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We present RootPainter, a GUI-based software tool for the rapid
training of deep neural networks for use in biological image
analysis. RootPainter facilitates both fully-automatic and semi-
automatic image segmentation. We investigate the effectiveness
of RootPainter using three plant image datasets, evaluating its
potential for root length extraction from chicory roots in soil,
biopore counting and root nodule counting from scanned roots.
We also use RootPainter to compare dense annotations to cor-
rective ones which are added during the training based on the
weaknesses of the current model.
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Introduction

Plant research is important because we need to find ways to
feed a growing population whilst limiting damage to the en-
vironment (1). Plant studies often involve the measurement
of traits from images, which may be used in phenotyping for
genome-wide association studies (2), comparing cultivars for
traditional breeding (3) or testing a hypothesis related to plant
physiology (4). Plant image analysis has been identified as a
bottleneck in plant research (5). A variety of software ex-
ists to quantify plant images (6) but is typically limited to a
specific type of data or task such as leaf counting (7), pollen
counting (8) or root architecture extraction (9).

Convolutional neural networks (CNNs) represent the state-
of-the-art in image analysis and are currently the most pop-

ular method in computer vision research. They have been
found to be effective for tasks both in plant image analysis
(10-13) and agricultural research (14, 15).

Developing a CNN-based system for a new image analysis
task or dataset is challenging because dataset design, model
training and hyper-parameter tuning are time-consuming
tasks requiring competencies in both programming and ma-
chine learning.

Three questions that need answering when attempting a su-
pervised learning project such as training a CNN are: how to
split the data between training, validation and test datasets;
how to manually annotate or label the data; and how to de-
cide how much data needs to be collected, labelled and used
for training in order to obtain a model with acceptable perfor-
mance. The choice of optimal hyper-parameters and network
architecture are also considered to be a ‘black art’ requiring
years of experience and a need has been recognised to make
the application of deep learning easier in practice (16).

The question of how much data to use in training and valida-
tion is explored in theoretical work that gives indications of
a model’s generalisation performance based on dataset size
and number of parameters (17). These theoretical insights
may be useful for simpler models but provide an inadequate
account of the behaviour of CNNs in practice (18).

Manual annotation may be challenging as proprietary tools
may be used which are not freely available (19) and can in-
crease the skill set required. Creating dense per-pixel anno-
tations for training is often a time consuming process. It has
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Fig. 1. RootPainter corrective annotation concept. (a) Roots in soil. (b) Al root predictions. (c) Human corrections. (d) Al learns from corrections.
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been argued that tens of thousands of images are required,
making small scale plant image datasets unsuitable for train-
ing deep learning models (7).

The task of collecting datasets for the effective training of
models is further confounded by the unique attributes of each
dataset. All data are not created equal, with great variability
in the utility of each annotated pixel for the model training
process (20). It may be necessary to add harder examples
after observing weaknesses in an initial trained model (21),
or to correct for a class imbalance in the data where many
examples exist of a majority class (22).

Interactive segmentation methods using CNNs such as (23,
24) provide ways to improve the annotation procedure by al-
lowing user input to be used in the inference process and can
be an effective way to create large high quality datasets in
less time (25).

When used in a semi-automatic setting, such tools will speed
up the labelling process but may still be unsuitable for situ-
ations where the speed and consistency of a fully automated
solution is required. For example when processing data from
large scale root phenotyping facilities such as (26) where in
the order of 100,000 images or more need to be analysed.

In this study we present and evaluate our software Root-
Fainter which makes the process of creating a dataset, train-
ing a neural network and using it for plant image analy-
sis accessible to ordinary computer users by facilitating all
required operations with a cross-platform, open-source and
freely available user-interface. The RootPainter software was
initially developed for quantification of roots in images from
rhizotron based root studies. However, we found its versatil-
ity to be much broader, with an ability to be trained to recog-
nise many different types of structures in a set of images.
RootPainter allows a user to inspect model performance dur-
ing the annotation process so they can make a more informed
decision about how much and what data is necessary to label
in order to train a model to an acceptable accuracy. It allows
annotations to be targeted towards areas where the current
model shows weakness in order to streamline the process of
creating a dataset necessary to achieve a desired level of per-
formance. RootPainter can operate in a semi-automatic way,
with a user assigning corrections to each segmented image,
whilst the model learns from the assigned corrections, reduc-
ing the time-requirements for each image as the process is
continued. It can also operate in a fully-automatic way by ei-
ther using the model generated from the interactive procedure
to process a larger dataset without required interaction, or in
a more classical way by using a model trained from dense
per-pixel annotations which can also be created via the user
interface.

We evaluate the effectiveness of RootPainter by training
models for three different types of data and tasks without
dataset-specific programming or hyper-parameter tuning. We
evaluate the effectiveness on a set of rhizotron root images,
and in order to evaluate the versatility of the system, also on
two other types of data, a biopores dataset, and a legume root
nodules dataset, both involving objects in the images quite
different from roots.
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For each dataset we compare the performance of models
trained using the dense and corrective annotation strategies
on images not used during the training procedure. If annota-
tion is too time-consuming, then RootPainter will be unfeasi-
ble for many projects. To investigate the possibility of rapid
and convenient model training we use no prior knowledge
and restrict annotation time to a maximum of two hours for
each model. We hypothesize that (1) in a limited time period
RootPainter will be able to segment the objects of interest
to an acceptable accuracy in three datasets including roots,
biopores and root nodules, demonstrated by a strong corre-
lation between the measurements obtained from RootPainter
and manual methods. And (2) a corrective annotation strat-
egy will result in a more accurate model compared to dense
annotations, given the same time for annotation.

Prior work for interactive training for segmentation includes
(27) and (28). (27) evaluated their method using neuronal
structures captured using Electron Microscopy, and found the
interactively trained model to produce better segmentations
than a model trained using exhaustive ground truth labels.
(28) combined interactive segmentation with interactive
training by using the user feedback in model updates. Their
training approach requires an initial dataset with full ground-
truth segmentations, whereas our method requires no prior
labelled data, which was a design choice we made to increase
the applicability of our method to plant researchers looking
to quantify new objects in a captured image dataset.

As opposed to (27) we use a more modern, fully convolu-
tional network model, which we expect to provide substan-
tial efficiency benefits when dealing with larger images. Our
work is novel in that we evaluate an interactive corrective
annotation procedure in terms of annotation time to reach a
certain accuracy on real-world plant image datasets. Syn-
thetic data is often used to evaluate interactive segmentation
methods (29-31). To provide more realistic measurements of
annotation time we use real human annotators for our exper-
iments.

Roots in Soil. Plant roots are responsible for uptake of water
and nutrients. This makes understanding root system devel-
opment critical for the development of resource efficient crop
production systems. For this purpose, we need to study roots
under real life conditions in the field, studying the effects of
crop genotypes and their management (32, 33), cover crops
(34), crop rotation (35) and other factors. We need to study
deep rooting, as this is critical for the use of agriculturally
important resources such as water and nitrogen (36, 37).
Rhizotron based root research is an important example of
plant research. Acquisition of root images from rhizotrons
is widely adopted (38), as it allows repeated and non-
destructive quantification of root growth and often to the full
depth of the root systems. Traditionally the method for root
quantification in such studies involves a lengthy procedure to
determine the root density on acquired images by counting
intersections with grid-lines (39).

Manual methods require substantial resources and can in-
troduce undesired inter-annotator variation on root density,
therefore a faster and more consistent method is required.
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More recently, fully automatic approaches using CNNs have
been proposed (40); although effective, such methods may be
challenging to re-purpose to different datasets for root scien-
tists without the required programming expertise. A method
which made the re-training process more accessible and con-
venient would accelerate the adoption of CNNs within the
root research community.

Biopores. Biopores are tubular or round-shaped continuous
voids formed by root penetration and earthworm movement
(41). They function as preferential pathways for root growth
(42) and are therefore important for plant resource acquisi-
tion (43, 44). Investigation of soil biopores is often done by
manually drawing on transparent sheets on an excavated soil
surface (45). This manual approach is time consuming and
precludes a more in-depth analysis of detailed information
including diameter, surface area or distribution patterns such
as clustering.

Root Nodules. Growing legumes with nitrogen-fixing ca-
pacity reduces the use of fertilizer (46), hence there is an in-
creased demand for legume-involved intercropping (47) and
precropping for carry over effects. Roots of legumes form as-
sociations with rhizobia, forming nodules on the roots, where
the nitrogen fixation occur. Understanding the nodulation
process is important to understand this symbiosis and the
nitrogen fixation. However, counting nodules from the ex-
cavated roots is a cumbersome and time consuming proce-
dure, especially for species with many small nodules such as
clovers (Trifolium spp.).

