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Disclaimer

Software of the Phenotiki project is provided 'AS IS” without warranty
of any kind, either express or implied, including, but not limited to,
the implied warranties of fitness for a purpose, or the warranty of non-
infringement. Without limiting the foregoing, the authors make no war-
ranty that:

i. the software will meet your requirements
ii. the software will be uninterrupted, timely, secure or error-free

iii. the results that may be obtained from the use of the software will
be effective, accurate or reliable

iv. the quality of the software will meet your expectations

v. any errors in the software obtained from the authors will be cor-
rected.

Software and its documentation made available on the Phenotiki website:

i. could include technical or other mistakes, inaccuracies or typo-
graphical errors. The authors may make changes to the software or
documentation made available on its website.

ii. may be out of date, and the authors make no commitment to update
such materials.

The authors assume no responsibility for errors or omissions in the soft-
ware or documentation available from its website.

In no event shall the authors be liable to you or any third parties for any
special, punitive, incidental, indirect or consequential damages of any
kind, or any damages whatsoever, including, without limitation, those
resulting from loss of use, data or profits, whether or not the authors have
been advised of the possibility of such damages, and on any theory of
liability, arising out of or in connection with the use of this software.

The use of the software obtained by the authors is done at your own
discretion and risk and with agreement that you will be solely responsible
for any damage to your computer system or loss of data that results
from such activities. No advice or information, whether oral or written,
obtained by you from the authors or from the Phenotiki website shall
create any warranty for the software.
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Changelog

Version 0.2: 05/11/2016
¢ Pot Tray Analysis:

— Updated Section 2.1, paragraph Load image from Phenotiki Device,
adding the new import methods implemented in the software;

— Added the paragraph "Extract Masks";
¢ Leaf Counting;:
- Added Figure 2 and relative text;
- Updated Figure 6 and 8 and relative text;

— Updated Table 4 with new SVR, RF, and Time Features
paramters;

¢ Troubleshooting:
— Added Section 3.2 Operating system-dependent issues;

- Added anew Q&A on some problems users experienced trying
to install libsum.
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Preamble

This manual explains the usage of the Phenotiki software. It will be as-
sumed that you have acquired images using the Phenotiki acquisition
device (further details on www.phenotiki .com). Nonetheless, this soft-
ware allows you to analyse time-lapse images of top-view rosette plants
obtained with a different acquisition pipeline. Our software is written in
MATLAB and we will assume as reference version R2015b.

We are making every effort to fully document our software. However, the
current version of the manual has an entry-level guide to the software.
Extensive usage instructions are provided in this manual and contextual
help can be obtained within the software by pressing on this icon:
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1 Installation

1.1 Run source code

! —

Install vl_feat:

' —

Install libsvm:

Our software is released as stand-alone application pre-packaged for
several platforms and as source code (refer to www.phenotiki.com for
further details).

Once you have unpacked the archive file containing the source code of
Phenotiki, from MATLAB:

1. navigate to the folder containing the unpacked source code (e.g.,
~/Desktop /Phenotiki);

2. run the file PhenotikiMain.m.

You might be asked to install the following dependencies: vl_feat [1] and
libsvm [2].!

Go to www.v1feat.org and, from the download page, download the
binary package to your computer.

In MATLAB, navigate to the vl_feat folder, go to the toolbox folder, and run
the file vl_setup.m. To check if the installation was successful, navigate
to a different folder and type in the command window vl_demo.

Installing vl_feat will add entries to your MATLAB search paths. There-
fore, we recommend to save the new pathdef.m, in order to avoid to repeat
the installation of vl_feat every time you run the Phenotiki software. You
can do it by typing the pathtool command in your command window
and pressing the "Save" button.?

Go to https://www.csie.ntu.edu.tw/~cjlin/libsvm/ and fol-
low the instructions to download the libsvm source code.

¢ If you have Windows (any supported version by MATLAB) 64-bit:
1. type pathtool;
2. press "Add Folder..." button;

3. navigate inside the libsvm folder and select the windows sub-
folder;

4. press "Save" button.

¢ For other systems (Windows 32-bit, Linux 32/64-bit, Mac OS X)3:

1. in MATLAB, navigate to the libsvm folder, then go to matlab
sub-folder;

2. type make;

3. if no errors occurred, type pathtool;

4. press "Add Folder..." button;

5. navigate to the libsvm folder and select windows sub-folder;

6. press "Save" button.

