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Abstract: The implantation of coffee crop plantations requires cartographic data for dimensioning
areas and planning the planting line. Digital terrain models (DTMs) obtained from remotely pi-
loted aircraft (RPA) can contribute to efficient data collection for topography making this technique
applicable to precision coffee projects. Aiming to achieve efficiency in the collection, processing
and photogrammetric products quality, flight configurations and image processing were evaluated.
Two hundred sixty-five points obtained by Global Navigation Satellite System (GNSS) receivers
characterized the topographic surface. Then eighteen flight missions were carried out by RPA in
the configurations of altitude above ground level (AGL) and frontal and lateral image overlay. In
addition, different point cloud formats evaluated the image processing (time) efficiency in DTM.
Flights performed at 120 m AGL and 80 x 80% overlap showed higher assertiveness and efficiency
in generation DTMs. The 90 m AGL flight showed great terrain detail, causing significant surface
differences concerning the topography obtained by GNSS. An increase in image overlap requires
longer processing times, not contributing linearly to the geometric quality of orthomosaic. Slope
ranges up to 20% are considered reliable for precision coffee growing projects; above 20% overesti-
mates the slope values of the land. Changes in flight settings and image processing are satisfactory
for precision coffee projects. Image overlap reduction was significant in reducing the processing time
without influencing the quality of the DTMs. In addition, image processing performed in shallow
point clouds did not interfere with the DTMs quality.

Keywords: remote sensing; precision agriculture; cartography; digital elevation model; SfM

1. Introduction

Coffee growing represents an important source of income for many countries [1].
Brazil leads global coffee production, with its production accounting for 70% of the global
supply [2]. Technological advances that relate to growing coffee have contributed to
obtaining accurate and reliable measurements of production in the field [3]. Designing
and applying techniques that make agricultural production more effective are essential [4].
Thus, smart agriculture practice has become crucial for maximizing yields and preserving
natural resources [5].

In coffee regions, planning prior to planting has become indispensable. This crop is
mostly grown in mountainous regions, which contributes to increases in errors during
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the planting stage [6]. Abrupt variations in terrain slope cause a reduction in operational
performance and even limitations in machinery use [7]. These limitations can be mitigated
by performing efficient topographic planning and addressing costs and mapping accuracy.

Conventional topographic surveys, considered highly accurate, are generally carried
out using total stations, Global Navigation Satellite System (GNSS) receivers and optical
levels [8]. These equipment have a high acquisition cost, require at least two workers to
operate, and present the low spatial density of points necessary for digital elevation models
(DEMs) generation, which increases survey costs [9]. New technologies, such as RPA, offer
the option of carrying out topographic surveys and obtaining cartographic data.

Remotely piloted aircraft (RPA) can generate photogrammetric products based on
terrain slope [10]. Photogrammetric processes capture important information about the sur-
face. Among them, DEMs can be obtained through these processes [11,12]. Some research
shows applications of DEMs addressing geometric precision characteristics. Uysal et al. [13]
evaluated DEMs in images obtained by quadcopters [13]. Whitehead et al. [14] evaluated
the DEM quality obtained by ARPs to characterize rivers and watersheds. Sopchaki et al. [15]
demonstrated the accuracy of orthomosaics without the use of support points using red,
green, and blue (RGB) cameras.

Investigations on DEMs used in precision coffee growing are relevant. Selecting the
best DEM for planting planning can contribute to cost reductions and increased speed in
collecting cartographic data [16]. Growing coffee based on topographic information derived
from photogrammetric digital terrain models (DTMs) is a gap to be explored in precision
coffee growing, RPAs can provide elevational data through DEMs. The insertion of DTMs
from RPAs into topographic projects for coffee growing may provide the precision needed
to produce coffee crops in regions with steep slopes. Due to the amount of information
involved in agricultural operations, efficient decision making is valuable.

Growing coffee is carried out through planialtimetric projects that help determine
planting rows direction. Planning rows contributes to crop uniformity and increases the
efficiency of all operations, especially mechanized operations [17]. On plantations on steep
slopes, growing coffee involves following the terrain contour lines to reduce limitations to
agricultural machinery. In many cases, mechanization on high slopes may be limited or not
used; therefore, mapping sloped areas should be performed in the most accurate manner
possible. The barriers resulting from conventional topography can be overcome by the use
of RPAs as an alternative for obtaining terrain contours and mapping slopes.