Method

Software Implementation. RootPainter uses a client-server
architecture, allowing users with a typical laptop to utilise
a GPU on a more computationally powerful server. The
client and server can be used on the same machine if it is
equipped with suitable hardware, reducing network 10 over-
head. Instructions are sent from the client to server using
human-readable JSON (JavaScript Object Notation) format.
The client-server communication is facilitated entirely with
files via a network drive or file synchronisation application.
This allows utilisation of existing authentication, authorisa-
tion and backup mechanisms whilst removing the need to
setup a publicly accessible static IP address. The graphi-
cal client is implemented using PyQt5 which binds to the Qt
cross-platform widget toolkit. The client installers for Mac,
Windows, and Linux are built using the fman build system
which bundles all required dependencies. Image data can
be provided as JPEG, PNG or TIF and in either colour or
grayscale. Image annotations and segmentations are stored
as PNG files. Models produced during the training process
are stored in the python pickle format and extracted measure-
ments in comma-separated value (CSV) text files.

A folder referred to as the sync directory is used to store
all datasets, projects and instructions which are shared be-
tween the server and client. The server setup (supplementary
note 4) requires familiarity with the Linux command line so
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should be completed by a system administrator. The server
setup involves specification of a sync directory, which must
then be shared with users. Users will be prompted to in-
put the sync directory relative to their own file system when
they open the client application for the first time and it will
be automatically stored in their home folder in a file named
root_painter_settings.json which the user may delete or mod-
ify if required.

Creating a Dataset. The Create training dataset functional-
ity is available as an option when opening the RootPainter
client application. It is possible to specify a source image
directory, which may be anywhere on the local file system
and whether all images from the source directory should be
used or a random sample of a specified number of images. It
is also possible to specify the target width and height of one
or more samples to take from each randomly selected image;
this can provide two advantages in terms of training perfor-
mance. Firstly, RootPainter loads images from disk many
times during training which can for larger images (more than
2000 x 2000 pixels) slow down training in proportion to
image size and hardware capabilities. Secondly, recent re-
sults (48) indicate that capturing pixels from many images
is more useful than capturing more pixels from each image
when training models for semantic segmentation, thus when
working with datasets containing many large images, using
only a part of each image will likely improve performance
given a restricted time for annotation.

When generating a dataset, each image to be processed is
evaluated for whether it should be split into smaller pieces.
If an image’s dimensions are close to the target width and
height then the image will be added to the dataset without it
being split. If an image is substantially bigger then all possi-
ble ways to split the image into equally sized pieces above the
minimum are evaluated. For each of the possible splits, the
resultant piece dimensions are evaluated in terms of their ra-
tio distance from a square and distance from the target width
and height. The split which results in the smallest sum of
these two distances is then applied. From the split image, up
to the maximum tiles per image are selected at random and
saved to the training dataset. The source images do not need
to be the same size and the images in the generated dataset
will not necessarily be the same size but all provided images
must have a width and height of at least 572 pixels, and we
recommend at least 600 as this will allow random crop data
augmentation. The dataset is created in the RootPainter sync
directory in the datasets folder in a subdirectory which takes
the user-specified dataset name. To segment images in the
original dimensions, the dataset creation routine can be by-
passed by simply copying or moving a directory of images
into a subdirectory in the RootPainter datasets directory.

Working with Projects. Projects connect datasets with mod-
els, annotations, segmentations and messages returned from
the server. They are defined by a project file (.seg_proj)
which specifies the details in JSON and a project folder con-
taining relevant data. The options to create a project or open
an existing project are presented when opening the Root-
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Painter client application. Creating projects requires speci-
fying a dataset and optionally an initial model file. Alter-
natively a user may select ‘random weights’ also known as
training from scratch, which will use He initialization (49) to
assign a models initial weights. A project can be used for in-
specting the performance of a model on a given dataset in the
client, or training a model with new annotations which can
also be created using drawing tools in the client user inter-
face.

Model architecture. We modified the network architecture
from (40) which is a variant of U-Net (50) implemented in
PyTorch (51) using Group Normalization (52) layers. U-Net
is composed of a series of down-blocks and up-blocks joined
by skip connections. The entire network learns a function
which converts the input data into a desired output repre-
sentation, e.g. from an image of soil to a segmentation or
binary map indicating which of the pixels in the image are
part of a biopore. In the down-blocks we added 1 x 1 con-
volution to halve the size of the feature maps. We modified
both down-blocks and up-blocks to learn residual mappings,
which have been found to ease optimization and improve ac-
curacy in CNNs (53) including U-Net (54). To speed up in-
ference by increasing the size of the output segmentation, we
added 1 pixel padding to the convolutions in the down-blocks
and modified the input dimensions from 512 x 512 x 3 to
572 x 572 x 3, which resulted in a new respective output size
of 500 x 500 x 2, containing a channel for the foreground
and background predictions. The modified architecture has
approximately 1.3 million trainable parameters, whereas the
original had 31 million. These alterations reduced the saved
model size from 124.2 MB (55) to 5.3 MB, making it small
enough to be conveniently shared via email.

Creating Annotations. Annotations can be added by drawing
in the user interface with either the foreground (key Q) or
background (key W) brush tools. It’s also possible to undo
(key Z) or redo brush strokes. Annotation can be removed
with the eraser tool (key E). If an image is only partially an-
notated then only the regions with annotation assigned will
be used in the training. Holding the alt key while scrolling
can be used to alter the brush size and holding the command
key (or windows key) will pan the view. Whilst annotating
it’s possible to hide and show the annotation (key A), im-
age (key I) or segmentation (key S). When the user clicks
Save & next in the interface, the current annotation will be
saved and synced with the server, ready for use in training.
The first and second annotations are added to the training and
validation sets respectively (see Training Procedure below).
Afterwards, to maintain a typical ratio between training and
validation set, annotations will be added to the validation set
when the training set is at least five times the size of the vali-
dation set, otherwise they will be added to the training set.

Training Procedure. The training procedure can be started by
selecting Start training from the network menu which will
send a JSON instruction to the server to start training for the
current project. The training will only start if the project has
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at least two saved annotations as at least one is required for
each of the training and validation set. Based on (40) we use a
learning rate of 0.01 and Nestorov momentum with a value of
0.99. We removed weight decay as results have shown sim-
ilar performance can be achieved with augmentation alone
whilst reducing the coupling between hyperparameters and
dataset (56). The removal of weight decay has also been sug-
gested in practical advice (57) based on earlier results (58)
indicating its superfluity when early stopping is used. We do
not use a learning rate schedule in order to facilitate an indef-
initely expanding dataset.

An epoch typically refers to a training iteration over the entire
dataset (59). In this context we initially define an epoch to be
a training iteration over 612 image sub-regions correspond-
ing to the network input size, which are sampled randomly
from the training set images with replacement. We found an
iteration over this initial epoch size to take approximately 30
seconds using two RTX 2080 Ti GPUs with an automatically
selected batch size of 6. If the training dataset expands be-
yond 306 images, then the number of sampled sub-regions
per epoch is set to twice the number of training images, to
avoid validation overwhelming training time. The batch size
is automatically selected based on total GPU memory and all
GPUs will be used by default using data parallelism.

After each epoch, the model predictions are computed on the
validation set and F} is calculated for the current and previ-
ously saved model. If the current model’s F is higher than
the previously saved model then it is saved with its number
and current time in the file name. If for 60 epochs no model
improvements are observed and no annotations are saved or
updated then training will stop automatically.

We designed the training procedure to have minimal RAM re-
quirements which do not increase with dataset size, in order
to facilitate training on larger datasets. We found the server
application to use less than 8 GB of RAM during training and
inference, and would suggest at least 16GB RAM for the ma-
chine running the server application. We found the client to
use less than IGB RAM but have not yet tested on devices
equipped with less than 8GB of RAM.

Augmentation. We modified the augmentation procedure
from (40) in three ways. We changed the order of the trans-
forms from fixed to random in order to increase variation. We
reduced the probability that each transform is applied to 80%
in order to reduce the gap between clean and augmented data,
which recent results indicate can decrease generalization per-
formance (60). We also modified the elastic grid augmenta-
tion as we found the creation of the deformation maps to be a
performance bottleneck. To eliminate this bottleneck we cre-
ated the deformation maps at an eighth of the image size and
then interpolated them up to the correct size.

Creating Segmentations. It is possible to view segmentations
for each individual image in a dataset by creating an associ-
ated project and specifying a suitable model. The segmen-
tations are generated automatically via an instruction sent to
the server when viewing each image and saved in the seg-
mentations folder in the corresponding project.
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When the server generates a segmentation, it first segments
the original image and then a horizontally flipped version.
The output segmentation is computed by taking the average
of both and then thresholding at 0.5. This technique is a type
of test time data augmentation which is known to improve
performance (61). The segmentation procedure involves first
splitting the images into tiles with a width and height of
572 pixels, which are each passed through the network and
then an output corresponding to the original image is recon-
structed.

It’s possible to segment a larger folder of images using the
Segment folder option available in the network menu. To
do this, an input directory, output directory and one or more
models must be specified. The model with the highest num-
ber for any given project will have the highest accuracy in
terms of F on the automatically selected validation set. Se-
lecting more than one model will result in model averaging,
an ensemble method which improves accuracy as different
models don’t usually make identical errors (59). Selecting
models from different projects representing different training
runs on the same dataset will likely lead to a more diverse
and thus more accurate ensemble, given they are of similar
accuracy. It it is also possible to use models saved at various
points from a single training run, a method which can pro-
vide accuracy improvements without extending training time
(62).