1 Suggested versions: vl_feat 0.9.20 and libsvm 3.20

2 On certain systems (e. g., Linux, Mac OS X), it might be required to have administrator
(i. e. superuser) privileges to overwrite the main pathdef.m file.

3Learn more about supported compilers of MATLAB R2015b:  http://
www.mathworks.com/support/sysreq/files/SystemRequirements—
Release2015b_SupportedCompilers.pdf
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1.2 Install Phenotiki from binaries

_>

—>

Stand-alone distributions of the Phenotiki software are available for the
following operating systems: Windows, Linux, and Mac OS X. The stand-
alone version of our software requires the MATLAB Compiler Runtime*
(MCR) installed on your system.

We kindly recommend to install MCR 2015b.

In case the MCR is not already on your system, the Phenotiki installer
process will download and install it. For this step, you are required to
have an active Internet connection during the installation.

Superuser permissions may be required to complete this step.
1. Launch the installation executable file
* On Windows: Phenotiki.exe
® On Mac OS X: Phenotiki.app

® On Linux: using the terminal, launch the command
S sudo ./Phenotiki.install

2. in the installation program press "Next >";

3. choose the installation directory (leave it as is if you are not sure)
and press "Next >";

4. choose the installation directory for the MCR (strongly advised to
leave it as is) and press "Next >";

5. accept the License Agreement and press "Next >";
6. a summary window will appear, press "Install >";

7. when the installation is complete, press "Finish".

You will find Phenotiki inside the folder specified at step 2.

1.2.1 Set environment variables (only for Linux users)

When the installer finishes, it is required to set two environment variables.
Keeping in mind that MCR is installed by default (step 4) in the directory
/usr/local/MATLAB/MATLAB_Runtime, add the following lines at
the very end of the file /etc/bash.bashrc’:

export XAPPLRESDIR=/usr/local/MATLAB/MATLAB_Runtime/v90/X11/app-
defaults

export LD_LIBRARY_PATH="${LD_LIBRARY_PATH}:/usr/local/MATLAB/
MATLAB_Runtime/v90/runtime/glnxa64:/usr/local /MATLAB/
MATLAB_Runtime/v90/bin/glnxa64:/usr/local/MATLAB/
MATLAB_Runtime/v90/sys/os/glnxa64:/usr/local/MATLAB/
MATLAB_Runtime/v90/sys/opengl/lib/glnxa64"

Once you have done it, log-out and log-in back. The software is in-
stalled by default in the directory /usr/local/Phenotiki. Run the
command $ /usr/local/Phenotiki/application/Phenotiki
to launch Phenotiki.

4 Further information at http: //www.mathworks.com/products/compiler/mcr/
index.html

5 This is valid for Debian and Ubuntu. For different distribution, please check the corre-
spondent file online.
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Figure 1: Main window of the Phenotiki Analysis software.

2 Getting started with Phenotiki

2.1 Pot Tray Analysis

Once you have obtained and installed a copy of the Phenotiki software,
you are ready to launch it. A start-up window will appear, as displayed
in Figure 1. From here, you will have access to all available (currently
four) analysis modules:

¢ Pot Tray Analysis: this module will detect and delineate plants in
top-view image sequences, separating them from the background
(e. g., soil, pot, moss);

¢ Leaf Labeling: Phenotiki incorporates a leaf annotation tool [3]
(available also as a separate software tool at www . phenot iki. com),
to delineate each individual leaf of a rosette plant in a computer-
aided fashion;

* Leaf Counting: machine learning-based algorithm for counting the
number of leaves of rosette plants;

¢ Data Extraction: this module extracts quantitative plant trait de-
scriptors based on the vision tasks performed by the other modules.
Extracted data can be imported by external software (e. g., Matlab
or R) for further statistical analysis.

Each module is an independent piece of software and you are allowed to
run one of them at the time. When you have finished with a module, you
need to close the window to return to the main menu.

This module assumes as input a sequence of images showing a top view
on a population of rosette plants. Execution of this module will produce
the following results:

1. detection and segmentation (i.e. delineation) of each individual
plant (cf. Figure 3);
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ece Phenotiki :: Pot Tray Analysis
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Figure 2: Pot Tray Analysis Tool.

2. extraction of the phenotyping traits listed in Table 1.

We recommend the following workflow: image loading, plant centres posi-
tioning, parameter settings, extracting masks , and getting the traits.

