specifically to doing it (Song et al., 2012). For prescriptions 
to be based on zones, the first step is to delineate the zones 
with specialized software packages (Yang et al., 2018), 
which may be dissuasive for many growers. Each zone rep-
resents a rate, for example, Yang et al. (2018) reduced the 
map to a binary prescription of fungicide of 0 L/ha and 
56 L/ha, whereas Li et al. (2019) implemented three fertiliz-
ing levels of 200 kg/ha, 250 kg/ha, and 300 kg/ha. The divi-
sion of the field into a predetermined number of zones re-
quires a previous discretization of the terrain because global 
positioning receivers provide locations for single points. 
Such discretization is normally embodied in grids, which are 
the basis of the methodology proposed in this research. Pol-
ygons smaller than 4 m2 within dominant zones were con-
sidered belonging to the dominant class by Yang et al. 
(2018), whereas Norwood et al. (2009) typically divided 
fields into 2.5-acre (10,117 m2) grids, and Brown and Steck-
len (1995) implemented a grid size of 6 m x 15 m (90 m2 
cells) using GIS software (PC ARC/INFO v 3.3) for weed 
mapping. The layout of prescription maps is governed by 
resolution, and therefore this is a key parameter to set at the 
time of building a map. The fact that efficient maps have 
been reported with cell sizes ranging from 4 m2 to 10,117 m2 
(≈ 1 ha) implies that resolution will be dependent on each 
particular application. 

At the time of coding a prescription map, the user must 
consider that the prescribed rates have to be physically ap-
plied by an automated machine, and therefore physical vari-
ables such as vehicle velocity, flow inertia, and flow-pres-
sure relationships for liquids need to be taken into account. 
Norwood et al. (2009) clearly stated that each executing con-
troller must be known to create a particular prescription map. 
In the case of prescription-based variable rate spraying 
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developed in this research, understanding how spray flow 
varied on-the-fly resulted was for the successful implemen-
tation of the proposed prescription maps. In consequence, 
although out of the scope of this paper, some basic back-
ground on smart spraying actuation is necessary. The key 
idea for smart spraying is to vary the spray flow according 
to the prescription preset for a given location of the sprayer 
without altering the droplet size. Wrong droplet size results 
in spray drift or runoff (Rathnayake et al., 2022), which op-
poses the current policies of environmental protection agen-
cies. Keeping the droplet size within a limited range requires 
keeping the system pressure within a limited range (Fabula 
et al., 2021), which is the central problem of variable rate 
sprayers. Boom sprayers for herbicide application have 
solved the problem with the introduction of pulse width 
modulated (PWM) solenoid valves, which can vary the 
sprayed flow by changing the duty cycle of a square signal 
(Han et al., 2001). Such technical success has motivated the 
replication of this philosophy for orchard sprayers (Salcedo 
et al., 2020; Rathnayake et al., 2022; Ortí et al., 2022). How-
ever, such adaptation is not straightforward, because when 
PWM valves are implemented in air blast sprayers featuring 
a larger working pressure and high flow variations, the spray 
flow becomes turbulent by the highly pulsating system and 
forces hydraulic shocks when full valve closures are ordered 
(Saiz-Rubio et al., 2023; Ortiz et al., 2023). This phenome-
non is especially acute in relation to pressure sensors and 
flowmeters, as smart sprayers must grant both, a system 
pressure within setup limits and a sprayed flow near the pre-
scribed rate, and none of them can be granted unless onboard 
sensors work properly. This problem falls outside of the 
scope of this article but has to be kept in mind when evalu-
ating the proposed methodology through the use cases of 
vineyards and olive groves. 

The objectives of this paper are two: first, the introduction 
of a new method for formatting prescription maps; and sec-
ond, its validation through two use cases applied to relevant 
crops. The key advantages of the proposed method are that it 
is independent of manufacturers, and therefore it can be eas-
ily implemented by industry and freely adopted by growers. 

METHODOLOGY 
USER-ORIENTED FORMAT 

The distinctive features of the proposed format for coding 
variable rate prescriptions are the simplicity for the user and 
the independence of maps from manufacturers, such that ma-
chine operators easily instructed on interpreting a digital 
map from a field can compose a prescription map, and any 

manufacturer implementing VR technology can write a 
straightforward software application to read it. The next par-
agraph explains how a grower can write a prescription map 
following the proposed format, and the next section de-
scribes in detail how any machine can easily read the maps 
and execute a variable rate treatment. 

The approach to defining this format follows a bottom-up 
direction by which grower knowledge and needs are directly 
transcribed into a text file. In particular, grower knowledge is 
bound to the crop and the plot, and it refers to the rate that 
every section of the field needs, where the size and number 
of sections, as well as the preferred rate for them, is a decision 
made by the grower. In practical terms, it requires two pieces 
of information: field locations given by three GNSS coordi-
nates (latitude, longitude, and altitude) and the spray rates as-
sociated to them in common units, for example, Lmin-1. As 
a result, these are the specific data that growers need to write 
in the map, following the orderly manner of figure 1. The 
number of points (NP) will depend on the number and distri-
bution of rates chosen for a given treatment. As variability 
increases, it is recommendable to increase the number of 
points accordingly, but the precision embodied in each map 
will eventually be a decision made by each grower. As a rule 
of thumb, it is recommended to have at least 100 points/ha 
and no less than 50 points/ha. Likewise, latitude and longi-
tude should have at least seven decimals to grant enough ac-
curacy (the system implemented in the use cases described 
below works with 10 decimals). In addition, notice that west 
longitudes and south latitudes must be negative.  