Extracting Measurements. It is possible to extract measure-
ments from the produced segmentations by selecting an op-
tion from the measurements menu. The Extract length option
extracts centerlines using the skeletonize method from scikit-
image (63) and then counts the centerline pixels for each im-
age. The Extract region properties uses the scikit-image re-
gionprops method to extract the coordinates, diameter, area,
perimeter and eccentricity for each detected region and stores
this along with the associated filename. The Extract count
method gives the count of all regions per image. Each of
the options require the specification of an input segmentation
folder and an output CSV.

A. Datasets.

A.1. Biopore Images. Biopore images were collected near
Meckenheim (50°37’9”N 6°59’29”E) at a field trial of Uni-
versity of Bonn in 2012 (see (45) for a detailed description).
Within each plot an area was excavated to a depth of 0.45
m. The exposed soil surface was carefully flattened to reveal
biopores and then photographed.

A Datasets

Bersoft software (Windows, Version 7.25) was used for bio-
pore quantification. Using the eclipse function, the visible
biopores were marked, then the count number was generated
as a CSV file. Pores smaller than 2 mm were excluded from
biopore counting.

We restricted the analysis to images with a suitable resolu-
tion and cropped to omit border areas. For each image, the
number of pixels per mm was recorded using Gimp (MacOS,
Version 2.10) in order to calculate pore diameter. We split
the images into two folders. BP_counted which contained
39 images and was used for model validation after training
as these images had been counted by a biopore expert and
BP_uncounted which contained 54 images and was used for
training.

A.2. Nodule Images.Root images of persian clover (7ri-
folium resupinatum) were acquired at 800 DPI using a water-
bed scanner (Epson V700) after root extraction. We used
a total of 113 images which all had a blue background, but
were taken with two different lighting settings. From the 113
images, 65 appeared darker and underexposed where as 48
were well lit and appeared to show the nodules more clearly.
They were counted manually using WinRhizo Pro (Regent
Instruments Inc., Canada, Version 2016). Image sections
were enlarged and nodules were selected manually by click-
ing. Then, the total number of marked nodules were counted
by the software. We manually cropped to remove the borders
of the scanner using Preview (MacOS, Version 10.0) and con-
verted to JPEG to ease storage and sharing. Of these 50 were
selected at random to have subregions included in training
and the remaining 63 were used for validation.

A.3. Roots Dataset. We downloaded the 867 grid counted
images and manual root length measurements from (67)
which were made available as part of the evaluation of U-
Net for segmenting roots in soil (40) and originally captured
as part of a study on chicory drought stress (4) using a 4 m
rhizobox laboratory described in (68). We removed the 10
test images from the grid counted images, leaving 857 im-
ages. The manual root length measurements are a root inten-
sity measurement per-image, which was obtained by count-
ing root intersections with a grid as part of (4).

B. Annotation and Training. For the roots, nodules and
biopores we created training datasets using the Create train-
ing dataset option. We used random sample, with the details
specified in Table 1. The two users (user a and user b) that
we used to test the software were the two first authors. Each
user trained two models for each dataset. For each model,

Table 1. Details for each of the datasets created for training. The number of images and tiles were chosen to enable a consistent dataset size of 200 images. Only 50 images
were sampled from for the biopores and nodules, in order to ensure there were enough images left in the test set. The datasets created are available to download from (64).

Object Name Source folder Source URL  To sample Max tiles Target size
Biopores BP_750_training BP_uncounted (65) 50 4 750
Nodules  nodules_750_training counted_nodules (66) 50 4 750
Roots towers_750_training grid_counted_roots  (67) 200 1 750

Smith etal. | RootPainter bioRxiv | 5


https://doi.org/10.1101/2020.04.16.044461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.16.044461; this version posted May 12, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

the user had two hours (with a 30 minutes break between
them) to annotate 200 images. We first trained a model using
the corrective annotation strategy whilst recording the finish
time and then repeated the process with the dense annotation
strategy, using the recorded time from the corrective training
as a time limit. This was done to ensure the same annotation
time was used for both annotation strategies. With corrective
annotations, the annotation and training processes are cou-
pled as there is a feedback loop between the user and model
being trained that happens in real time. Whereas with dense
the user annotated continuously, without regard to model per-
formance. The protocol followed when using corrective an-
notations is outlined in Supplementary Note 1 and annotation
advice given in Supplementary Note 2. For the first six anno-
tations on each dataset, we added clear examples rather than
corrections. This was because we observed divergence in the
training process when using corrective from the start in pre-
liminary experiments. We suspect the divergence was caused
by the user adding too many background classes compared to
foreground or difficult examples. When creating dense anno-
tations, we followed the procedure described in Supplemen-
tary Note 3.

When annotating roots, in the interests of efficiency, a small
amount of soil covering the root would still be considered as
root if it was very clear that root was still beneath. Larger
gaps were not labelled as root. Occluded parts of nodules
were still labelled as foreground (Figure 2). Only the centre
part of a nodule was annotated, leaving the edge as undefined.
This was to avoid nodules which were close together being
joined into a single nodule. When annotating nodules which
were touching, a green line (background labels) was drawn
along the boundary to teach the network to separate them so
that the segmentation would give the correct counts (Figure
3).

After completing the annotation, we left the models to finish
training using the early stopping procedure and then used the
final model to segment the respective datasets and produce
the appropriate measurements.

We also repeated this procedure for the projects but using a
restricted number of annotations by limiting to those that had
been created in just 30, 60, 90, 120 and 150 minutes (includ-
ing the 30 minute break period) to give us an indication of
model progression over time with the two different annota-
tion strategies.

C. Measurement and Correlation. For each project we
obtained correlations with manual measurements using the
portion of the data not used during training to give a mea-
sure of generalization error, which is the expected value of
the error on new input (59). For the roots dataset, the man-
ual measurements were compared to length estimates given
by RootPainter, which are obtained from the segmentations
using skeletonization and then pixel counting.

For the biopores and nodules datasets we used the extract re-
gion properties functionality from RootPainter, which gives
information on each connected region in an output segmenta-
tion. For the biopores the regions less than 2mm in diameter
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Fig. 2. We annotated nodules occluded by roots as though the roots were not there.
The red brush was used to mark the foreground (nodules) and the green brush to
mark the background (not nodules).

Fig. 3. Adjacent nodules were separated using the background class. The red
brush was used to mark the foreground (nodules) and the green brush to mark the
background (not nodules).

were excluded. The number of connected regions for each
image were then compared to the manual counts.

Results

We report the R? for each annotation strategy for each user
and dataset (Table 2). Training with corrective annotations
resulted in strong correlation (R? > 0.7) between the auto-
mated measurements and manual measurements five out of
six times. The exception was the nodules dataset for user b
with an R? of 0.69 (Table 2). Training with dense annotations
resulted in strong correlation three out of six times, with the
lowest R? being 0.55 also given by the nodules dataset for
user b (Table 2).

Table 2. R? for each training run. These are computed by obtaining measure-
ments from the segmentations from the final trained model and then correlating
with manual measurements for the associated dataset.

Dataset  User Corrective R2 Dense R?2
Biopores a 0.78 0.58
Biopores b 0.78 0.67
Nodules a 0.73 0.89
Nodules b 0.69 0.55
Roots a 0.89 0.90
Roots b 0.92 0.90

For each annotation strategy, we report both the mean and
standard error for the obtained R? values from all datasets

Smith etal. | RootPainter
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Table 3. Mean and standard error of the R? for each annotation strategy. These
are computed by obtaining measurements from the segmentations from the final
trained model and then correlating with manual measurements. Using mixed-effects
model with annotation strategy as a fixed factor and user and dataset as random
factors no significant effects were found (P < 0.05).

Strategy Mean Standard error
Corrective 0.80 0.04
Dense 0.75 0.07
1.0
0.8
0.6
s
0.4
0.2 9
—— Corrective
—— Dense
Break
0.0 T T T T T
40 60 80 100 120

Annotation duration (minutes)

Fig. 4. Mean and standard error for the R? values over time. These include the
30 minute break and are restricted to time points where multiple observations are
available.

and both users (Table 3). The mean of the R? values obtained
when using corrective annotation shows they tended to be
higher compared with dense, but the differences were not sta-
tistically significant (Mixed-effects model; P<0.05). We plot
the mean and standard error at each time point for which mul-
tiple R? values were obtained (Figure 4). In general correc-
tive improved over time, overtaking dense performance just
after the break in annotation (Figure 4). The 30 minute break
period taken by the annotator after one hour corresponds to a
flat line in performance during that period (Figure 4). On av-
erage, dense annotations were more effective at the 30 minute
time period, whereas corrective were more effective after two
hours (including the 30 minute break) and at the end of the
training (Table 3).

We report the duration for each user and dataset (Table 5).
Five out of six times all 200 images were annotated in less
than the two hour time limit. The nodules dataset took the
least time, with annotation completed in 66 minutes and 80
minutes for users a and b respectively (Figure 5). The roots
dataset for user a was the only project where the two hours
time limit was reached without running out of images (Figure
5).