Interface: Figure 2 shows the interface of the Pot Tray Analysis tool. Specifically, the
window is arranged in four panels:

A. File list: once you load you data set (please see below to see how
to do it), this panel will list all the image files with the time stamp
of the picture. Through the first column, you can tick which image
you want to analyse. This will allow you to run fast experiments on
smaller subset of images.

B. Display: this is the main view point of the interface, where you can
see the current time lapse image. You may change it through the
horizontal scroll bar or by clicking on the wanted row in the Panel
A.

C. Plant list: once you set the center of the plants (please see below
how to do it), you will find the list of the plants with the [x,y]
coordinates. Furthermore, if plants belong to different group/geno-
type/treatment, you may specify it in the second column of this list.
At the end of this panel, you find a menu, where you can set the
visualization type:

® Raw Image: the original RGB image is displayed;

* Detected Plants: detected plants are showed with different col-
ors (cf. right side of Figure 3);

® FG Mask: Similar as above, but plants are all white;

® Contour: Contour marking the plants are showed on the RGB
image.

D. Toolbox: From this panel you will access to the main functionality of
the Pot Tray Analysis. There are four buttons
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Import Images:

! —

! —

i. Settings: you can change settings for the segmentation tool (cf.
Figure 5);.

ii. Extract Mask: Extract the segmentation mask from the selected
plants (cf. Figure 2A).

iii. Get Traits: Extract morphological plant phenotyping traits (cf.
Table 1).

iv. Save: Save your progress in a dataset. This file contains all the
data of your dataset of images and, once you have it, can be
loaded using Load Dataset button (Figure 2A).

On top of the interface, there is a toolbar. These additional tools allow
you to have a better phenotyping experience:

* Zoom In/Out: you can zoom in and out on the display area (Fig-
ure 2B);

* Pan: after you zoom in, you may move the image at specific loca-
tions;

¢ Data Cursor: you can read a value at a specific pixel in the image.

Many of these Interface arrangement are consistent across the other mod-
ules in Phenotiki.

In the bottom-left part of the window, press the button Import and it will
be asked which import method you want to do. You have three different
import options to add your images to the Pot Tray Analysis:

i. Images acquired from Phenotiki device;
ii. CSV File;

iii. Folder.

Images from device: The Phenotiki software integrates seamlessly with
the device and can easily import images acquired using the Phenotiki
device. When this import option is chosen, simply navigate to the folder
containing the time-lapse images acquired with the Phenotiki device and
press Open.

Make sure that image files conform to the following filename format:
IMG_YYYY-MM-DD_HH-NN.png (cf. Table 2 for further details), which
describes the acquisition date and time of that picture. This information
is used within the software to automatically sort the time-lapse images
according to their chronological order, as well as to extract time-dependent
phenotyping traits (further details in Section 2.4).

CSV File: To import time-lapse images acquired with a device different
than Phenotiki and you want to be sure that the temporal sequence is
maintained, you need to build an index file first. This operation has to be
done externally to the Phenotiki software.

For example, follow these steps:
1. open a spreadsheet software (e. g., Microsoft Excel);

2. fill the first column (A) with the filenames of your images;
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Table 1: Plant traits extracted by the Pot Tray Analysis module.

Trait Unit  Description

Projected Leaf Area  cm? Plant area calculated on the

(PLA) number of visible pixels

Diameter cm Longest distance between two
points in the boundary

Perimeter cm Length of the boundary pixels

Compactness

(or solidity) - Ranges in [0,1] indicating the

solidity of the plant (e.g., absence
of holes in the plant surface)

Stockiness

(or form factor) - Ranges in [0,1] indicating the
circularity of the plant

Relative Growth Rate  %h~! Measure of the amount of growth

(RGR) between to consecutive time
instants
Color © Average value of the Hue (H)

component in the HSV color space

Pot Tray Analysis

Figure 3: Expected output of the Pot Tray Analysis module.

3. fill the second column (B) with the timestamps referring to the time
your images were taken (date format YYYY-MM-DD HH:NN, please
refer Table 2 for further details);

4. enter as many rows as the images in the dataset (expected result is
shown in Figure 4) and finally save your file in Comma-Separated
Value format (CSV) inside the same folder where your images are
located.

Then, in the Phenotiki software:
1. open the Pot Tray Analysis module;
2. press the "Load Dataset" button;

3. a new window for file selection will appear. In the bottom part,
select as file type "Comma-separated Values files (.csv)";

4. navigate to the folder containing your images and the created CSV
file;

5. choose the CSV file;

6. Press "Open".

Folder: With this option, you can import all the images contained inside
a folder. Once this option is selected, you simply need to navigate to the
desired folder and press "Open".