The text file of figure 1b can be easily written in any word 
processor, and the key question for the grower is how to de-
termine the numbers that fill the columns of the table of fig-
ure 1a. As growers typically know their fields well, they will 
be able to tag points representing important sections of the 
field and extract the GNSS (often GPS) coordinates of lati-
tude, longitude, and altitude. This can be performed with any 
digital mapping tool, from GIS software run on a computer 
to Google Maps accessed from a common smartphone. 
A more delicate decision, however, is how to set the rates for 
each section to comply with spraying regulations. Multiple 
strategies can be followed with this regard, although the 
maximum rates must be acceptable by regulatory bodies. 
However, efficiency may be greatly improved by lowering 
rates for specific zones based on prior phytosanitary 
knowledge acquired in the field or based on the canopy 
thickness when tree development has not been homogeneous 
within the field. The simple layout of figure 1 can produce 
highly precise maps with different levels of resolution. Users 
can adjust the number of points from a basic representation 
of 100 points/ha up to plant-specific accuracy, which allows 

NP (positive integer) 
Lat1 Tab Lon1 Tab Alt1 Tab Rate1 
Lat2 Tab Lon2 Tab Alt2 Tab Rate2 
Lat3 Tab Lon3 Tab Alt3 Tab Rate3 

.  .  .  . 

.  .  .  . 

.  .  .  . 
LatNP Tab LonNP Tab AltNP Tab RateNP 

  
(a) (b) 

Figure 1. Writing format for proposed prescription maps: (a) formatting style; (b) example. 
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them to control the precision of their treatments. As prescrip-
tion maps are written and recorded in a plain text processor, 
they can be easily read from a computer folder set in the 
sprayer computer. Likewise, the reduced size of text-coded 
data also facilitates file sending and handling among diverse 
machine operators.  

EXECUTION OF SITE-SPECIFIC PRESCRIPTIONS 
A prescription map for commanding variable rate spray-

ing requires two pieces of information: 3D field positions 
and the desired rate for them (the four columns in fig. 1b). 
The way of coding this information in the prescription maps 
is crucial for their further adoption by typical operators with 
basic computer skills. Additionally, a straightforward trans-
lation of field needs using grower language contributes to the 
ultimate objective of efficiently adjusting spray amount to 
actual crop needs. The following paragraphs of this section 
explain the key features of the proposed methodology, by 
which users only have to provide a number of points (NP) 
with a reference location and a desired spray rate (fig. 1). 

Field positioning requires the use of a global navigation 
satellite system (GNSS) receiver, which is easily available 
in a wide range of costs and performance capabilities to ful-
fill any need found in the field. Nevertheless, the signal-
blocking canopies of many orchard crops and the responsi-
bility of avoiding overspraying advise farmers to invest in 
reliable receivers within users’ affordability. Whereas there 
is a consensus about the source of positioning data from 
GNSS receivers, the way to handle such data does not follow 
a standard procedure, and in fact, this has been dissuasive for 
the widespread adoption of precision agriculture in orchard 
crops. Although receivers estimate other parameters in addi-
tion to position and time, such as heading or velocity, pre-
scription maps only require global positioning, and therefore 
only the coordinates of field points will be considered in re-
lation to GNSS data for the scope of this work. All GNSS 
receivers provide real-time positioning in geodetic coordi-
nates latitude (λ), longitude (φ), and altitude (h). However, 
spherical coordinates λ and φ measured in degrees and ref-
erenced to the Earth’s center of mass (fig. 2a) are counterin-
tuitive for the terrains of limited dimensions typically cov-
ered by agricultural equipment such as sprayers. Further-
more, the conventional calculation of areas and distances in 
farm plots relies on Euclidean geometry, which cannot be 

used with spherical coordinates latitude and longitude. Thus, 
a coordinate transformation from geodetic to flat Cartesian 
coordinates is necessarily the first stage of this mapping 
method, as embodied in the algorithm of figure 3. Universal 
Transverse Mercator (UTM) coordinates are popular flat co-
ordinates among GIS practitioners, but they are represented 
by large numbers with an origin of coordinates unknown to 
the users, which are still not intuitive enough for field-based 
operators. To overcome this disadvantage, the methodology 
proposed in this paper departs from this regular practice by 
introducing local tangent plane (LTP) coordinates, also 
called locally level coordinates, which use common metric 
length units (m), east-north orientation for x-y Cartesian co-
ordinates, and a local origin chosen by each user according 
to preferences and convenience (fig. 2c). The mathematical 
transformation from geodetic (e.g., GNSS native) to LTP co-
ordinates requires an intermediate step through the earth-
centered-earth-fixed (ECEF) coordinates (X, Y, Z) of fig-
ure 2b, and can be consulted in Grewal et al. (2001) or easily 
followed step by step in Rovira-Más et al. (2010). Notice that 
such a transformation requires the selection of an Earth 
model to determine the axes and eccentricity of the geoid. 
Within the scope of this research, the World Geodetic Sys-
tem 1984 (WGS 84) has been used as Earth model. Figure 2 

   
(a)  (b)  (c)  

Figure 2. GNSS coordinate systems: (a) geodetic; (b) ECEF; (c) LTP. 