We show an example of errors found from the only model
trained correctively which did not result in a strong corre-
lation (Figure 6). There were cases when the vast majority
of pixels were labelled correctly but a few small incorrect
pixels could lead to substantial errors in count (Figure 6).
We show examples of accurate segmentation results obtained
with models trained using the corrective annotation strategy
(Figures 7, 8 and 9) along with the corresponding manual
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BN Usera
B Userb

140

Duration (minutes)

Biopores Modules Roots

Fig. 5. User reported duration in minutes for annotating each dataset, excluding
the 30 minutes break taken after one hour of annotation. The annotator would use
the same amount of time for both corrective and dense annotation strategies. It fell
below the limit of 2 hours (excluding break) when they ran out of images to annotate.

Fig. 6. Two correctly detected nodules shown with three false positives. Segmen-
tation is shown overlaid on top of a sub-region of one of the nodule images used
for evaluation. The correct nodules are much larger and on the edge of the root.
The three false positives are indicated by a red circle. They are much smaller and
bunched together.
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Fig. 7. Example input and segmentation output from biopore photographs not used in training. The segmentation was generated using the model trained with corrective
annotations by user b. The model was trained from scratch using no prior knowledge with annotations created using RootPainter in 1 hour and 45 minutes.

Fig. 8. Example input and segmentation output from the nodule scans not used in training. The segmentation was generated using the model trained with corrective
annotations by user a. The model was trained from scratch using no prior knowledge with annotations created using RootPainter in 1 hour and 6 minutes.

Fig. 9. Example input and segmentation output from the grid-counted roots not used in training. The segmentation was generated using the model trained with corrective
annotations by user a. The model was trained from scratch using no prior knowledge with annotations created using RootPainter in two hours.
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Fig. 10. Manual measurements plotted against automatic measurements attained using RootPainter. (a) Biopores using user b corrective model. (b) Nodules using user a

corrective model. (c) Roots in soil using user a corrective model.
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Fig. 11. R? for the annotations attained after 30, 60, 90, 120 minutes and the final time point for users a and b on the three datasets for dense and corrective annotation
strategies. trained to completion refers to models which were trained until stopping without interaction, using the annotations created within the specified time period, whereas
real time refers to models saved during the corrective annotation procedure as it happened. For the corrective annotations we plot both the performance of the model saved
during the training procedure and the same model if allowed to train to completion with the annotations available at that time.

measurements plotted against the automatic measurements
obtained using RootPainter (Figure 10).

The observed R? values for corrective annotation had
a significant positive correlation with annotation duration
(P<0.001). There was no significant correlation between an-
notation time and R? values for models trained using dense
annotations.

We plot the R? for each project after training was completed
along with the R? obtained with training done only on anno-
tations at restricted time limits, and refer to these as trained
to completion along with the models saved at that time point
during the corrective annotation procedure as it happened
which we refer to as real time (Figure 11). After only 60 min-
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utes of annotation, all models trained for roots in soil gave a
strong correlation with grid counts (Figure 11, Roots a and b).
The performance of dense annotation for user b on the nod-
ules dataset was anomalous with a decrease in R? as more an-
notated data was used in training (Figure 11, Nodules b). The
corrective models obtained in real time were similar to those
trained to completion, except nodules by user b, indicating
that computing power was sufficient for real time corrective
training (Figure 11).

We plot the number of images viewed and annotated for the
corrective and dense annotation strategies (Figure 12). For
the corrective annotation strategy, only some of the viewed
images required annotation. In all cases the annotator was
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Fig. 12. Number of images viewed and annotated for the dense and corrective annotation strategies. For dense all images are both viewed and annotated, where as
corrective annotations are only added for images where the model predictions contain clear errors.
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Fig. 13. Total number of annotated pixels for dense and corrective annotation strategies over time during the annotation procedure. For dense almost all pixels in each image
are annotated. Corrective annotations are only applied to areas of the image where the model being trained exhibits errors.
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able to progress through more images using corrective anno-
tation (Figure 12).

For the roots and nodules datasets for user b for the first hour
of training, progress through the images was faster when per-
forming dense annotation (Figure 12, Roots b and Nodules
b).

We plot the amount of labelled pixels for each training proce-
dure over time for both corrective and dense annotations (Fig-
ure 13). With corrective annotation less pixels were labelled
in the same time period and as the annotator progressed
through the images the rate of label addition decreased (Fig-
ure 13).

Discussion

In this study we focused on annotation duration, as we con-
sider the time requirements for annotation rather than the
number of available images to be more relevant to the con-
cerns of the majority of plant research groups looking to use
deep learning for image analysis. Our results, for corrective
training in particular, confirm our first hypothesis by show-
ing that a deep learning model can be trained to a high accu-
racy for the three respective datasets of varying target objects,
background and image quality in less than two hours of an-
notation time.

Our results demonstrate the feasibility of training an accurate
model using annotations made in a short time period, which
challenges the claims that tens of thousands of images (7)
or substantial labelled data (69) are required to use CNNs.
In practice, we also expect longer annotation periods to pro-
vide further improvement. The R? for corrective training had
a significant correlation with annotation duration indicating
that spending more time annotating would continue to im-
prove performance.

There was a trend for an increasing fraction of viewed images
to be accepted without further annotation later in the correc-
tive training (Figure 12), indicating fewer of the images re-
quired corrections as the model performance improved. This
aligns with the reduction in the rate of growth for the total
amount of corrections (Figure 13) indicating continuous im-
provement in the model accuracy over time during the cor-
rective training.

We suspect the cases where dense annotation had a com-
paratively faster speed in the beginning (Figure 12, Roots b
and Nodules b) were due to three factors. Firstly, switch-
ing through images has little overhead when using the dense
annotation strategy as there is no delay caused by waiting
for segmentations to be returned from the server. Secondly,
corrective annotation will take a similar amount of time to
dense in the beginning as the annotator needs to assign a large
amount of corrections for each image. And thirdly, many of
the nodule images did not contain nodules meaning dense an-
notations could be added almost instantly.

Although corrective annotation tended to produce models
with higher accuracy relative to dense (Table 3), the lack of
a statistically significant difference prevents us from coming
to a more substantive conclusion about the benefits of cor-
rective over dense annotation. Despite being unable to con-
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firm our second hypothesis, that corrective annotation pro-
vides improved accuracy over dense in a limited time period,
itis still clear that it will provide many real-world advantages.
The feedback given to the annotator will allow them to better
understand the characteristics of the model trained with the
annotations applied. They will be able to make a more in-
formed decision about how many images to annotate to train
a model to sufficient accuracy for their use case.

Although strong correlation was attained when using the
models trained with corrective annotation, they in some cases
overestimated (Figure 10 a) or underestimated (Figure 10 b)
the objects of interest compared to the manual counts. For
the biopores (Figure 10 a) this may be related to the calibra-
tion and threshold procedure which results in biopores be-
low a certain diameter being excluded from the dataset. We
inspected the outlier in Figure 10 b where RootPainter had
overestimated the number of nodules compared to the manual
counts. We found that this image (043.jpg) contained many
roots which were bunched together more closely than what
was typical in the dataset. We suspect this had confused the
trained network and could be mitigated by using a consistent
and reduced amount of roots per scan, whilst using more of
the images for training and annotating for longer to capture
more of the variation in the dataset.

In one case, training with corrective annotation failed to pro-
duce a model that gave a strong correlation with the man-
ual measurements. This was for the nodules data for user b,
where the R? was 0.69. We suspect this was partially due
to the limited number of nodules in the training data. Many
of the images in the dataset created for training contained no
nodules and only included the background. This also meant
the annotation was able to finish in less time. We consider
this a limitation of the experimental design as we expect that
a larger dataset which allowed for annotating nodules for the
full two hour time period would have provided better insights
into the performance of the corrective training procedure.
Figure 6 shows examples of some of the errors in the nod-
ules dataset. In practice, the annotator would be able to view
and correct such errors during training until they had abated.
We noticed that many of the nodule errors were smaller false
positives, so investigated the effect of filtering out nodules
less than a certain size (Figure 14). We found correlation in-
creased substantially from 0.69 to 0.75 when changing the
threshold from O to 5 pixels, which can be explained by the
removal of the smaller false positive artefacts (Figure 6).
The benefits of excluding small nodules continued up to a
threshold of 284 pixels, giving an R? of 0.93. This indicates
that the model was producing many small false positive pre-
dictions, which could also explain some of the overestimation
of nodules (Figure 10 b).

The problem with small false positives may have been miti-
gated with the dense annotations as a larger amount of back-
ground examples are added, suppressing more of the false
positive predictions that arise in the limited training time.
The improvement in R? when removing small nodules may
also be due to differences in subjective interpretation of what
is a nodule, between the original counter and annotator train-

bioRxiv | 11


https://doi.org/10.1101/2020.04.16.044461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.16.044461; this version posted May 12, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1.00

0.95 +

0.90 4

0.85 1

% 0.80 1

0.75 4

0.70

0.65 4

0.60

0 50 100 150 200 250 300 350 400
Size threshold (pixels)

Fig. 14. Correlation between automated and manual nodule counting as a function
of size threshold for the automatically detected nodules. The thresholded nodules
include only those above the specified area in pixels.

ing the model.