Phenotiki — User’s manual
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! —

Placing plant centers:

! —

! —

Parameter settings:

Table 2: List of abbreviation used for the image filename format.

Abbreviation Meaning Example
YYYY Year (4 digits) 2016
MM Month (2 digits) 01

DD Day (2 digits) 14

HH Hour (2 digits, 24hr format) 19

NN Minutes (2 digits) 00

Importing images with this method does not ensure temporal consistency,
as the images will be added as they appear in the filesystem. We encourage
to add them using CSV file instead.

The segmentation algorithm implemented on Phenotiki relies on the prior
knowledge of the position of plants [4]. In order to mark the position of
each plant:

1. Hold on the keyboard either:

¢ On Mac OS X:
* On other systems:

2. as you hold the aforementioned key, move the mouse cursor on the
first plant;

3. press the left-button of your mouse to mark the plant;
4. repeat these steps for all plants;

5. when you have finished, release the key you have been holding.

For best results, place a plant’s mark approximately on its centre and
make sure that the mark is in the plant region.

As you add plant centers, the list in the right-hand side of the interface
is filled with the coordinates of the clicked points. If plants belong to
different group/genotype/treatment, you may specify it in the second
column of the list of plants.

Defining group/genotype/treatment will affect the leaf counting. Please
read Section 2.3 for further details.

The module exposes several parameters of the plant segmentation algo-
rithm, that can be adjusted in case default values do not produce accept-
able results. To set the parameters, you need to press the button "Settings"

A B C
IMG_2013-09-28_08-00.png 2013-09-28 08:00
IMG_2013-09-28_19-40.png 2013-09-28 15:40
IMG_2013-09-29_08-00.png 2013-09-28 08:00
IMG_2013-09-29_15-40.png 2013-09-29 15:40
IMG_2013-09-30_08-00.png 2013-09-30 08:00

|
BREEEB Y ®mNO WA WWE

Figure 4: Example of CVS for non-phenotiki dataset

Phenotiki — User’s manual

11



[ ] Settings

Pot Tray Analysis Settings
Options

Pixel size: |0.032258 | om
Number of plants: | 24

Noise removal thr.: | &0

Sigma: 1
Appearance Model:
Lambda: =~ © Rl
Features: R L Gray LoG
G Ma* M TFB DoG
B #b* Median (| Wiener

Advanced Options Save

Figure 5: Window showing the set of parameter of the segmentation tool

and the window shown in Figure 5 will appear. Table 3 shows a brief list
of the most important parameters and their meaning. Detailed explana-
tion of the plant segmentation approach and all parameters can be found

in [4].
Table 3: Parameters used in the plant segmentation tool.
Parameter Description Default value
Pixel size Size of pixel in centimeters Read below
Noise threshold Remove objects having area smaller ~ 60-80
than a threshold (pixels)

Sigma Larger Sigma produces more 1
regular boundaries, but thin petioles
could be missed

Appearance Model Use a plant appearance model false
to adapt to appearance changes

Lambda Influence of the appearance model 0.5

(if used) compared to image
features (value in [0,1])

Features List of image features used TFB, a*, b*
during the segmentation

I

The Number of Plants is set automatically when providing plant centres.

I

Setting these parameters may require some expertise. Please go to Sec-
tion 3.3 to learn more how to face frequently occurring issues.

Extract the masks: Once the centers of plants are placed and the parameters are set, you are
ready to extract the segmentation masks, by pressing the button "Extract
Mask". This operations will be applied to all the images that are ticked in
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Get the results:

! —

Modality selection:

Load your data:

2.2 Leaf Annotation

Load Dataset:

Leaf annotation:

the File List. On the right-hand side of the window, the list of plants with
their location (in pixel) is shown. From here you can:

* assign genotype/group name: by clicking on the corresponding
cell, you can add/modify the name of the group of that plant. This
operation is automatically propagated to all the images in the stack,
assigning the same group to the same subject. Afterwards, you may
edit group assignments in the time-lapse sequence.

¢ view data: by pressing the right button of your mouse on the row
of a plant a contextual menu will appear. There you can select
Properties to get access to all the details of that particular subject. At
this point, leaf counting is not provided. This will be discussed in
Section 2.3.