 
Figure 3. Construction algorithm for open-format prescription maps. 
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represents the initial geodetic system in which GNSS coor-
dinates are expressed (a), the intermediate ECEF coordinate 
system with Cartesian coordinates and origin at the center of 
mass of the Earth (b), and the final LTP coordinate system 
with flat Cartesian coordinates north-east and user-selected 
origin O (c) for a given point P. 

The transformation to LTP coordinates (Ek, Nk, hk) as-
sures a practical coordinate origin and therefore convenient 
coordinates in the east and north directions (fig. 2c) for any 
plot location (figs. 7a and 13a). As the choosing of an origin 
by the grower is only conducted once and kept unchanged, 
data can be compared among different years. 

It is impossible to set up a prescription map that contains 
all the waypoints through which the sprayer might go in the 
future, regardless of equipment and operator. As a result, the 
map must not only be time-invariant but also accommodate 
for trajectory deviations and diverse resolutions in the defi-
nition of the spray rates. Both conditions can be met when 
the physical reality of the field is systematically discretized 
into a regular grid, whose cells represent the spray rate pre-
scribed for each location. For this layout, though, the dimen-
sion of the cell is an important parameter to decide because 
it establishes the resolution of the map. With this regard, two 
options were considered: a) the user decides the size of the 
cell based, for instance, on the row spacing; and b) the algo-
rithm calculates the optimal cell size that provides full cov-
erage of the field, such that every cell containing vegetation 
has at least one rate prescription (this was the default option 
as indicated in fig. 3). If locations tagged with a prescription 
are far apart because row spacing is large compared to tree 
spacing, or the user has manually selected a small cell size, 
there will be empty cells in the middle of the prescribed cells. 
Equation 1 indicates how the algorithm automatically calcu-
lates the cell size (c) as a function of the dimensions of the 
field (maximum and minimum LTP coordinates) and the 
number of points (NP). Note that c must be a positive inte-
ger, and the smallest cell considered by the algorithm is 1 x 
1 m2 for practical purposes. 

( ) ( )max min max minE E N N NP 0
 

c  c 1NP
c   

;
− ⋅ − >

=
∈ ≥N

 (1) 

Once the size of the field in the north and east directions 
has been estimated and the cell size defined, the following 
step in the algorithm is the actual construction of the pre-
scription grid that will be executed by the smart sprayer. The 
dimensions of the square grid (H x V) that contains the field 
plot can be determined from equation 2, and the filling of the 
grid with the user-set prescriptions is immediate through 
equation 3, 
where 

(Ek, Nk) = LTP coordinates of point k from the prescrip-
tion map composed by the grower (fig. 1b) 

Rk = spray rate set in the prescription map for point k 
(fig. 1b, last column) 

(H, V) = horizontal (H) and vertical (V) dimension of the 
algorithm-generated grid in number of cells 

(i, j) = horizontal (i) and vertical (j) indices of any cell 
belonging to the prescription grid 

(ik, jk) = horizontal (ik) and vertical (jk) indices of the cell 
that contains point k of coordinates (Ek, Nk) 

Γ (i, j) = function that assigns a spray rate to cell location 
(i, j). 

Notice that the final rate assigned by function Γ considers 
the possibility of various rates being assigned by the grower 
to the same physical cell. For such a case, the final rate as-
sociated with the cell can be the average value of the rates 
whose point locations fall within the cell, the maximum rate 
among them, or any other combination that issues a rate 
physically reachable by the sprayer. 
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The algorithm sketched in figure 3 transforms the maps 
defined by users as a simple list written in a standard text file 
into a global-referenced grid containing spray rate prescrip-
tions. The following paragraphs explain, along with figure 4, 
how any spray equipment can read and apply the user-set 
prescribed rates, providing a solid procedure for manufac-
turers to upgrade conventional equipment by enabling the 
real-time application of variable rates, and thus align them-
selves with the principles of precision farming and digital 
agriculture.  