The reduction in R? as dense annotation time increased,
shown in nodules b (Figure 11) was highly unexpected. Al-
though in some cases increasing training data can decrease
performance when training CNNs (70), it is usually the case
that the opposite is observed. We suspect these anomalous
results are due to the large amount of variation in the suc-
cess of the dense training procedure, rather than revealing any
general relationship between performance and the amount of
data used.

As the nodule images are captured in a controlled environ-
ment, further improvements to accuracy could be attained by
reducing controllable sources of variation and increasing the
technical quality of the images. The lighting was also varying
for the nodules with approximately half of the images under-
exposed. We expect that more consistent lighting conditions
would further improve the nodule counting accuracy. Crop-
ping the nodule images manually could also become a time
consuming bottleneck, which could be avoided by ensuring
all the roots and nodules were positioned inside the border
and having the placement of the border be fixed in its posi-
tion in the scanner such that the cropping could be done by
removing a fixed amount from each image, which would be
trivial to automate.

Figure 4 indicates corrective annotation leads to lower R?
in the earlier phases of annotation (e.g. within 60 minutes).
We suspect this is due to dense annotation having an advan-
tage at the start as the user is able to annotate more pixels
in less time using dense annotation with no overhead caused
by waiting for segmentations from the server. We suspect
in many cases corrective annotation will provide no benefits
in terms of efficiency when the model is in the early stages
of training as the user will still have to apply large amounts
of annotation to each image, whilst slowed down by the de-
lay in waiting for segmentations. Later in training, e.g. af-
ter one hour and 40 minutes, corrective overtakes dense in
terms of mean R? performance (Figure 4). We suspect this
is due to the advantages of corrective annotation increasing
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as the model converges, when more of the examples are seg-
mented correctly and don’t need adding to the training data
as they would provide negligible utility beyond what has al-
ready been annotated. Our results show corrective annotation
achieves competitive performance with a fraction of the la-
belled pixels compared to dense (Figure 13). These results
align with (71) who confirmed that a large portion of the
training data could be discarded without hurting generaliza-
tion performance. This view is further supported by theoret-
ical work (72) showing in certain cases networks will learn a
maximum-margin classifier, with some data points being less
relevant to the decision boundary.

The corrective training procedure performance had lower
standard error after one hour (Figure 4) and particularly at the
end (Table 3). We conjecture that the corrective annotation
strategy stabilized convergence and increased the robustness
of the training procedure to the changes in dataset with the
fixed hyperparameters by allowing the specific parts of the
dataset used in training to be added based on the weaknesses
that appear in each specific training run.

In more heterogeneous datasets with many anomalies, we
suspect corrective annotation to provide more advantages in
comparison to dense, as working through many images to
find hard examples will capture more useful training data. A
potential limitation of the corrective annotation procedure is
the suitability of these annotations when used as a validation
set for early stopping, as they are less likely to provide a rep-
resentative sample, compared to a random selection. Our an-
notation protocol for corrective annotation involved initially
focusing on clear examples (Supplementary Note 1) as in pre-
liminary experiments we found corrective annotation did not
work effectively at the very start of training. Training start-up
was also found to be a challenge for other systems utilising
interactive training procedures (27), indicating future work in
this area would be beneficial.

Another possible limitation of corrective annotations is that
they are based on the model’s weaknesses at a specific point
in time. This annotation will likely become less useful as
the model drifts away to have different errors from those that
were corrected.

One explanation for the consistently strong correlation on the
root data compared to biopores and nodules is that the corre-
lation with counts will be more sensitive to small errors than
correlation with length. A small pixel-wise difference can
make a large impact on the counts. Whereas a pixel erro-
neously added to the width of a root may have no impact on
the length and even pixels added to the end of the root will
cause a small difference.

A limitation of the RootPainter software is the hardware re-
quirements for the server. We ran the experiments using
two NVIDIA RTX 2080 Ti GPUs connected with NVLink.
Purchasing such GPUs may be prohibitively expensive for
smaller projects and hosted services such as Paperspace,
Amazon Web Services or Google Cloud may be more afford-
able. Although model training and data processing can be
completed using the client user interface, specialist technical
knowledge is still required to setup the server component of
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the system.

In addition to the strong correlations with manual measure-
ments when using corrective annotation, we found the accu-
racy of the segmentations obtained for biopores, nodules and
roots to indicate that the software would be useful for the in-
tended counting and length measurement tasks (Figures 7, 8
and 9).

The performance of RootPainter on the images not used in
the training procedure indicate that it would perform well as
a fully automatic system on similar data. Our results are a
demonstration that for many datasets using RootPainter will
will make it possible to complete the labelling, training and
data processing within one working day.

Availability of data and materials

The nodules dataset is available from (66). The biopores
dataset is available from (65). The roots dataset is available
from (67). The client software installers are available from
(73). The source code for both client and server is avail-
able from (74). The created training datasets and final trained
models are available from (64).

ACKNOWLEDGEMENTS

Martin Nenov for proof reading and conceptual development. Camilla Rug
Rasmussen for support with using the rhizotron images. Ivan Richter Vogelius
and Sune Darkner for support during the final stage of the project. Prof. Dr. Timo
Kautz and Prof. Dr. Ulrich Képke for provision of the biopore dataset. Guanying
Chen, Corentin Bonaventure L R Clement and John Kirkegaard for helping test
the software by being early adopters in using RootPainter for their root research.
Simon Fiil Svane for providing insights into root phenotyping and image analysis.

We thank Villum Foundation (DeepFrontier project, grant number VKR023338) for
financially supporting this study.

Bibliography

1. Jonathan P. Lynch. TURNER REVIEW No. 14. Roots of the Second Green Revolution.
Australian Journal of Botany, 55(5):493, 2007. ISSN 0067-1924. doi:10.1071/BT06118.

2. Maria C. Rebolledo, Alexandra L. Pefia, Jorge Duitama, Daniel F. Cruz, Michael Dingkuhn,
Cecile Grenier, and Joe Tohme. Combining Image Analysis, Genome Wide Association
Studies and Different Field Trials to Reveal Stable Genetic Regions Related to Panicle Ar-
chitecture and the Number of Spikelets per Panicle in Rice. Frontiers in Plant Science, 7,
2016. ISSN 1664-462X. doi:10.3389/fpls.2016.01384.

3. James Walter, James Edwards, Jinhai Cai, Glenn McDonald, Stanley J. Miklavcic,
and Haydn Kuchel. High-Throughput Field Imaging and Basic Image Analysis in a
Wheat Breeding Programme. Frontiers in Plant Science, 10, 2019. ISSN 1664-462X.
doi:10.3389/fpls.2019.00449.

4. Camilla Rug Rasmussen, Kristian Thorup-Kristensen, and Dorte Bodin Dresbell. Uptake
of subsoil water below 2 m fails to alleviate drought response in deep-rooted Chicory (Ci-
chorium intybus L.). Plant and Soil, 446(1):275-290, January 2020. ISSN 1573-5036.
doi:10.1007/s11104-019-04349-7.

5. Massimo Minervini, Hanno Scharr, and Sotirios A. Tsaftaris. Image Analysis: The New
Bottleneck in Plant Phenotyping [Applications Corner]. IEEE Signal Processing Magazine,
32(4):126—131, July 2015. ISSN 1558-0792. doi:10.1109/MSP.2015.2405111.

6. Guillaume Lobet, Xavier Draye, and Claire Périlleux. An online database for plant im-
age analysis software tools. Plant Methods, 9(1):38, October 2013. ISSN 1746-4811.
doi:10.1186/1746-4811-9-38.

7. Jordan Ubbens, Mikolaj Cieslak, Przemyslaw Prusinkiewicz, and lan Stavness. The use
of plant models in deep learning: an application to leaf counting in rosette plants. Plant
Methods, 14(1):6, January 2018. ISSN 1746-4811. doi:10.1186/s13007-018-0273-z.

8. Javier Tello, Maria Ignacia Montemayor, Astrid Forneck, and Javier Ibaiez. A new image-
based tool for the high throughput phenotyping of pollen viability: evaluation of inter- and
intra-cultivar diversity in grapevine. Plant Methods, 14(1):3, January 2018. ISSN 1746-4811.
doi:10.1186/s13007-017-0267-2.

9. Robail Yasrab, Jonathan A Atkinson, Darren M Wells, Andrew P French, Tony P Pridmore,
and Michael P Pound. RootNav 2.0: Deep learning for automatic navigation of complex
plant root architectures. GigaScience, 8(11):giz123, November 2019. ISSN 2047-217X.
doi:10.1093/gigascience/giz123.

10. Jordan R. Ubbens and lan Stavness. Deep Plant Phenomics: A Deep Learning Platform for
Complex Plant Phenotyping Tasks. Frontiers in Plant Science, 8, 2017. ISSN 1664-462X.
doi:10.3389/fpls.2017.01190. Publisher: Frontiers.