Press on the button "Get Traits" to compute the phenotyping traints in
Table 1. Once plant segmentation is done, results are displayed as in
Figure 3.

Save your progress! So far your data are not stored on your hard drive. By
pressing the button "Save", you can save your data. We recommend to do
it at each step of your analysis to avoid any data loss. The database of your
data is a .mat file. To learn how to extract plant traits, go to Section 2.4.

On the right-hand side of the interface, you can find a pop-up menu
allowing to switch between different visualization modalities. For this
module, you can visualise:

1. raw image: the original RGB images;
2. detected plants: colour-coded segmentation masks (cf. Figure 3);

3. contour: RGB images with contour overlaid on the plants. This
modality is helpful to assess visually the goodness of the segmenta-
tion;

4. FG mask: segmentation mask where foreground (plants) is white
and background is black.

If you wish to load data from a previous analysis, press the "Load Dataset"
button and navigate to the folder containing the database file with .mat
extension.

This module is largely based (and improves upon) our stand-alone Leaf
Annotation tool, for which a detailed manual is available on the Phe-
notiki website (http://phenotiki.com/download.html). The leaf
segmentation engine is based on the random walker algorithm [5] and
the overall approach is described in [3].

The user annotate the image by drawing scribbles on the leaves (at least a
scribble per leaf, for all the leaves in the plant). The suggested workflow
for this module is the following: load dataset, leaf annotation, /3 selection,
segmentation.

On the left-hand side of the interface, press on the "Load Dataset" button.
Once the dialog window is open, navigate to the folder containing the
.mat you prepared beforehand (e. g., from the Pot Tray Analysis). The
interface allows you to browse through tray and plant images.

Once you have selected the plant to annotate, you will need to draw a scrib-
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3 selection:

Leaf segmentation:

Refine result:

ble for each leaf. The software will use these scribbles to delineate each
individual leaf and generate a leaf segmentation of the plant. Scribbles
can be of several types:

* Dot: a single pixel is marked to belong to a certain leaf;

¢ Line: all the pixels laying on a line segment are marked to belong to
a leaf;

* Freehand: a freehand line is marked to belong to a specific leaf.

If you feel more comfortable with using other third-party image manipu-
lation software (e. g., Photoshop, GIMP), you can also use them to create
a binary image for an annotation. You can import such external scribbles
by pressing the "Load from file..." button.

As you add scribbles, on the right-hand side a list of annotations will be
populated. They are organised hierarchically:

i label: alabel is a container of scribbles identifying a single leaf;

ii scribble: one or more scribbles are contained in a label, and each will
mark pixels that belong to the same leaf.

In many cases, a single dot scribble is enough to obtain a suitable leaf
segmentation. However, mature plants with heavily overlapping leaves
may require more detailed annotations to produce an accurate leaf seg-
mentation.

From the list of labels and leaves, you can access a contextual menu (using
the right-button of your mouse) allowing you to:

delete labels;

delete scribbles;

change label to a scribble;

copy labels applied to the same plant at the previous time instant.

Each label is assigned a numerical id. When you delete a label, the nu-
merical id of the others will not change. For example, if you have Label 1,
Label 2, and Label 3, and you delete Label 2, than Label 3 will not change.
This is to maintain label consistency across time.

This is the only parameter required for this module. It controls the sen-
sitivity of the segmentation algorithm to variations in colour intensity
between neighboring image pixels. Higher values of 3 correspond to
lower sensitivity to sudden changes in color intensity. Example values
are: 15, 30, 80. Experiment with different values to find the one that
produces best results on your dataset.

Once labels have been placed, press the "Segment" button in the lower
part of the interface. The time to required by the software to generate
the segmentation is usually in the order of few seconds and depends
on image resolution. When it is done, the software will show you the
outcome.

If you are not satisfied with the outcome, you may add further scribbles
to obtain refined results. For example, you can change a dot annotation
into a line, or even replace it with a more detailed freehand scribble. In
some cases, it could be useful to add multiple scribbles to the same leaf
label. To add multiple annotations to the same label, go to the list of labels

Phenotiki — User’s manual
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2.3 Leaf Counting

Interface:

on the right-hand side of the interface and press on the desired label (e. g.,
Label 1). At this point, choose one of the tools (e. g., line) and annotate as
before. This new scribble will appear with the same colour of the other
scribbles within the same label. If you want add more labels, press on
"<new label>" from the same list.