The RPAs applications in different segments contributed to the selection of different
flight configurations. Therefore, it is important to consider the objective to be achieved
and seek strategies to make flights efficient [18]. Capturing aerial images without prior
planning can compromise the accuracy of the photogrammetric products. Adequate flight
planning can be crucial for generating photogrammetric products efficiently [19].

Reduced flight and image processing times can contribute to increased efficiency in
photogrammetric projects [20]. Processing optimization techniques contribute to quick
decisions, making the operation agile and reducing implementation costs. Processing
images with software based on Structure from Motion (SfM) offers possibilities to configure
the workflow, considerably impacting the processing time [21]. The photogrammetric
products obtained by SfM are constructed based on the number of dense points filtered
in an image [22]. Dense point numbers vary according to the objective of the study. In
digital surface model (DSM) reconstructions, excessive amounts of dense points can reduce
cartographic products quality. In addition to the high-level terrain detail, high amounts of
point clouds make the processing time excessive.

Processing types combination, low and lowest, under different configurations of the
flight mission (overlap height), may contribute to improved efficiencies in obtaining pho-
togrammetric products. Different flight mission configurations were explored in this study
about increasing efficiency in photogrammetric data collection and precision. Thus, the
objective was to verify slope maps uncertainties and their interference in coffee grow-
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ing projects by increasing accuracy in measurements of altitude and slope of the terrain
combined with flight and processing efficiencies.

2. Materials and Methods
2.1. Study Area

The study region encompasses an area of eight hectares for coffee cultivation (Figure 1).
It is located in Bom Sucesso, Minas Gerais, Brazil, at 21°00'55” S and 44°54'57"" W. The
region has a hot and temperate climate, the mean annual temperature is between 20 and
22 °C, the annual rainfall is between 1300 and 1600 mm, and the altitude is between
800 and 1000 m [23].
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Figure 1. Study area. (a) Aerial image and study area delimitation (red) and (b) digital terrain
model (DTM).
2.2. Data Collecting and Processing

Photogrammetric and geodesic techniques were performed together. In some analyses,
the methodologies may be confused; therefore, the steps for conducting the research are
presented in a flowchart in Figure 2.
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Figure 2. Flowchart for obtaining, processing, and analysing the results.
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2.3. Data of GNSS Receivers

A conventional topographic survey method was performed using GNSS receivers.
They were operating in real-time kinematic (RTK) mode, consisting of a base and rover
with a 0.03 m precision. Spectra Precision equipment model SP60 was used, a receiver of
240 channels at frequencies of C/A, L1, L2 and L3 (Figure 3a), capturing a total of 265 points
(Figure 3b).
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Figure 3. Topographic survey using GNSS receivers. (a) GNSS receivers and (b) location of points
obtained via GNSS.

The data collected by GNSS receivers were processed using EZSurv software and a
digital platform of the Brazilian Institute of Geography and Statistics (IBGE). Geographic
coordinates (X, Y, and Z) obtained by the equipment installed in the base were adjusted
to the digital platform of the IBGE by Precise Point Positioning (PPP). This positioning
method applies an orbit and clock correction in GNSS and a position within a global frame
of reference anywhere in the world [24].

The coordinates recalculated by PPP were added to the EZSurv software for coordinate
adjustment. Then, points reordering in the project was carried out, which consisted of coor-
dinates adjusting according to base, rover, and satellite triangulation. This step eliminates
the defective collection signals and aligns them with the new coordinates provided by PPP
available in Universal Transverse Mercator (UTM) coordinates.

2.4. Aircraft and Flight Characteristics

Aerial images were obtained by a DJI Phanton 4 advance RPA (Figure 4) with a RGB
sensor with a 1” focal aperture to capture photos of up to 20 megapixels and a spatial
resolution of 12 mm to 120 m from the target.