11. Michael P Pound, Jonathan A Atkinson, Darren M Wells, Tony P Pridmore, and Andrew P
French. Deep Learning for Multi-Task Plant Phenotyping. page 9.

Smith etal. | RootPainter

20.

21.

22.

28.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

C Measurement and Correlation

Sarah Taghavi Namin, Mohammad Esmaeilzadeh, Mohammad Najafi, Tim B. Brown, and
Justin O. Borevitz. Deep phenotyping: deep learning for temporal phenotype/genotype clas-
sification. Plant Methods, 14(1):66, August 2018. ISSN 1746-4811. doi:10.1186/s13007-
018-0333-4.

Yu Jiang and Changying Li. Convolutional Neural Networks for Image-Based High-
Throughput Plant Phenotyping: A Review, 2020.

A. Kamilaris and F. X. Prenafeta-Boldu. A review of the use of convolutional neural networks
in agriculture. The Journal of Agricultural Science, 156(3):312-322, April 2018. ISSN 0021-
8596, 1469-5146. doi:10.1017/S0021859618000436.

Luis Santos, Filipe N. Santos, Paulo Moura Oliveira, and Pranjali Shinde. Deep Learning
Applications in Agriculture: A Short Review. In Manuel F. Silva, José Luis Lima, Luis Paulo
Reis, Alberto Sanfeliu, and Danilo Tardioli, editors, Robot 2019: Fourth Iberian Robotics
Conference, Advances in Intelligent Systems and Computing, pages 139-151, Cham, 2020.
Springer International Publishing. ISBN 978-3-030-35990-4. doi:10.1007/978-3-030-35990-
412,

Leslie N. Smith. A disciplined approach to neural network hyper-parameters: Part 1 —
learning rate, batch size, momentum, and weight decay. arXiv:1803.09820 [cs, stat], April
2018. arXiv: 1803.09820.

Vladimir Naumovich Vapnik. The nature of statistical learning theory. Statistics for engi-
neering and information science. Springer, New York, 2nd ed edition, 2000. ISBN 978-0-
387-98780-4.

Chiyuan Zhang, Samy Bengio, Moritz Hardt, Benjamin Recht, and Oriol Vinyals. Under-
standing deep learning requires rethinking generalization. arXiv:1611.03530 [cs], February
2017. arXiv: 1611.03530.

Weihuang Xu, Guohao Yu, Alina Zare, Brendan Zurweller, Diane Rowland, Joel Reyes-
Cabrera, Felix B. Fritschi, Roser Matamala, and Thomas E. Juenger. Overcoming Small
Minirhizotron Datasets Using Transfer Learning. arXiv:1903.09344 [cs], March 2019. arXiv:
1903.09344 version: 1.

Benjamin Kellenberger, Diego Marcos, Sylvain Lobry, and Devis Tuia. Half a Percent of
Labels is Enough: Efficient Animal Detection in UAV Imagery using Deep CNNs and Active
Learning. /EEE Transactions on Geoscience and Remote Sensing, pages 1-10, 2019.
ISSN 0196-2892, 1558-0644. doi:10.1109/TGRS.2019.2927393. arXiv: 1907.07319.
Mohammadreza Soltaninejad, Craig J. Sturrock, Marcus Griffiths, Tony P. Pridmore, and
Michael P. Pound. Three Dimensional Root CT Segmentation using Multi-Resolution
Encoder-Decoder Networks. bioRxiv, page 713859, July 2019. doi:10.1101/713859.
Mateusz Buda, Atsuto Maki, and Maciej A. Mazurowski. A systematic study of the class im-
balance problem in convolutional neural networks. Neural Networks, 106:249-259, October
2018. ISSN 08936080. doi:10.1016/j.neunet.2018.07.011. arXiv: 1710.05381.

Yang Hu, Andrea Soltoggio, Russell Lock, and Steve Carter. A Fully Convolutional Two-
Stream Fusion Network for Interactive Image Segmentation. arXiv:1807.02480 [cs], July
2018. arXiv: 1807.02480.

Tomas Sakinis, Fausto Milletari, Holger Roth, Panagiotis Korfiatis, Petro Kostandy, Kenneth
Philbrick, Zeynettin Akkus, Ziyue Xu, Daguang Xu, and Bradley J. Erickson. Interactive
segmentation of medical images through fully convolutional neural networks. March 2019.
Rodrigo Benenson, Stefan Popov, and Vittorio Ferrari. Large-scale interactive object seg-
mentation with human annotators. arXiv:1903.10830 [cs], March 2019. arXiv: 1903.10830.
Simon Fiil Svane, Christian Sig Jensen, and Kristian Thorup-Kristensen. Construction
of a large-scale semi-field facility to study genotypic differences in deep root growth
and resources acquisition. Plant Methods, 15(1):26, March 2019. ISSN 1746-4811.
doi:10.1186/s13007-019-0409-9.

F. Gonda, V. Kaynig, Thouis R. Jones, D. Haehn, J. W. Lichtman, T. Parag, and H. Pfister.
ICON: An interactive approach to train deep neural networks for segmentation of neuronal
structures. In 2017 IEEE 14th International Symposium on Biomedical Imaging (ISBI 2017),
pages 327-331, April 2017. doi:10.1109/ISBI.2017.7950530. ISSN: 1945-8452.

Theodora Kontogianni, Michael Gygli, Jasper Uijlings, and Vittorio Ferrari. ~Contin-
uous Adaptation for Interactive Object Segmentation by Learning from Corrections.
arXiv:1911.12709 [cs], November 2019. arXiv: 1911.12709.

Zhuwen Li, Qifeng Chen, and Vladlen Koltun. Interactive Image Segmentation with La-
tent Diversity. In 2018 IEEE/CVF Conference on Computer Vision and Pattern Recog-
nition, pages 577-585, Salt Lake City, UT, June 2018. IEEE. ISBN 978-1-5386-6420-9.
doi:10.1109/CVPR.2018.00067.

Sabarinath Mahadevan, Paul Voigtlaender, and Bastian Leibe. Iteratively Trained Interactive
Segmentation. arXiv:1805.04398 [cs], May 2018. arXiv: 1805.04398.

Arnaud Benard and Michael Gygli. Interactive Video Object Segmentation in the Wild.
arXiv:1801.00269 [cs], December 2017. arXiv: 1801.00269.

Irene Skovby Rasmussen, Dorte Bodin Dresbell, and Kristian Thorup-Kristensen. Winter
wheat cultivars and nitrogen (N) fertilization—Effects on root growth, N uptake efficiency
and N use efficiency. European Journal of Agronomy, 68:38—49, August 2015. ISSN 1161-
0301. doi:10.1016/j.eja.2015.04.003.

Irene Skovby Rasmussen and Kristian Thorup-Kristensen. Does earlier sowing of winter
wheat improve root growth and N uptake? Field Crops Research, 196:10-21, September
2016. ISSN 0378-4290. doi:10.1016/).fcr.2016.05.009.

Kristian Thorup-Kristensen. Are differences in root growth of nitrogen catch crops important
for their ability to reduce soil nitrate-N content, and how can this be measured? Plant and
Soil, 230(2):185-195, March 2001. ISSN 1573-5036. doi:10.1023/A:1010306425468.
Kristian Thorup-Kristensen, Dorte Bodin Dresbgll, and Hanne L. Kristensen. Crop yield,
root growth, and nutrient dynamics in a conventional and three organic cropping sys-
tems with different levels of external inputs and N re-cycling through fertility building
crops. European Journal of Agronomy, 37(1):66-82, February 2012. ISSN 1161-0301.
doi:10.1016/j.6ja.2011.11.004.

Kristian Thorup-Kristensen and John Kirkegaard. Root system-based limits to agricultural
productivity and efficiency: the farming systems context. Annals of Botany, 118(4):573-592,
October 2016. ISSN 0305-7364. doi:10.1093/aob/mcw122.