Note that the number of labels can be used by the Leaf Counting module,
which will be discussed in the next section. Therefore, if you are more
interested in the number of leaves than in obtaining a leaf segmentation,
you can use this module to produce “training data” for the learning-
based counting algorithm. In this case, using the dot annotation tool is
an efficient method to rapidly annotate the number of leaves for several
plants.

The Leaf Counting module is able to count the number of leaves in a
plant image. It is based on a machine learning algorithm, so it can adapt to
different types of plants and varying imaging conditions. It can do so by
relying on a sufficient amount of labelled data. Therefore, the user has to
provide leaf count for several plants, such that the software can learn a
model that will be applied to the rest of the dataset.

The suggested workflow for this module is the following: data loading,
model training, testing.

In Figure 6 the Leaf Counting module interface is shown. It has several
panels and they will be referenced next in the manual. A brief explanation
is given as follows:

A. Plant list: here you can load data that you previously processed
with the other modules. The interface lists all plants across all im-
ages and provides a summary showing: total number of plants (i. e.
number of subjects multiplied by number of time-lapse pictures),
training set size (i. e. number of labelled data), and testing set size
(i. e. number of unlabelled data).

B. Learning setup: here you set which plants will belong to the train-
ing and testing set, respectively. Although only labelled plants will
be included in the training set, you have the possibility to filter
them by group (e.g., to test performance on a specific group of
plants). You can also assign a name to a model, such that you can
train several models (e. g., corresponding to different training sets
or parameters) according to specific needs.

C. Results: every time a model is learnt, a new entry on the results
list will appear. From there, you may check the performance of
the learning algorithm, as well as repeat the same experiment with
different parameters. When a leaf count is estimated, these values
are not automatically applied to the dataset. In order to apply leaf
counting estimates to the dataset press on the Assign Count button.

Each learned model will appear separately in the results list.

In addition, by pressing on Show Advanced Options..., the following panels
are also displayed (not showed in Figure 6):

* Model parameters: the set of parameters for the learning algorithm
can be tuned from this panel.
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Figure 6: Leaf counting module. Panels are explained in text.

¢ Cross-validation: in order to check whether your model is well-
trained, you may run a cross-validation. It will split the training
set into K folds, out of which K — 1 are used for training, and the
remaining one is left for testing. K rounds of validation will be
performed and average results will be reported.

* Display: training and test counts are displayed. Moreover, perfor-
mance plot for training error may be shown.

Load data: Press on the "Load Dataset" button to load data you previously processed
with the other modules. The number of count used for the training set
can be provided using the following methods:

¢ Leaf Annotation Tool: using the leaf annotation tool, you will also
provide the number of leaves in all the annotated plants. This
information will be used by the Leaf Counting module as training
data.

* Manual prompt: the list of subjects in the Plant List panel (cf. Fig-
ure 6) has 5 columns. The last one contains the number of leaves
that the software already found in the database (either by previous
counts, or leaf annotation tool). By double-clicking on a cell you
can input a value.

* External file: you may load the number of leaves using an external
CSV file. It is a similar import procedure as discussed in Section 2.1.
In an external spreadsheet software (e. g., Excel), create a column
for each subject in the image and record the known leaf count for
each time instant. Figure 7 shown visually how to format the CSV
file. Please remember to save the file in .csv format.

Model training: Once a certain amount of training data is available (i. e. plants for which
the number of leaves is known), you can train the regression model. Firstly,
select the training samples (default is all labelled plants, but for example
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Parameters:
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Figure 7: Loading known leaf counting from a CSV file. Using a spread-
sheet program (e. g., Excel), you may create your counting file to provide
labelled data to the leaf counting module. Each column corresponds to a
plant subject, whereas the rows correspond to time vertically you record
the number of leaves across time. Plants and columns have to match with
respect to Plant ID added in the Pot Tray Analysis module (bold yellow
number). Unknown entries have to be marked with zeroes ‘0. Remember
to save the final file in .csv format.

you may train only on specific genotypes), then press on Start Training,.
Once this operation is completed results will be displayed (Figure 6C).
Please refer to [6] for further explanation about the performance measures.

If the Advanced Options CategoricalField is defined with Group (which is
done by default), you must add a plant for each group/genotype/treat-
ment you have defined. If no group/genotype/treatment was set with
the Pot Tray Analysis, you can ignore this alert.

The time required for this operation depends on the size of the training
set. It may require several minutes to be completed. In general, more
training data lead to better performance.