Before VRT-enabled machines can apply the rates coded 
in the maps, they need to know where they are located, and 
more importantly, they need to make sure that they are 
within the plot limits defined in the prescription map. Such 
a task is eased by the aforementioned transformation to LTP 
coordinates. Given that each user has already provided the 
position of a local origin for each plot, the GNSS coordinates 
sent continuously from the receiver installed in the vehicle 
(λk, φk, hk) will be automatically transformed to LTP coordi-
nates (Ek, Nk) by the algorithm; as long as coordinates for 
point k are within the boundaries determined by (Emin, Emax) 
in the east direction and (Nmin, Nmax) in the north direction, 
the machine will be inside the plot, and therefore the map 
will be valid. Otherwise, a warning message stating that the 
sprayer is outside the plot will be issued, and the nozzles will 
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be automatically deactivated. For every valid point (Ek, Nk), 
there will be a corresponding grid location determined by 
(ik, jk) according to equation 3, which in turn will lead to a 
specific spray rate Γ (i, j). The final step consists of trans-
forming that particular rate expressed in flow units, such as 
Lmin-1, into execution commands for the solenoid-driven 
nozzles of the sprayer. The function to drive such transfor-
mation will depend on each specific piece of equipment, in 
particular on the number and distribution of nozzles, the type 
of nozzle bodies (disc and core), the flow range, and the 
spraying strategy envisioned when sections of several noz-
zles are commanded independently. The way information 
has been coded in the maps allows for their generalized use 
in any kind of VRT machine beyond sprayers, such as ferti-
lizers or seeding machines. The use cases developed below 
for vineyards and olive groves provide guiding examples of 
diverse transformation functions successfully adapted to the 
needs of each machine and crop.  

IMPLEMENTATION OF VARIABLE RATE 
 PRESCRIPTIONS WITH PWM TECHNOLOGY 

The execution of a prescription map like the ones shown 
in figures 7 and 13 requires regulation of spray flow in real 
time, i.e., while the sprayer is in motion. Previous attempts 
before the advent of PWM-actuated nozzles used to regulate 
flow by changing the working pressure. However, a change 
in pressure results in a change in the droplet size, which is 
not recommended to prevent drift and runoff. The ideal situ-
ation entails changing spray flow according to the map while 
keeping the circuit pressure constant at the magnitude that 
produces the appropriate droplet size. This need is behind 
the interest of PWM actuators, as flow can be regulated by 
changing the width of a pulse, technically known as the duty 
cycle (DC), but due to the frequency of the actuator, pressure 
changes are limited within an acceptable range that keeps 
droplet size acceptable. Figure 5 illustrates the working prin-
ciples of a PWM nozzle with solenoids actuating at 10 Hz, 
which corresponds to cycles of 0.1 s. A duty cycle of 100% 
is equivalent to a nozzle permanently open, and likewise, 
nozzles are closed when DC is 0%. Any DC between 0% and 
100% will, theoretically, output a spray flow proportional to 
the pulse width; therefore, smart sprayers will convert map 

flows into specific DC as indicated in the last step of the 
schematic of figure 4. However, the actual implementation 
of PWM nozzles tends to reduce their operational range, as 
found in the study cases presented below, which demon-
strated that DC below 20% did not open the valves, DC 
above 80% fully opened the valves, the rate output by a 
100% DC was significantly inferior to the flow advertised 
by the manufacturer for the same nozzle in conventional 
sprayers, and the straight association of percentage of DC to 
percentage of flow related to the maximum was not accurate 
(Saiz-Rubio et al., 2023). As a result, the practical imple-
mentation of the algorithm of figure 4 requires knowledge in 
detail of both the hydraulics and the electromechanical actu-
ation for each intelligent sprayer. 

RESULTS 
VALIDATION CASE FOR CONTINUOUS  
TRELLISED CROPS: VINEYARDS 

The first use case where the methodology was evaluated 
focused on the trellis-structured vineyards and the vineyard 
sprayer of figure 6. The air-assisted sprayer was customized 
to host 24 solenoid shutoff valves (TeeJet Technologies, 
Glendale Heights, IL, USA) distributed in four vertical 

 
Figure 4. Equipment-embedded algorithm for the application of variable rate prescription maps. 

 0 % DC  25 % DC  50 % DC  100 % DC 

Figure 5. Principles of spray rate regulation with pulse width modu-
lated solenoid valves. 
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sectors of six nozzles each with hollow disc cones (Albuz, 
Évreux, France), as the two external sectors were discon-
nected to only cover the two rows adjacent to the vehicle. 
The solenoid valves worked at 10 Hz and regulated the flow 
by varying the width of the pulse according to figure 5, being 
pressure limited to 10 bar to protect the solenoids. In addi-
tion, several sensors to monitor pressure and spray flow were 
integrated into the sprayer, as detailed in Saiz-Rubio et al. 
(2023). 

A prescription map of 11,234 points based on vine vigor 
determined by an AUV was uploaded to the sprayer com-
puter. The methodology used to calculate specific volume 
rates is based on the leaf wall area (LWA) concept proposed 
by the EPPO (European and Mediterranean Plant Protection 
Organization), the canopy density, the canopy width, and the 
type of sprayer (Gil et al., 2019). The spatial variation of the 
canopy structure required to apply this methodology was ob-
tained from a canopy vigor map based on NDVI measure-
ments acquired by a UAV equipped with a multispectral 
camera, yielding a resolution of 5 cm/pixel. Distinct vigor 
zones were correlated to canopy parameters through manual 
measurements at various points of the field for each labeled 
zone. Figure 7a plots the location of the reference points al-
ready transformed to LTP coordinates, whereas figure 7b 
shows the grid-based prescription map that resulted of 

applying the mapping algorithm of equations 1-3 to the list 
of points depicted in figure 7a. Table 1 summarizes the key 
parameters involved in the construction of the (variable rate) 
prescription map according to the procedure described in this 
paper. 