Kristian Thorup-Kristensen, Niels Halberg, Mette Nicolaisen, Jorgen Eivind Olesen, Timo-
thy E. Crews, Philippe Hinsinger, John Kirkegaard, Alain Pierret, and Dorte Bodin Dresball.
Digging Deeper for Agricultural Resources, the Value of Deep Rooting. Trends in Plant

bioRxiv | 13


http://dx.doi.org/10.1071/BT06118
http://dx.doi.org/10.3389/fpls.2016.01384
http://dx.doi.org/10.3389/fpls.2019.00449
http://dx.doi.org/10.1007/s11104-019-04349-7
http://dx.doi.org/10.1109/MSP.2015.2405111
http://dx.doi.org/10.1186/1746-4811-9-38
http://dx.doi.org/10.1186/s13007-018-0273-z
http://dx.doi.org/10.1186/s13007-017-0267-2
http://dx.doi.org/10.1093/gigascience/giz123
http://dx.doi.org/10.3389/fpls.2017.01190
http://dx.doi.org/10.1186/s13007-018-0333-4
http://dx.doi.org/10.1186/s13007-018-0333-4
http://dx.doi.org/10.1017/S0021859618000436
http://dx.doi.org/10.1007/978-3-030-35990-4_12
http://dx.doi.org/10.1007/978-3-030-35990-4_12
http://dx.doi.org/10.1109/TGRS.2019.2927393
http://dx.doi.org/10.1101/713859
http://dx.doi.org/10.1016/j.neunet.2018.07.011
http://dx.doi.org/10.1186/s13007-019-0409-9
http://dx.doi.org/10.1109/ISBI.2017.7950530
http://dx.doi.org/10.1109/CVPR.2018.00067
http://dx.doi.org/10.1016/j.eja.2015.04.003
http://dx.doi.org/10.1016/j.fcr.2016.05.009
http://dx.doi.org/10.1023/A:1010306425468
http://dx.doi.org/10.1016/j.eja.2011.11.004
http://dx.doi.org/10.1093/aob/mcw122
https://doi.org/10.1101/2020.04.16.044461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.16.044461; this version posted May 12, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Science, 25(4):406—417, April 2020. ISSN 1360-1385. doi:10.1016/j.tplants.2019.12.007.
Boris Rewald, Catharina Meinen, Michael Trockenbrodt, Jhonathan E Ephrath, and Shimon
Rachmilevitch. Root taxa identification in plant mixtures -current techniques and future
challenges. Plant and Soil, 359(1-2):165—182, mar 2012.

Kristian Thorup-Kristensen. Effect of deep and shallow root systems on the dynamics of
soil inorganic N during 3-year crop rotations. Plant and Soil, 288(1-2):233-248, sep 2006.
ISSN 0032079X. doi:10.1007/s11104-006-9110-7.

Abraham George Smith, Jens Petersen, Raghavendra Selvan, and Camilla Rug Ras-
mussen. Segmentation of roots in soil with U-Net. Plant Methods, 16(1):13, February
2020. ISSN 1746-4811. doi:10.1186/s13007-020-0563-0.

Timo Kautz. Research on subsoil biopores and their functions in organically managed soils:
A review. Renewable Agriculture and Food Systems, 30(4):318-327, 2015. ISSN 17421713.
doi:10.1017/S1742170513000549.

Eusun Han, Timo Kautz, Ute Perkons, Daniel Uteau, Stephan Peth, Ning Huang, Rainer
Horn, and Ulrich Képke. Root growth dynamics inside and outside of soil biopores as
affected by crop sequence determined with the profile wall method. Biology and Fertility of
Soils, 51(7):847-856, jun 2015. ISSN 01782762. doi:10.1007/s00374-015-1032-1.

Ulrich Kopke, Miriam Athmann, Eusun Han, and Timo Kautz. Optimising Cropping Tech-
niques for Nutrient and Environmental Management in Organic Agriculture. Sustainable
Agriculture Research, 4(3):15, jun 2015. ISSN 1927-0518. doi:10.5539/sar.v4n3p15.
Eusun Han, Timo Kautz, Ning Huang, and Ulrich Kdpke. Dynamics of plant nutrient uptake
as affected by biopore-associated root growth in arable subsoil. Plant and Soil, 415(1-2):
145-160, jun 2017. ISSN 15735036. doi:10.1007/s11104-016-3150-4.

Eusun Han, Timo Kautz, Ute Perkons, Marcel Lisebrink, Ralf Pude, and Ulrich Képke.
Quantification of soil biopore density after perennial fodder cropping. Plant and Soil, 394
(1-2):73-85, sep 2015. ISSN 15735036. doi:10.1007/s11104-015-2488-3.

C van Kessel, William R Horwath, Ueli Hartwig, David Harris, and Andreas Luscher. Net
soil carbon input under ambient and elevated CO2 concentrations: isotopic evidence after
4 years. Global Change Biology, page 435, 2000.

H Hauggaard-Nielsen, P Ambus, and E S Jensen. Temporal and spatial distribution of
roots and competition for nitrogen in pea-barley intercrops - a field study employing P-32
technique. Plant and Soil, 236(1):63-74, sep 2001.

Hubert Lin, Paul Upchurch, and Kavita Bala. Block Annotation: Better Image Annotation
for Semantic Segmentation with Sub-Image Decomposition. arXiv:2002.06626 [cs, eess],
February 2020. arXiv: 2002.06626.

Kaiming He, Xiangyu Zhang, Shaoging Ren, and Jian Sun. Delving Deep into Rectifiers:
Surpassing Human-Level Performance on ImageNet Classification. arXiv:1502.01852 [cs],
February 2015. arXiv: 1502.01852.

Olaf Ronneberger, Philipp Fischer, and Thomas Brox. U-net: Convolutional networks for
biomedical image segmentation. Lecture Notes in Computer Science (including subseries
Lecture Notes in Atrtificial Intelligence and Lecture Notes in Bioinformatics), 9351:234-241,
2015. ISSN 16113349. doi:10.1007/978-3-319-24574-4_28.

Adam Paszke, Sam Gross, Soumith Chintala, Gregory Chanan, Edward Yang, Zachary De-
Vito, Zeming Lin, Alban Desmaison, Luca Antiga, and Adam Lerer. Automatic differentiation
in PyTorch. page 4.

Yuxin Wu and Kaiming He. Group Normalization. pages 3-19, 2018.

Kaiming He, Xiangyu Zhang, Shaoging Ren, and Jian Sun. Deep Residual Learning for
Image Recognition. arXiv:1512.03385 [cs], December 2015. arXiv: 1512.03385.

Zhengxin Zhang, Qingjie Liu, and Yunhong Wang. Road Extraction by Deep Residual U-
Net. IEEE Geoscience and Remote Sensing Letters, 15(5):749-753, May 2018. ISSN
1545-598X, 1558-0571. doi:10.1109/LGRS.2018.2802944. arXiv: 1711.10684.

Abraham George Smith, Jens Petersen, Raghavendra Selvan, and Camilla Rug Ras-
mussen. Trained U-Net Model for paper 'Segmentation of Roots in Soil with U-Net'. October
2019. doi:10.5281/zenodo.3484015. Publisher: Zenodo.

Alex Hernandez-Garcia and Peter Konig. Data augmentation instead of explicit regulariza-
tion. arXiv:1806.03852 [cs], June 2019. arXiv: 1806.03852.

Yoshua Bengio. Practical recommendations for gradient-based training of deep architec-
tures. arXiv:1206.5533 [cs], September 2012. arXiv: 1206.5533.

Ronan Collobert and Samy Bengio. Links between perceptrons, MLPs and SVMs. In
Twenty-first international conference on Machine learning - ICML 04, page 23, Banff, Al-
berta, Canada, 2004. ACM Press. doi:10.1145/1015330.1015415.

lan Goodfellow, Yoshua Bengio, and Aaron Courville. Deep Learning. MIT Press, November
2016. ISBN 978-0-262-33737-3. Google-Books-ID: omivDQAAQBAJ.

Zhuoxun He, Lingxi Xie, Xin Chen, Ya Zhang, Yanfeng Wang, and Qi Tian. Data Aug-
mentation Revisited: Rethinking the Distribution Gap between Clean and Augmented Data.
arXiv:1909.09148 [cs, stat], September 2019. arXiv: 1909.09148.

Fabio Perez, Cristina Vasconcelos, Sandra Avila, and Eduardo Valle. Data Augmentation
for Skin Lesion Analysis. arXiv:1809.01442 [cs], 11041:303-311, 2018. doi:10.1007/978-3-
030-01201-4_33. arXiv: 1809.01442.

Rico Sennrich, Barry Haddow, and Alexandra Birch. Edinburgh Neural Machine Translation
Systems for WMT 16. arXiv:1606.02891 [cs], June 2016. arXiv: 1606.02891.

Stéfan van der Walt, Johannes L. Schénberger, Juan Nunez-Iglesias, Francois Boulogne,
Joshua D. Warner, Neil Yager, Emmanuelle Gouillart, and Tony Yu. scikit-image: image
processing in Python. PeerJ, 2:e453, June 2014. ISSN 2167-8359. doi:10.7717/peer].453.
Publisher: PeerJ Inc.

Abraham Goerge Smith, Eusun Han, Jens Petersen, Niels Alvin Faircloth Olsen, Christian
Giese, Miriam Athmann, Dorte Bodin Dresbell, and Kristian Thorup-Kristensen. Training
datasets and final models from paper "RootPainter: Deep Learning Segmentation of Bio-
logical Images with Corrective Annotation’. April 2020. doi:10.5281/zen0do.3754046. type:
dataset.

Abraham Goerge Smith, Eusun Han, Jens Petersen, Niels Alvin Faircloth Olsen, Christian
Giese, Miriam Athmann, Dorte Bodin Dresbagll, and Kristian Thorup-Kristensen. Counted
Biopores dataset used in 'RootPainter: Deep Learning Segmentation of Biological Images
with Corrective Annotation’. April 2020. doi:10.5281/zenodo.3753969. type: dataset.
Abraham George Smith, Eusun Han, Jens Petersen, Niels Alvin Faircloth Olsen, Christian
Giese, Miriam Athmann, Dorte Bodin Dresbgll, and Kristian Thorup-Kristensen. Counted

| bioRxiv

67.