You may train several models according to different training samples
or different parameters. We advice you to keep track of your changes
by providing a unique name to each test. Tests with same name will be
overwritten.

To count leaves of plants with unknown counting, select a trained model
from panel C, select the testing set form panel B, and finally press Start
Testing button.

At this stage, the leaf counting is not yet applied to the subjects, because
you may want to do several tests before applying estimated counts. Once
you are satisfied with the count, press Assign Count button in panel C.

The leaf counting model may require to the user to set some parameters.
A full list of parameters with description is provided in Table 4. Interested
readers may refer to [6] for further details. To test the performance of a
set of parameters, we suggest to run K-fold cross validation. You may
run a cross-validation pressing on the Show Advanced Options... button.
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Table 4: Description of the parameters of the leaf counting algorithm.

Parameter

Explanation

Suggested value

Patch size

Ratio Curve
Window Width

LogPolar Pooling Bands

Cartesian Pooling Bands

Pooling Callback
LogPolar
Normalization

Cartesian
Normalization

Cartesian Features

LogPolar Features

Dictionary Size

Pooling Shifts
SVM Matrix
Normalization
SVR_OPT.C
SVR_OPT.gamma
SVR_OPT.epsilon

RENumTree
RF.LeafMinSize

Time Features

Categorical Field

Size of image patches from images
that are extracted

Size of the sliding window in the
log-polar domain to detect patch
candidates

Number of areas where features

are pooled together in the log-polar
space

Number of areas where features

are pooled together in the Cartesian
space

Function used for the pooling
Rescaling value in order to
normalize the height of log-polar
images

Rescaling value in order to
normalize the size of Cartesian
images

Boolean value: 1 means that
Cartesian features are used,

0 otherwise

Boolean value: 1 means that
log-polar features are used,

0 otherwise

Number of clusters for the k-means,
which builds the patches dictionary
Dataset augmentation via pooling shifts
Normalization function for the SVM data

SVR Optimized parameters — Loss term
SVR Optimized parameters — RBF gamma
SVR Optimized parameters — Allowed
regression error

Random Forest — Number of trees
Random Forest — Minimum number of
data points per leaf

Adds a variable describing

day a plant was acquired

(date and time must be set)

Property of the plants used

as categorical variable

1/4 of the average-sized
leaf

As wide as an
average-sized leaf

5

max (max pooling)
0 (dynamic scaling)

100 (100x100 pixels)

50

4
zscore

1
0.003
1

100
5

Left blank

Group

2.4 Data Extraction

This module allows you to extract plant traits from the image data anal-
ysed using all other modules. You may extract the following data:

¢ Plots: you can plot phenotyping traits across time and save the plot;

¢ Images: you can save images from the dataset (e.g., segmentation

masks, annotated leaves);

* Raw data: data extracted from plants are formatted into a CSV file
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24.1 Data plot
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06 Phenotiki :: Data Extraction

DATA EXTRACTION

18000

Phenotyping Data

16000 -

Pro]ec(edLeaIArea

Diameter

Perimeter 14000 |- =
Stockiness —
Compactness 12000 e

Hue —

Count —

RelativeRateChange 10000 |

AbsoluteGrowthRate L
RelativeGrowthRate e

8000 [ =
6000 -

i 4000 e
(] Converts values in cm p——

2000 -
Load Dataset

o T
28/Sep 29/Sep 30/Sep
Plot Parameters

From: | 28-Sep-2013 08:00:00 Show: Al

Save Plot As... Export Data

To: | 30-Sep-2013 08:00:00 Specify:

Figure 8: Data extraction module.

for subsequent analysis in external tools.

Once you load your dataset, you can plot data of the phenotyping traits
extracted from your plant images. The list of data available for plotting is
shown in Table 1. An example of the interface is depicted in Figure 8.

When you plot the data for a specific traits, you may set the span of time.
You also have three different modalities of plotting: (i) all, (ii) specific
group, and (iii) specific subject. By selecting all, the software will plot the
mean value as a line of the trait for each group (please go to Section 2.1 to
learn how to associate plants to groups); the line will appear in the middle
of a wider band, indicating the lowest and higher bound for that trait.
Instead, by selecting specific group, the software will plot all the subjects
individually that belong to a specific group/genotype. You may change
the group from the drop-down menu specify. By selecting specific subject,
the software will plot the selected trait of the specified subject. Plots can
be exported by pressing Save Plot As. They will be saved as images in
PNG format.