Figure 4. Equipment used for image collection. Remotely piloted aircraft (RPA), a quadcopter type.
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Flight planning began with area delineation and the definition of take-off points. Be-
fore starting the flight, some safety factors were observed, including climatic conditions,
wind speed, presence of objects, poles, trees, and electrical transmission towers [25]. Next,
nine flight missions were planned in the Drone Deploy software under different configura-
tions: AGL at 90, 120, and 150 m and overlapping images: 70% x 70%, 80% x 80%, and
90% x 90%, which were performed in two replicates totalling 18 flights.

The images collected were processed in Agisoft PhotoScan software, version 1.4.3.,
which is based on the SfM algorithm. SfM approaches can be considered superior to other
approaches in terms of accuracy when the user intends to generate orthomosaics and
DTMs [26,27].

2.5. Photogrammetric Processing

The methodology used to process the images involved a four-step process, as described
by Flynn and Chapra [28] and Rusnak et al. [29]. Step 1: image aligned, phototriangulation
process implemented, and a sparse point cloud was generated. Step 2: a sparse point cloud,
densification, and detailed representation of the mapped area were developed. Step 3: the
dense point cloud and accurate representation of the three-dimensional mapped terrain,
DSM, were constructed. Step 4: texture was applied to the DSM model, and a DTM was
created and classified into five categories: very high, high, medium, low, and lowest.

Given the large number of points filtered by the SfM, the DEMs use a reduced point
mesh. Photogrammetric products are obtained by various processes, which can involve
hours of processing, and processing time can be reduced based on the selection of some
parameters. Therefore, to increase flight efficiency and maintain design accuracy, different
processing combinations were used (Table 1).

Table 1. Interactions between flight parameters and variations in dense cloud processing.

N° Processing Dense Cloud Overlap (Front x Side) Above Ground Level (AGL)

1 low o

2 lowest 70 x 70%

3 low o

4 lowest 80 x 80% 90 m
5 low o

6 lowest 90 x 90%

7 low o

8 lowest 70 x 70%

9 low N

10 lowest 80 x 80% 120 m
11 low o

12 lowest 90 x 90%

13 low o

14 lowest 70 X 70%

15 low N

16 lowest 80 x 80% 150 m
17 low o

18 lowest 90 > 90%

2.6. Validation

The reports obtained after data processing were compiled and analysed. In this stage,
the processing time for each combination and the accuracy errors generated in orthomosaic
formation were considered. Each processing time (combination) was analysed statistically
in OriginPRO17 software and represented as a response surface: axis (X), flight height;
axis (Y), image overlap; and response axis (Z), processing time. This analysis offers the
user a mechanism for predicting the processing time through an equation. Response
surface methodology (RSM) is one of the most commonly used multivariate techniques for
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process optimization and is particularly effective for multivariate systems [30]. By fitting a
polynomial model to the experimental data, it was possible to predict the response for all
possible factor combinations for the chosen experimental group [31] and a regression model
was used to optimize the output variable influenced by the independent variables [32].

The DTMs obtained by photogrammetric (RPA) and geodesic (GNSS) surveys were
evaluated using ArcGIS 10.4 software. The data from the properly processed GNSS receivers
were considered the control because their data were highly reliable (0.03 m).

The digital models were compared using ordinary least squares (OLS) functions using
Spearman’s classification. For this comparison, it was necessary to extract points from the
photogrammetric models in a 2 x 2 m mesh. The Spearman classification assesses whether
there is a relationship between two variables and whether this can be described through a
monotonic function.

From an estimate of the parameters in a linear regression model, the OLS function
minimizes the sum of squares and the differences between the observed responses and the
responses predicted by a linear function of the explanatory variables. This can be observed
as the sum of the squared vertical distances between each data point in the set and the
corresponding point in the regression line [33]. In the OLS equation, the mathematical
model is applied to the explanatory variables to better predict the dependent variable. In
the regression equation, the dependent variable is always Y, and the explanatory variables
are always Xs. Each explanatory variable is associated with a regression coefficient that
describes the strength and sign of the relationship between this variable and the dependent
variable as shown in Equation (1) [34]:

Y =0+ B1X1 + B2X2 +... pnXn +e 1)

where:

Y: dependent variable;
Xn: explanatory variable;
Bn: coefficient;

e: random residual error.

