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0.05 significance level ( D= 0.05) was performed to deter-
mine the significance of the difference between the DAEs of
the two top-ranked features identified at earlier imaging
dates (first and second weeks of emergence). When the
ANOVA showed a significant result, a pairwise comparison
known as Tukey’s honestly significant difference (HSD,
D= 0.05) test (Abdi and Williams, 2010) was computed to
compare the feature mean difference between DAEs. The
statistical analysis was performed using the aov and Tuk-
eyHSDfunctions in RStudio.

RESULTS AND DISCUSSION
GROUND SAMPLING DISTANCE

The ground sampling distance (GSD) was different in
each image due to the variation of actual flight heights. Alt-
hough the UAV was set to fly at a nominal height of 5.0 m,
the actual height varied based on the launch location of the
UAYV and the field slope. The computed GSD ranged from
0.55 to 1.54 mm pixel! in different plots for UAV images
captured on different days. Figure 4 shows images taken on
26 April for two plots with the lowest (0.55 mm pixel™!) and
highest (0.94 mm pixel™!) computed GSD. The small plants
at DAE 1 and 2 were detectable using the described image
processing workflow. This result supports the conclusion
that a range of GSD from 0.55 to 0.94 mm pixel ! can be used
to detect corn at DAE 1 and 2.

CLASSIFICATION ACCURACY FOR EACH IMAGE DATE

The classification accuracies of the RF model using data
from different imaging dates are shown in figure 5. The
number in each grid square indicates the ratio between the
predicted number of samples for each DAE and the actual
number of samples for the DAE, with darker blue color in-
dicating a higher ratio. Diagonal grid squares show the clas-
sification accuracy for each DAE, while the row of squares
at the bottom of each grid indicates the 3-day accuracy. As
shown in figure 5a, during the first week of emergence,

approximately half of the samples were predicted correctly
for all DAE classes. The classification accuracy ranged from
0.45 to 0.56, with the exception of DAE 5, which had an ac-
curacy of only 0.20. Figure 5a also shows that 36% of DAE 1
plants were predicted as DAE 2 plants, and more than 20%
of DAE 2 plants were predicted as either DAE 1 or DAE 3
plants.

Figure 6 show representative plants for each DAE to il-
lustrate potential reasons for the low classification accuracy.
It can be seen that plants for both DAE 1 and DAE 2 could
be described as “through surface” or “spike” (Poncet et al.,
2019), having similar size and shape. The similarity in size
and shape of newly-emerged plants may have caused the
misclassification of plants between DAE 1 and DAE 2. In
contrast, plants in DAE 3 could be described as having their
first leaf open, which increases the distinction in size and
shape compared to DAE 1 and DAE 2 and might be a reason
for the slightly improved accuracy for DAE 3 (56%). An-
other possible reason for the low accuracy was that some of
the plants in DAE 3 were in the transition stage from spike
to first leaf, causing 30% of the plants in DAE 3 to be pre-
dicted as DAE 2. Similar results were shown for DAE 4
(about 50% of the samples were predicted as DAE 2 and
DAE 3) and for DAE 5 (80% of the samples were predicted
as DAE 4), for which the second leaf was becoming visible
but the plant size and shape were similar in both DAEs.

Figure 5b shows the classification accuracy for the sec-
ond week of emergence (DAE 5 to DAE 12). Less than half
of the samples for all DAE classes were predicted correctly,
with accuracy ranging from 0.21 to 0.43. About 30% of
DAE 5 plants were predicted as DAE 7 and DAE 8, which
had two leaves open (fig. 6). The low classification accuracy
might be due to the lack of distinctive features for some
plants transitioning from one leaf to two leaves, i.e., some
DAE 5 plants may have transitioned to two-leaf plants. Sim-
ilarly, about 75% of DAE 7 plants were predicted to have
emerged earlier. The prediction for 1-day DAE was best
from DAE 8 through DAE 10, but still not better than about

Figure 4. UAV images captured on 26 April at two computed ground sampling distances (GSD). Blue and green color stakes indicate emergence

dates of 26 April (DAE 1) and 25 April (DAE 2), respectively.
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Figure 5. Heat maps of classification accuracy and 3-day accuracy (-1 to +1 DAE) of each DAE class on each imaging date (emergence dates are

shown in parentheses).

40%. There was a combination of over- and under-prediction
for these DAEs that could be due to the similar plant charac-
teristics during these days, with two open leaves and no sub-
stantial differences (fig. 6). Meanwhile, both DAE 11 and
DAE 12 had the third leaf visible (fig. 6), which could have
improved the classification (the highest classification accu-
racy was 0.43 for DAE 12 among the other DAEs). How-
ever, more than half of these plants were classified as earlier
DAEs because they were transitioning from two leaves to
three leaves.

The accuracy of predicting 1-day DAE for the third and
fourth imaging dates (figs. 5c and 5d; 11 and 15 May) was
generally worse than for the earlier imaging dates, ranging
from 0.00 to 0.43 accuracy. The poor classification accuracy
for these DAEs might be due to emergence of the third leaf
and its expansion over a three- to four-day window (DAE 15
to 19 in fig. 6) with an insignificant increase in size. Alt-
hough the third leaf provides additional features for image
analysis, the fact that its emergence and expansion occur
over about four to five days diminishes the ability of nadir-
view images to accurately classify DAE. Similarly, the
fourth leaf emerged and expanded over many days (DAE 20
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to 24 in fig. 6), which confounded the 1-day DAE prediction.
Additionally, at the fourth leaf stage, older leaves on the
lower parts of the plants were blocked by newer leaves,
which caused the image features to be less sensitive for dif-
ferentiating plants at different DAEs. In general, these re-
sults support that 1-day DAE prediction is best for emer-
gence through the two-leaf stage; after that, the sensitivity in
predicting DAE classes is reduced.

Another reason for DAE misclassification was the limited
number of plants evaluated. The total number of plants that
emerged from 22 to 29 April was 627. The plant number
ranged from 120 to 170 for emergence dates 24 to 26 April
but was less than 70 for the other dates. The small datasets
for training and testing potentially skewed the model sensi-
tivity (O’Brien and Ishwaran, 2019). Additionally, although
the camera was adjusted to obtain nadir images, seedlings
that were not at the centers of images had a somewhat
oblique view, resulting in errors due to image distortion (Sei-
fert et al., 2019).

Occasionally, the emergence and growth of seedlings
may not be uniform due to varying soil and residue condi-
tions, which caused some variability in the image features
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