68.

69.

70.

71.

72.

73.

74.

Nodules dataset used in 'RootPainter: Deep Learning Segmentation of Biological Images
with Corrective Annotation’. April 2020. doi:10.5281/zen0do.3753603. type: dataset.
Abraham George Smith, Jens Petersen, Raghavendra Selvan, and Camilla Rug Ras-
mussen. Data for paper 'Segmentation of Roots in Soil with U-Net'. November 2019.
doi:10.5281/zenodo.3527713. type: dataset.

Kristian Thorup-Kristensen, Niels Halberg, Mette H. Nicolaisen, Jorgen E. Olesen, and
Dorte Bodin Dresbell. Exposing Deep Roots: A Rhizobox Laboratory. Trends in Plant
Science, 25(4):418-419, April 2020. ISSN 1360-1385. doi:10.1016/j.tplants.2019.12.006.
Publisher: Elsevier.

Narendra Narisetti, Michael Henke, Christiane Seiler, Rongli Shi, Astrid Junker, Thomas
Altmann, and Evgeny Gladilin. Semi-automated Root Image Analysis (saRIA). Scientific
Reports, 9(1):1-10, December 2019. ISSN 2045-2322. doi:10.1038/s41598-019-55876-3.
Number: 1 Publisher: Nature Publishing Group.

Preetum Nakkiran, Gal Kaplun, Yamini Bansal, Tristan Yang, Boaz Barak, and llya
Sutskever.  Deep Double Descent: Where Bigger Models and More Data Hurt.
arXiv:1912.02292 [cs, stat], December 2019. arXiv: 1912.02292.

Mariya Toneva and Alessandro Sordoni. AN EMPIRICAL STUDY OF EXAMPLE FORGET-
TING DURING DEEP NEURAL NETWORK LEARNING. page 18, 2019.

Daniel Soudry, Elad Hoffer, Mor Shpigel Nacson, Suriya Gunasekar, and Nathan Srebro.
The Implicit Bias of Gradient Descent on Separable Data. arXiv:1710.10345 [cs, stat], De-
cember 2018. arXiv: 1710.10345.

Abraham Goerge Smith, Eusun Han, Jens Petersen, Niels Alvin Faircloth Olsen,
Christian Giese, Miriam Athmann, Dorte Bodin Dresbell, and Kristian Thorup-
Kristensen. Software installers for RootPainter software client version 0.1.0. April 2020.
doi:10.5281/zenodo.3754081.
Abraham George  Smith.
doi:10.5281/zenodo.3754074.

Abe404/root_painter: 0.1.0. April  2020.

Smith etal. | RootPainter


http://dx.doi.org/10.1016/j.tplants.2019.12.007
http://dx.doi.org/10.1007/s11104-006-9110-7
http://dx.doi.org/10.1186/s13007-020-0563-0
http://dx.doi.org/10.1017/S1742170513000549
http://dx.doi.org/10.1007/s00374-015-1032-1
http://dx.doi.org/10.5539/sar.v4n3p15
http://dx.doi.org/10.1007/s11104-016-3150-4
http://dx.doi.org/10.1007/s11104-015-2488-3
http://dx.doi.org/10.1007/978-3-319-24574-4_28
http://dx.doi.org/10.1109/LGRS.2018.2802944
http://dx.doi.org/10.5281/zenodo.3484015
http://dx.doi.org/10.1145/1015330.1015415
http://dx.doi.org/10.1007/978-3-030-01201-4_33
http://dx.doi.org/10.1007/978-3-030-01201-4_33
http://dx.doi.org/10.7717/peerj.453
http://dx.doi.org/10.5281/zenodo.3754046
http://dx.doi.org/10.5281/zenodo.3753969
http://dx.doi.org/10.5281/zenodo.3753603
http://dx.doi.org/10.5281/zenodo.3527713
http://dx.doi.org/10.1016/j.tplants.2019.12.006
http://dx.doi.org/10.1038/s41598-019-55876-3
http://dx.doi.org/10.5281/zenodo.3754081
http://dx.doi.org/10.5281/zenodo.3754074
https://doi.org/10.1101/2020.04.16.044461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.16.044461; this version posted May 12, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.
A Stage 1

Supplementary Note 1: Corrective Training Protocol
A. Stage 1.

Start a timer immediately before starting to annotate

Start training after clicking Save & Next for the second annotated image.

Keep track of how many images you have annotated until you have annotated six images.

Skip images which do not include clear examples of both classes.

When images contain clear examples of both classes then label the clear and unambiguous parts of the image.
Aim to label around 5-10 times as much background as foreground.

Use a thinner brush to avoid boundaries when labelling the foreground class as these can be ambiguous and time con-
suming to label.

After clicking Save & Next for the 6th image proceed to stage 2.

Write down the image number for the 6th annotated image.

B. Stage 2.

For each image press S to view the segmentation. Instead of labelling everything which is clear, focus on labeling the
parts of the image which have clearly been segmented incorrectly, whilst following the corrective annotation advice.

Once you have proceeded through 10 images since the 6th annotated image then set pre-segment (from the options menu)
from O to 1. Increasing the pre-segment setting causes the server to create segmentations ahead of time for upcoming
images. This allows the user to progress through the images faster but presents a trade-off as they could potentially be
out of date as they are segmented with the best model available at the time and not updated. Thus we only increase
pre-segment once the user has worked through a few images, as their annotation time speeds up and necessitates the
adjustment.

Once you have proceeded through 20 images since the 6th annotated image then set pre-segment from 1 to 2.

Once 1 hour has passed on the timer then take a break for 30 minutes.

After the 30 minute break then click Start Training again and proceed to annotate as before the break for another hour.
After the second hour has been completed then stop annotating.

Leave the network to stop training on its own.

Supplementary Note 2: Corrective Annotation Advice

Use a large brush for the background (green) as this makes it quicker label all the false positive regions.
Focus time and attention on the incorrectly predicted parts of the image

It is not a problem to label some foreground as foreground which has already been predicted correctly.

It is also not a problem to label some background as background if it has already been predicted correctly.

Errors to avoid include labelling a background pixel as foreground or labelling some foreground as background. These
should be corrected using the eraser tool.

It is not a problem to leave small areas unlabelled such as boundaries between foreground and background in the interest
of avoiding errors whilst annotating quickly.

Press I (capital i) to hide and show the image in order to better check the networks segmentation prediction for errors
before proceeding to the next image.
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Supplementary Note 3: Dense Annotation Advice

Set pre-segment (from the options menu) to 10 so that segmentation time does not impact ability to work through the
images. Increasing the pre-segment setting causes the server to create segmentations ahead of time for upcoming images.
For dense we don’t care about the segmentations so by segmenting 10 in advance it means the client software will never
stall their progression through the images because the segmentation has not yet loaded.

Change the background colour from the default transparency level to a transparency level of 8%. This is because altering
the brush transparency allows viewing the object of interest through the background annotation.

Label each image as all background with a single click using the large brush and proceeded to explicitly annotate all
objects of interest (using foreground brush) or ambiguous regions (using the eraser brush) before proceeding to the next
image.

Leave ambiguous regions such as boundaries as undefined, rather than labelling them as foreground or background.

Once the time limit is reached, use the eraser tool to mark areas not yet annotated in the current image as undefined, stop
annotating and click Start Training.

Supplementary Note 4: Server software setup instructions

For our tests we use a client-server architecture and run the client and server components of the system on different computers,
using Dropbox to facilitate IO between them. We do not use any Dropbox specific functionality so any service which synchro-
nises a folder between two computers should work. It is also possible to run the client and server on the same computer which
will reduce lag and eliminate the need to use a third party service or network drive to sync files. We tested the server component
using Python 3.7.5.

16
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git clone ——branch 0.2.4 https://github.com/Abed04/root_painter.git

. cd root_painter/trainer
. pip install torch==1.3.1 -f https://download.pytorch.org/whl/torch_stable.html
. pip install -r requirements.txt

. NOTE: pytorch installation may be more involved as it could require and consideration of the current CUDA version.

We have tested using pytorch version 1.3.1 but would expect it to work with more recent versions. See https://
pytorch.org/get-started/previous-versions/ for more details on how to install pytorch.

. python3 main.py

. You will be prompted to specify a sync location. For our tests we used Dropbox and a folder named paper_rp_sync so

we input ~/Dropbox/paper_rp_sync

. If the folder doesn’t exist then it will be created with the necessary sub folders (datasets, projects, models and instruc-

tions).

. The system will start running and watching for instructions from the client. You must share access to the created folder

with the users using your file share service (such as Dropbox) or network drive. The users will then need to input this
when they first run the client software.

See section Software Implementation for further instructions for client software setup.

For our tests we ran the RootPainter server inside a tmux session but for more long running use cases a systemd service
will likely be more robust. See https://github.com/torfsen/python-systemd-tutorial for instruc-
tions on creating a systemd service with python.
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