Model confidence can be evaluated based on six rules: (1) the coefficients have the ex-
pected signs; (2) there is no redundancy between the explanatory variables; (3) the coefficients
are statistically significant; (4) the residuals are normally distributed; (5) there is a strong
adjusted R squared value; and (6) the residuals are not spatially correlated [34]. Collinearity
among the variables was determined according to the six rules of the OLS model.

DSMs accuracy was evaluated from the mean residual errors at each flight height,
across the 36 models obtained by SfM photogrammetric processing and models obtained
by GNSS receivers, and the summary of the variables (OLS results).

3. Results and Discussion
3.1. Processing Time

In many cases, data processing time is considered a limiting factor to using technolo-
gies in the field. Combinations of overlap, flight height, and parameters were analysed in
the software to optimize the time required to obtain photogrammetric data (Figure 5).
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Figure 5. Processing time as a function of combinations between flight altitude, image overlap, and
software parameters (point cloud: low and lowest).

In terms of processing time, the 150 m AGL flight missions showed the best results.
The three overlap levels evaluated at this flight height showed processing times less than
100 min (Figure 5). The 70 x 70% image overlap for flights at 150 m showed shorter
processing times due to the low number of images. These parameters showed the best
results without considering image accuracy.

Long image processing times occurred at the 90 m flight height and 90 x 90% overlap,
followed by those at the 120 m flight (AGL) and 90 x 90% overlap. Excessive processing
times results in some applications being unfeasible; in this case, the variations in the
available processors should be considered. In addition, errors at the time of image collection
and errors related to hardware may occur; this scenario would require new collection efforts,
making information collection even more time-consuming. By evaluating the influence of
processing time on RPA images, Torres-Sanchez et al. [35] showed that long processing times
can be problematic for operations that require rapid results. In their studies, a reduction in
overlap and an increase in flight altitude caused drastic reductions in processing time.

Optimization of processing time is an important factor when using digital models on
coffee farms. Farms still face several obstacles regarding data processing. The inclusion
of technologies related to production in the field is seen as an application that requires a
high investment. Using conventional processors for data processing may facilitate access to
and the application of these digital models in coffee growing areas. Cost reductions related
to using these technologies must be well-managed and understood; this set of analyses
enables the viability of precision agriculture projects [36].

An important factor for optimizing the processing of aerial images is point clouds.
As shown in Figure 5, the processing time was affected by the reduction in the point
cloud from low to lowest. The overlap of 90 x 90% and an AGL of 90 m resulted in a
reduction in processing time from 700 to 200 min. Similar results were found in stud-
ies by Dandois et al. [37] who, by evaluating altitude, overlap, and climate conditions
in forest structure estimates by RPAs, showed that a reduction in the number of point
clouds can be an approach to optimizing processing without reducing the quality of the
photogrammetric products.

Time optimization in capturing images contributes to rapid data collection without
interfering with the quality of photogrammetric products. Pre-flight planning can be an
important tool for data collection optimization. Figure 6 presents a fitted model to estimate
the time spent on data collection by RPAs between 90 and 120 m (AGL) and with an overlap
of images between 70 and 90%.
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Figure 6. The model for flight time pre-planning function as image overlay and flight height (AGL).

Adequately reducing the number of images and refining the flight parameters signifi-
cantly decreases the software processing time. Determining guidelines for this optimization,
particularly in terms of strategies for more efficient image collection, contributes to being
able to conduct studies in large areas [38]. In addition, the collection of aerial images in a
reduced amount of time results in less interference regarding the difference in luminosity
and provides more accurate DTMs [39].

3.2. 5fM Processing Accuracy

Presenting the errors that occur during image processing makes the discussion about
flight efficiency more comprehensive. The errors caused during image processing are
shown in Table 2. These errors are linked to the difficulty the software had in processing
the images; these errors may be related to noise, poorly sized overlaps, and incorrect
image georeferencing.

Table 2. Errors in meters obtained through processing reports of PhotoScan 1.4 software.