The sprayer shown in figure 6 was driven on 28 July 2022 
along 30 vineyard rows spaced 2 m apart and at an average 
speed of 6.5 km/h. The rows had an orientation in headings 
of 25° and 205°, covering most of the prescription map out-
lined in figure 7b according to the trajectory map plotted in 
figure 8a. The spraying operation lasted 95 minutes, during 
which the rates prescribed in figure 7b were temporally 

 
Figure 6. Validation of open-format prescription maps with a vineyard sprayer and trellised canopies. 

  
 (a)  (b) 

Figure 7. Construction of prescription maps: (a) generating points; (b) global-referenced prescription grid. 

Table 1. Key parameters related to the construction of figure 7
prescription map. 

Parameter Value 
Number of points (NP) 11,243 

Emin (m) -167.0 
Emax (m) 147.2 
Nmin (m) -181.1 
Nmax (m) 111.9 

Map area (ha) 9.2 
Map density (points/ha) 1,221 

c (m) 3 
H (cells) 105 
V (cells) 98 

File size (kilobyte) 349 
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distributed according to figure 8b, with flows prescribed be-
tween 10 L/min and 13 L/min. 

Figure 9 depicts the key parameters involved in the spray-
ing operation: the actual flow measured by the flowmeter in-
stalled in the sprayer (fig. 9a), which sets how close the ac-
tual rates were to the prescribed rates; and the pressure pro-
file (fig. 9b), which assures that droplet size falls within ac-
ceptable ranges. Even though flow variations were 

physically executed by the sprayer and low-rate areas re-
ceived less spray than high-rate areas, measured flow mag-
nitudes were consistently below the prescribed rates. Fig-
ure 10a represents the spatial distribution of prescribed flow 
rates (from fig. 7b) for the specific area covered by the vehi-
cle (81 x 99 cells), and figure 10b represents the actual flow 
rates executed in the field; when compared, zoning was very 
similar in both maps, being the deviation just in the amount 

 
 (a)  

 
 (b)  

Figure 8. Trajectory followed by the sprayer (a) and flows (b) prescribed with time from the uploaded map. 

  
 (a)  (b)  

Figure 9. Sprayer key parameters: (a) Pressure (bar); (b) Flow measured with the sprayer flowmeter (L/min). 
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of spray delivered. In particular, the distribution of such de-
viations were almost constant with an offset bias of 
4 – 5 L/min, as represented in the histogram of figure 11.  
Numerically, the average error in the application was 
4.14 L/min, with a standard deviation of 1.65 L/min. The er-
ror plot of figure 10 indicates that the error in flow was ba-
sically the same in the entire field, and therefore the corre-
spondence between valve actuation and flow delivery should 
have been better matched to eliminate the offset. Two causes 
may explain these deviations in flow, none of which origi-
nated by the map layout. First, the majority of flowmeters 
are designed to work under laminar flows, losing accuracy 
when challenged by the highly pulsating phenomenon of 
PWM valves actuating at 10 Hz, mainly for virulent duty 

cycles in the range 30% to 60%. The oscillating pattern of 
figure 9b shows that the measurements yielded by the 
onboard flowmeter were constantly varying from minimum 
to maximum values without reaching a steady state, which 
would be expected when the sprayer moved within zones of 
identical prescription. Second, the choice of nozzles was not 
accurate enough from the hydraulics standpoint. Nozzles 
should have delivered flows over 15 L/min for an average 
pressure of 8 bar according to manufacturer tables, such that 
top prescribed flows of 13 L/min (fig. 8b) could be reached 
when solenoids were actuated by duty cycles under 85%. 
Nevertheless, the right selection of nozzles is usually easy to 
correct given the large amount of commercial products read-
ily available, but accuracy from the flowmeter should be 

  
(a) (b) 

 
(c) 

Figure 10. Spatial distribution of spray treatment: (a) commanded flows; (b) flowmeter measurements; (c) deviations between prescribed and 
applied rates. 
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granted for the practical range of operative duty cycles be-
tween 20% and 80%. Figure 10 shows that user prescriptions 
can be effectively taken to the field with the proposed map-
ping procedure as long as hydraulic adaptations in the 
sprayer reduce the deviations between the flowrates com-
manded through the prescription maps and the delivered 
ones. In particular, specific guidelines for nozzle selection 
and hydraulic adjustments that could make this methodology 
more actionable include the introduction of shock absorbers 
to attenuate the effect of pulses on measuring (flow and pres-
sure) sensors, the measurement of maximum flow for the se-
lected nozzles at preset pressure, as maximum flows differ 
from advertised rates due to flow restrictions inherent to so-
lenoid valves, and the coincidence of the flowrate desired 
range with the operative range of the valves, typically be-
tween DC 20% and DC 80%. The error map of figure 10c 
shows significant errors in the left boundary, as the system 
took some seconds to start spraying and the delivered flow 
was practically null.  