AGL Overlap (%) Latitude (x) Longitude (y) Altitude (Z)  Accuracy (m)

70 x 70 3.15 2.64 1.17 1.27
90 m 80 x 80 324 2.98 1.15 0.55
90 x 90 1.74 1.44 0.64 0.75
70 x 70 293 2.04 1.21 1.71
120 m 80 x 80 424 3.66 1.42 1.58
90 x 90 2.29 2.04 0.92 0.51
70 x 70 4.46 4.09 1.72 0.37
150 m 80 x 80 5.82 5.34 2.14 0.88
90 x 90 297 2.69 1.16 0.45

The best results occurred with the overlap of 90 x 90% (Table 2); however, there
is a contradiction because the flights with the 90 x 90% overlap had high processing
times due to the amount of information. The best accuracy occurred with the overlap of
70 x 70% and the 150 m flight heights, and this value, outside the expected range, is
associated with the stable conditions of the RPAs at the time of their flights. Even with a
high level of accuracy, the flight at 150 m AGL and a 70 x 70% overlap had an error in
latitude and longitude above 4 m.

Given the errors shown in Table 2, high overlaps and low AGLs contributed to accuracy
in the positioning of latitude and longitude. This shows that DEMs from low flight heights
can be arbitrarily accurate in their horizontal measurements.
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3.3. Precision of Digital Surface Models

The DSMs were evaluated based on the precision level presented at each point com-
pared with that in the model obtained by GNSS. The assumption of normality was verified
by applying the residual histogram obtained by the overall mean accuracy for each AGL
(Figure 7). In these analyses, the means of all overlaps during each flight were considered.
The histogram lines were evaluated according to the similarity between the sides, and
biased models have abnormal curves.
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Figure 7. Residual histogram of errors, (a) 90 m, (b) 120 m, and (c) 150 m AGL.

It was observed that the data obtained from the 120 m AGL flights corresponded to a
data curve closer to a normal distribution, which indicates that it is the best AGL in terms
of error distribution. The 90 and 150 m AGL flights showed nonnormally curves in relation
to the normal curve. AGLs 90 and 150 m show abnormality about the ideal curve. In
AGL 90 m, despite having low residual variation, a group of values reaches residual errors
above 0.4 m. This result can be explained by the high level of terrain detail obtained due to
the reduced pixel size, leading the algorithm to confuse certain points of the terrain. By
evaluating the effects of point density in DTMs, Agtiera-Veja et al. [40] reported that high
point density implies redundant results and an excessive increase in terrain detail.

The flights at 150 m AGL (Figure 7b) showed variations below 0.4 m, but their data
were not consistent. This data composition makes it difficult to understand the errors
obtained, thus indicating that flights performed at 150 m AGL had low reliability levels.
The uniform distribution of the systematic errors obtained for the 90 m AGL flights did not
guarantee that the DTM presented was superior to the others. Stott et al. [41] evaluated
the accuracy of DTMs obtained by high-precision RPAs and noted that sets of topographic
data derived from SfM may have spatially erroneously distributed complexes, conferring
distorted interpretations of the terrain.

The SfM algorithm compensates for the errors due to issues with measuring accuracy
by defining how close the measurement is to a reference value. Normally, the algorithm
displays the true surface by estimating the mean error value, so the positive and negative
deviations can be compensated, preventing a systematic error. The numerical and spatial
distributions of errors should also be considered when investigating the quality of the
measurement [42].

Errors presented in standard deviations form were obtained by comparing digital
models of RPA and receivers GNSS. Figure 8 shows the point errors of each flight height
considering the mean values of overlap. In addition, the data presented on the slope
map were derived from the model obtained by the GNSS. Positive standard deviation
values were found in regions with slopes between 20 and 35%. On steep slopes, the 3D
reconstruction algorithm overestimated the slope; and on low slopes, the deviation errors
were estimated below the actual position. In regions with steep slopes, Westoby et al. [43]
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explained that an aerial approach would be particularly advantageous for use on topo-
graphically simple terrains, such as flood plains at the bottom of a valley. However, as with
stereoscopic reconstruction, steep or almost vertical topography is probably problematic
for the SfM technique.
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Figure 8. Standard deviation between the DTMs obtained by the GNSS receptors and RPAs, (a) 90 m,
(b) 120 m, and (c) 150 m.