VALIDATION CASE FOR TRADITIONAL  
ORCHARDS: OLIVE GROVES 

The second use case for validating the proposed method-
ology focused on traditional olive groves and the popular air 
blast sprayer in figure 12. As in the vineyard sprayer, hollow 
disc-cone nozzle bodies (D10 disc and DC45 core, TeeJet 
Technologies, Glendale Heights, IL, USA) were coupled 
with solenoid shutoff valves (TeeJet Technologies, Glendale 
Heights, IL, USA) for PWM control on each nozzle body, 

closing and opening each valve when the solenoid was ener-
gized at a 10 Hz frequency. The regular battery of the pulling 
tractor provided 12 V and 30 A for powering the 16 sole-
noids on the sprayer. An additional battery supplied 12 V to 
run the onboard computer, a data acquisition card (National 
Instruments, Austin, TX, USA), a 14-inch touchscreen mon-
itor hosting the graphic user interface (GUI) that operates the 
VR system, and a GPS receiver (SXblue, Anjou, QC, Can-
ada). A pressure sensor (Wika, Klingenberg, Germany) and 
a flowmeter (Ifm Electronic, Essen, Germany) were 
mounted in the sprayer, as detailed in Ortí et al. (2022). 

A prescription map of 2,302 points based on the structure 
and vigor of olive trees was uploaded to the sprayer com-
puter. As in the case of the vineyard, volume rates depended 
upon tree morphological characteristics (canopy volume and 
production type), but unlike the vineyard case, canopy vol-
ume was determined by a lidar sensor and ground-evaluated 
at significant field locations. Figure 13a plots the location of 
the reference points of the map already transformed to LTP 
coordinates, and figure 13b shows the grid-based prescrip-
tion map that resulted from applying the mapping algorithm 
of equations 1-3 to the points depicted in figure 13a. Table 2 
summarizes the key parameters involved in the construction 
of the variable rate map according to the proposed proce-
dure. 

The orchard sprayer depicted in figure 12 was operated in 
the northwest corner of the field along 15 rows at an average 
speed of 5 km/h, taking 26 minutes to apply the variable rate 
treatment. Figure 14a traces the trajectory of the sprayer, re-
vealing a row spacing of 8 m. The average pressure along 
the treatment was 9 bar. Figure 14b plots the temporal appli-
cation of flow rates according to the prescription map of fig-
ure 13b. Notice that the flows prescribed reached 45 L/min, 
are several times higher than the flows prescribed for the 
vineyard in figure 7b, revealing an important difference be-
tween both systems: traditional olive trees with much larger 
canopies demand larger flows, complicating the actuation of 
solenoid valves and the accurate measurement of flows with 
conventional flowmeters. The challenges of large flows for 
PWM-actuated nozzles are twofold: flowmeters are signifi-
cantly more expensive and more sensitive to high-frequency 
pulses, compromising their reliability and lifespan; and on 
the other hand, large flows result in more virulent hammer 
shocks when full sectors are suddenly closed, typically at the 
headlands or with missing trees. In addition, as maximum 
advertised flows are not always available due to solenoid 
valve internal restrictions, high rates may require increasing 
the number of nozzles per sector to reach prescribed rates, 
which in turn leads to more expensive equipment.  

A useful feature of the methodology proposed is the ca-
pability of users to adapt map resolution to their needs by 
simply changing the cell size c. This option was not neces-
sary in the previous study case on vineyards, but a decrease 
in cell size was convenient for the case of many traditional 
orchards as higher resolution highlighted the location of tree 
rows. When comparing map density (tables 1 and 2), the 
vineyard map has 1,221 points/ha, whereas the olive orchard 
has 80 points/ha. Such a large difference has an impact on 
the size of the square cell automatically computed by the al-
gorithm: 3 m for the vineyard (9 m2) versus 12 m for the 

Figure 11. Histogram of absolute errors for the maps of figure 10. 

 
Figure 12. Validation of prescription maps with an air blast sprayer in
traditional olive groves. 
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orchard (144 m2). In order to assess the performance of the 
sprayer when applying a prescribed treatment coded with the 
proposed map format, it is necessary to keep the same reso-
lution for the prescribed rates map and for the actually ap-
plied rates map, such that a cell-to-cell comparison may be 
carried out to estimate spray errors (fig. 16a). As sprayer sen-
sors provide continuous measurements at the onboard com-
puter cycle (≈ 2 Hz), there were significantly more points 
measured in the field during the treatment than the prescrip-
tion-associated points of figure 13a. That is the reason why 
the prescription map of figure 13b has no blank cells in con-
trast to the map of figure 15a, even though both maps hold 
the same information. As a matter of fact, the map of fig-
ure 15a has been depicted from the same data source that led 
to the map of figure 13b, namely the list of reference points 
introduced by the user with the format of figure 1. Notice 
how the higher resolution map of figure 15 outlines the 
16 rows followed by the vehicle in figure 14a. The cell-to-
cell comparison of both maps in figure 15 allows the estima-
tion of the relative errors in figure 16a, which yields a closer 
adjustment in flow between prescribed and delivered rates 
than the vineyard case. Blank cells in the map of figure 16a 
represent either cells without data (space between rows) or 
cells with a relative error below 10%. In terms of absolute 

errors, figure 17 provides the histogram that explains the dis-
tribution of errors (L/min) for the 1,200 cells of the grid la-
beled with a measured flow, out of the 5,346 cells that make 
the full map. The solenoid actuation map of figure 16b re-
veals that the solenoids were actuated by duty cycles be-
tween 30% and 80%, which covers the full operational range 
of the implemented solenoids and thus makes an advanta-
geous use of PWM technology as the most promising driver 
to date of variable rate applications.  