These are important findings when working on a project to create planting rows. The
overestimation of sloped regions can identify areas as not suitable for mechanized coffee
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planting, thus reducing the complete optimization of the area for planting. When obtaining
orthomosaics from RGB aerial images, producers and technicians should pay attention
to these results and perform an inspection in the field to validate the results. Growing
coffee inappropriately on steep slopes causes soil erosion and reduced productivity due
to the loss of fertility on the soil surface, resulting in areas of that are of minimal use to a
producer [44].

Overestimation of slopes in coffee areas can also be a barrier to mechanized harvesting.
Self-propelled harvesters can be regulated according to terrain variations, and some models
can be used when there is a 25% inclination. Prior planning of harvest time can be carried
out for coffee on slopes. Mechanized harvesting requires 21.6% more time when performed
on slopes above 20% than when performed on lower slopes [45]. This demonstrates that of
slopes above the normal inclination interfere with other operations in coffee growing areas.

Higher standard deviations occurrence in areas of steep slopes than in other areas
was also observed in studies by [46]. Variations were found in the DEM in areas with a
high slope gradient and surface roughness. The authors explained the relevance of this
finding for geomorphic studies since the processing time is greater for steep slopes. This
generates inaccuracies in the models in these locations, causing erroneous interpretations.
This scenario can be considered a significant impediment for regions intended for coffee
growing since regions with high slopes require specific management, mainly in terms of
applying soil conservation and area optimization techniques.

The analyses shown in Figure 8 show the common error between the models. Regions
with slopes as high as 15% occur within the error domain, with a standard deviation below
the ideal mean. This type of error was found in studies by Lamsters et al. [47], who worked
with orthophotos for image reconstruction of glaciers, and the authors observed a constant
domain of errors in the flat regions. This type of error was also discussed in the studies
by James and Robson [48]; when capturing images in regions with flat topography, the
authors observed that the errors in the DTMs were below average. Therefore, for this type
of terrain, flights should be conducted by applying slopes to the image capturing sensor.

Despite this type of error, issues with planning and implementing coffee productions
in regions considered to have a flat topography are minimal. Even below the ideal altitude,
the contour lines considered in this type of project will follow the same direction.

Statistical details of the different combinations of flight configurations are shown
in Figure 9. This figure shows the influence of different flight configurations and image
processing on topographic quality compared with the classic topography obtained by
GNSS receivers. Given this relationship, it is possible to observe in general that the 150 m
AGL flights showed the best correlations; but in reviewing the data, we observed that the
120 AGL flight with an 80% overlap resulted in a low processing time and provided the
best result.

This result demonstrates that AGL flight height can be configured to make the flight
more efficient. In addition, some values found during processing for lowest flights did
not differ visually. Therefore, it is possible to reduce processing times while maintaining
acceptable levels of accuracy.

The best results shown in Figure 9 are the coefficients observed for the following
configurations: 90 m flight, 90 x 90% overlap, and low point density; 120 m flight,
80 x 80% overlap, and low and lowest point densities; and 150 m flight, 80 x 80% overlap,
and low and lowest point densities. The comparison of these results with the information
related to processing time shows that the 150 m flight with 80 x 80% overlap and a low
point density is notable. This flight configuration collects less data and shows significant
results in relation to the other configurations. However, when comparing these results with
the distribution of errors (Figure 7), the 120 m flights with 80 x 80 overlap and a low point
density and those with 80 x 80 overlap and a lowest point density are preferred due to
better data uniformity.
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Figure 9. Ordinary least squares (OLS) results for flight heights, overlays and point clouds compared
with those obtained through the topographic survey by GNSS receivers. X-axis: Pearson correlation;
y-axis: standard deviation in meters. Colour: AGL; figure format: image overlap; and figure
size: error.

Figure 9 highlights an important issue for flight configurations. All flights performed
with 80 x 80% overlap, regardless of processing time and flight height, showed a correlation
above 98. This overlap is the most appropriate for topographic surveys conducted by using
images obtained by RPAs.