DISCUSSION 
This research presents and explains a novel methodology 

to construct prescription maps for the practical application 
of precision agriculture principles. The originality of this 
methodology roots in a straightforward procedure to code 
variable rates in a plain format that is independent of any 
manufacturer and therefore can be easily (and freely) applied 
by both users and industry. This methodology has been val-
idated for spraying in orchard crops, which pose serious 
challenges to the application of variable rates due to the de-
mand of higher pressure and flow than in field crops. The 
method presented here explains how to take variable rates to 
the field in a systematic procedure but does not cover the 
calculation of rates, which depends on the specific features 
of each crop and its supporting system. Therefore, before 
coding prescription maps with this procedure, growers need 
to understand how variable rating works and the importance 
of drift prevention, but once coding has been eased with the 
algorithms proposed in figure 3, the focus will mostly be on 
precision and efficiency. 

An important decision for a user writing a prescription 
map in the format of figure 1 is the selection of the number 
of points NP, as it influences the cell size and thus the reso-
lution of the map. The algorithm of figure 3 calculates the 
optimal cell size c to provide full coverage of the plot, 

  
 (a)  (b) 

Figure 13. Olive grove prescription map: (a) generating points; (b) global-referenced prescription grid. 

Table 2. Key parameters related to the construction of figure 13
prescription map for an olive grove. 

Parameter Value 
Number of points (NP) 2,302 

Emin (m) -2.2 
Emax (m) 478.1 
Nmin (m) -28.2 
Nmax (m) 567.1 

Map area (ha) 28.59 
Map density (points/ha) 80 

c (m) 12 
H (cells) 41 
V (cells) 50 

File size (kilobyte) 87 
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considering that the points sampled by the user are evenly 
distributed in the field plot. For the case of continuous trel-
lised rows, high map resolution will result in more variations 
of the duty cycle with time, but as PWM valves will be con-
tinuously actuating at 10 Hz, the system will execute the pre-
scribed rates without problems regardless of the resolution. 
In the case of isolated trees within rows, however, the reso-
lution may have a significant effect. If the cell size is signif-
icantly larger than the spacing between adjacent trees, the 
system will behave as the continuous trellis case because all 
the cells will normally have a rate assigned to them. But if 
the grid resolution is very high (tree-specific and beyond), 
the blank cells between adjacent trees will shut off solenoid 
valves completely, which will require the hydraulic system 
of the sprayer to instantaneously release the sudden rise of 
pressure to avoid causing damage to the solenoid valves. The 
olive trees use-case presented in this article registered sud-
den pressure increases of 4 bar that fired a discharge safety 
valve, effectively protecting the 16 solenoid valves of the 

sprayer, whose working pressure is limited to 10 bar. How-
ever, a more sophisticated multiple-stage return line might 
have kept pressure within a safe range regardless of DC as-
signment, preventing the less stable firing of the discharge 
valve. 

The simple layout proposed for coding a prescription map 
(fig. 1) has the advantage of working for any field regardless 
of its size, thus helping to introduce precision farming in 
smallholdings and counterweight the reluctance of conven-
tional farmers to adopt VRT, as found by Masi et al. (2023). 
The majority of orchard crop farms in Europe are small and 
medium size. In fact, small plots require fewer points (NP), 
which makes the writing of the maps even easier. The intro-
duction of digitization in agriculture requires more intense 
training for the 21st century farmer (Saiz-Rubio and Rovira-
Más, 2020), but once the routine of map writing has been 
learned, the elaboration of prescription maps with this meth-
odology becomes automatic. The spray rates prescribed in 
the maps of figures 7b and 13b have been expressed in L/min 

 
 (a)  

 
 (b)  

Figure 14. Trajectory followed by the sprayer (a) and flows prescribed with time from uploaded map (b). 
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for convenience and consistency; however, many farmers 
are used to managing spray rates in L/ha. If a map is pre-
ferred in L/ha, it can be instantaneously transformed to 
L/min (necessary to determine the DC of the valves) as long 
as the row spacing and the vehicle speed are known. Row 
spacing can be input to the system by the sprayer operator 
and will usually remain constant over the treatment. How-
ever, the vehicle speed will likely vary along the rows and 
should be measured in real time, for example, with the 
onboard GPS, to fine-adjust the rate in L/min on-the-fly. 