Flight optimization should be performed by implementing some processing and preci-
sion limits. An increase AGL in flights results in fewer passes over an area, and thus, fewer
images are superimposed. Thus, when performing flights in small areas, flight optimization
can cause a reduction in the quality of photogrammetric products. James and Robson [38]
highlighted the number of images in certain regions and note that the heterogeneity of some
areas can decrease and increase errors when fewer images are collected. Thus, the authors
recommend capturing at least three images of an area of interest.

This information may be valid for coffee growing projects in small areas. In many
countries, especially in globally relevant coffee producing regions, such as South American
countries, farms used for coffee plantations are less than 2 hectares (Jha et al., 2011). In
these cases, image capture can be configured by increasing the overlap area, reducing the
flight speed, and obtaining at least three images per area.

In a discussion on image number, Piermattein et al. [49] highlighted that high numbers
of images provide more detailed DEMs. This assumption can be variable and depends on
the type of product obtained. As seen in the results presented in Table 2, the increase in the
number of images did not show linear significance. The 90 x 90 overlaps added a high level
of detail to the DEMs, and when compared with traditional topographic methods, these
overlap levels were considered inferior. High levels of detail combined with an altitude
reduction were reported by Avtar et al. [50], who evaluated different flight heights for
biophysical analysis of palm trees, and the authors observed a significant contribution of
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lower altitudes to an increase in errors. This result was attributed to the high level of detail
in the image.

The workflow required when processing images involves specific processing steps for
objects with high levels of detail. These steps are not necessary for generating DTMs that are
applied in agriculture because these steps can significantly increase topographic detail and
have relatively high processing times [51]. Photogrammetric products generation requires
specific knowledge regarding the type of information that needs to be obtained. Recurring
errors occur during data collection, and the increase in the number of images needed to
improve the accuracy of a DTM is the main error observed in some cases. According
to Micheletti et al. [52], the increase in the number of images collected does not linearly
increase DTMs accuracy and may lead to an unnecessary increase in data processing time.

Cartographic data-obtained DTMs are necessary for suitable planting arrangements
and soil management for conservation for coffee growing projects. However, the high
amount of topographic detail in many cases is unnecessary for coffee growing projects
since the recommended commercial spacing between rows is above 3.5 m. What is essential
for implementing the coffee growing project is a reliable determination of sloped regions,
as this directly interferes with mechanized equipment. Tavares et al. [53] found a direct
effect of the slope in coffee growing areas on the mechanized operational field capacity.
They showed the operational field capacity decreased harvesting activities of sweeping
coffee at slopes above 15%.

Planning and optimization of the image acquisition protocols is challenging in complex
natural terrain [54]. Flights optimization in coffee growing projects is valid, and some
points should be emphasized. As noted, regions with slopes above 20% are overestimated.
In areas with this characteristic, control points on the soil are necessary, which reduces error
levels to the geodetic precision level in [55]. It is important to consider the overestimated
errors, as this can lead to a reduction in areas suitable for mechanized planting. Hofig and
Aratjo-Junior [56] showed the ability to mechanize coffee plants in sloping regions. Their
research showed that mechanization on slopes of 0-5% is extremely recommended, on
slopes of 5.1-10% is very recommended, on slopes of 10.1-15% is recommended, on slopes
of 15.1-20% is moderately recommended, and on slopes above 20% is not recommended.
Given this assertion, one can consider digital models derived from photogrammetric
processes capable of generating a slope map for use in mechanized coffee growing projects.

Cartographic projects for coffee growing from DTMs derived from photogrammetric
techniques can be an important tool and contribute to operational improvements. However,
it is notable that areas with greater than a 20% slope can show slope values above the
actual measurements.

4. Conclusions

The most accurate DTM was derived from the photogrammetric products from the
120 m AGL flight, with frontal and lateral overlap of 80 x 80%. The reduction in image
overlap was significant in reducing processing time without influencing the quality of
the DTMs.

Images processing in lowest point clouds did not affect the quality of the DTMs. In
addition, there was a considerable reduction in processing time.

Slope mapping obtained by ARPs was considered efficient up to a 20% slope, above
which the models overestimated the elevation. A dominant error effect was observed in
regions with low slopes, usually in photogrammetric constructions that did not use control
points in the soil.
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