The precise delivery of time-varying spray rates is not 
straightforward due to complex PWM dynamics and valve-
wearing hydraulic effects, such as hammer shocks when so-
lenoid valves are quickly closed, a typical behavior found 
when sprayers stop spraying along gaps between trees for 

high-resolution maps of traditional orchards. Unfortunately, 
this operational complexity can be common in conventional 
orchard crops not supported by trellised structures. A com-
plete variable-rate spraying operation must consider both the 
digital handling of data and the physical inertias of actuators 
and moving liquids. In the use cases presented in this article, 
the flow rate was regulated in real time, but a constant pres-
sure over the entire process, and thus a constant droplet size, 
could be guaranteed only within a certain range. The pulsat-
ing effect of numerous PWM solenoid valves actuating sim-
ultaneously (24 in the vineyard sprayer and 16 in the blast 
sprayer) had an impact on key system sensors, most of which 
are designed for laminar flows. Pressure must be accurately 
measured to grant the appropriate droplet size for all the 
treatment, and the timely supply of the prescribed flow for 
any field location is the guarantee to avoid drift and runoff, 
as demanded by environmental agencies. The sprayers were 
modified to include redundant pressure gauges capable of 
tracking instantaneous pressure, but in spite of protecting 
sensors with shock absorbers, several pressure sensors 
broke, and the flowmeter measurements oscillated signifi-
cantly as a consequence of 10 Hz pulses. Rather than modi-
fying a conventional sprayer to feature variable rating, a new 
conceptual design with customized hydraulic circuitry that 
accommodates high frequency actuators would likely in-
crease performance and cost-efficiency. Nevertheless, the 
application of variable rates according to user-defined pre-
scriptions encoded with the proposed methodology was 
demonstrated for crops with diverse supporting systems. 

                       
 (a)  (b)  

Figure 15. Spatial distribution of spray treatment: (a) commanded flows; (b) flowmeter measurements. 
 

                              
 (a)  (b)  

Figure 16. Spatial distribution of (a) relative spraying error (%) and (b) solenoid actuation (%). 

Figure 17. Histogram of absolute errors for the maps of figures 15
and 16. 
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Future steps to promote commercialization will result in a 
more sophisticated flow-return system to keep pressure 
within a reduced interval regardless of any actuation at noz-
zle level, such that system pressure can be pre-calibrated to 
the optimum magnitude according to the droplet size, and 
thus growers can be released from tampering with pressure 
regulators. Once pressure and flow are effectively controlled 
by a smart system, users can focus on what really matters for 
them: deciding the right amount of spray that each tree needs 
for sustainable management of the crop. 

CONCLUSIONS 
The lessons learned from the 3-year project supporting 

the research reported in this paper can be summarized in the 
following points: 

• The reduction rates of crop protection products cur-
rently imposed by environmental agencies require 
the introduction of smart solutions such as variable 
rate technologies (VRT). However, the lack of stand-
ardization and straightforward procedures is a barrier 
for the practical implementation of VRT. At present, 
each manufacturer uses its own prescription map for-
mat and firmware. 

• Spatial resolution is crucial when coding spray pre-
scriptions for VRT. The developed methodology 
eases the way of handling resolution through the se-
lection of the number of points (NP) decided by the 
user and the automatic determination of the cell size 
(c) calculated by the algorithm. As a result, the pro-
posed format offers a simple layout for coding a pre-
scription map in a text format without the need of 
specific software; in fact, the text may be written in 
any word processor. 

• The highly pulsating effect of PWM valves had neg-
ative consequences on sensor performance and dura-
bility, which complicated the monitoring and evalu-
ation of the sprayer actuation. The accuracy of VRT 
spray applications requires flowmeters that are pre-
cise under the demanding conditions of PWM noz-
zles. Without reliable flowmeters, it is not feasible to 
decouple the effect of poor valve actuation from poor 
sensor measurements. Part of the error contained in 
the histogram of figure 17 should, for instance, be at-
tributed to the lack of robustness of the onboard 
flowmeter. In general, the handling of PWM nozzles 
for orchards not arranged in regular trellises brings 
additional complexities to the solutions already de-
veloped for boom sprayers due to the lack of conti-
nuity in foliage, the need for larger pressures, and the 
extended range of operational flows. 

• The variable application of pre-set rates according to 
user-defined prescriptions encoded with the pro-
posed methodology was successfully demonstrated 
with regular equipment in commercial orchards: 
spray rates varied in real time based on a pre-de-
fined map with minor changes in circuit pressure. As 
this methodology facilitates the implementation of 
VRT, a technique to apply precision farming in 

practice, the advantages of precision farming will be 
promoted as well, in particular the economic and en-
vironmental benefits of a better adjustment of vol-
ume rates. Optimized rates will prevent drift to the 
atmosphere, runoff to the soil, and heavy expenses in 
pesticides by the farmer, as VRT has been proven to 
reduce pesticide or fungicide use up to 30%-40%. 
For the vineyard case studied in this article, the re-
duction of crop protection products was estimated at 
35% for the 2023 season, although some reduction 
was partially due to smaller canopies resulting from 
a dry season. Nevertheless, although the initial in-
vestment required for VRT equipment is typically 
higher as a consequence of electronic equipment 
such as sensors, computers, and solenoid valves, sig-
nificant product savings will occur on a yearly basis, 
and thus the investment in VRT may be recovered in 
several years. The exact return of investment, how-
ever, is difficult to assess in general, as these systems 
are still new and each farming situation is different. 
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