To convert the measures in centimeters, you need to tick the box Converts
values in cm (cf. Figure 8). You must specify the value Pixel size from the
Settings in the Pot Tray Analysis tool (cf. Figure 5).

2.42 Data and images extraction

! —

By pressing on Extract Data, you launch the export wizard to extract data
or images.

Extracting data. To extract data, select the item Data and then press Next,
then select which traits you want to extract. You can choose multiple
items (press Select all if you want all of them) and then press Next. The
software will ask you to choose the folder where data will be saved.

Each trait will generate a different CSV file.
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Extracting Images. To extract images, choose the item Images and then
press Next. You can extract either Individual Plants or Entire Trays. Once
you have done your choice, press Next and select the folder where you
want to save the images.

3 Troubleshooting
3.1 General

Phenotiki is telling me that libsvm was successfully installed, but I get

some errors in the Matlab console. How can I fix it? The installation
script within [ibsum has an error handle functionality that cannot be over-
ridden by Phenotiki. Often, this problem appears when you do not have

a suitable C compiler installed and/or configured in your system. We
recommend to read the follow instruction at https://uk.mathworks.
com/support/sysreq/files/SystemRequirements—Release2015b_
SupportedCompilers.pdf

How can I move the data to/from another workstation? If you wish to
share data with colleagues or move the data to another workstation, you
simply need to copy the plant’s image files and the database file with .mat
extension that was generated by the modules. When you load your data
on the new workstation, the software will ask you to provide the path
where images are located.

! = This procedure is applicable also in case you move the folder of the images
somewhere else on the same computer.

Some computations take too long. Is there any way to stop them? Un-
fortunately it is not possible to abort a computation. Since our software
is based on MATLAB and it is single-threaded, we could not add any
mechanism to cancel long computations. However, if you are running
Phenotiki from the Source Code, you may press CTRL+Z, as you would
do for any computation in MATLAB you want to abort.

3.2 Operating system-dependent issues
3.21 Windows

Problems with mclmecr.dll: 1f you have errors saying mclmcr.dll not found,
it could be either of the following: (i) MCR not installed, (ii) MCR instal-
lation corrupted, (iii) Older version of the library installed in a different
directory. Specifically, we suggest:

i. Download the Installer of Phenotiki and make sure you are in-
stalling MCR. Alternatively, if you have the executable, follow the
instruction how to install MCR in Section 1.2.

ii. Different solutions can be found on the Internet (e.g. https://uk.
mathworks.com/matlabcentral/answers/101146-why—
do—i-receive—an-error—-message—of-mclmcr-dll—-not-
found-while-deploying-my—-application-on-a-targ.
Search for MCR on your system and delete all the files related
to it. Then, go to the point (i).

iii. Search on your system for the mclmcr.dll. It can happen it is located
within the System32 directory of Windows. Locate and remove it.
Then, go to the step (ii).
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3.2.2 Linux

3.3 Pot Tray Analysis

Problem extracting zip files: If you are experiencing the error An error
occurred while extracting files and you have the zip file containing Phenotiki
in your Desktop folder, try to move the zip file in any other folder differ-
ent than the Desktop and try again. We have experienced this issue and
we do not know why it is happening.

Using virtual machines: We experienced issues using MATLAB/Phe-
notiki on Parallels (for Mac). We do not recommend using Parallels with
Phenotiki on a virtual Linux Operating System.

Cannot find suitable parameters. What canIdo? Finding good param-
eters for the plant segmentation may not be immediate for challenging
datasets. If you have fair results and you want to improve them, then
we suggest to select a few images to trial different configurations. In the
unluckily case that segmentation results are not accurate enough, we
suggest to run a grid search. With this method, the software will automati-
cally test a range of parameters and find optimal ones according to some
supervision.

First, segment manually a few of plant images using an external image
editing software (e. g., GIMP, Photoshop). Create a black-and-white (also
known as binary) image with just 0’s and 1’s, where 0 (black) means
background and 1 (white) means plant. When you are done with this,
open the Phenotiki Analysis Software and go to Pot Tray Analysis tool
and load your dataset. Then, from the list of images, select one plant
image for which you have manually created the foreground/background
segmentation and select it by with the right-button of your mouse. A
contextual menu will appear and press Set ground-truth. When the file
selection window appears, select the corresponding mask for this image
and repeat this operation for all the plant images for which you have
obtained the segmentation mask.

Then press on the Setting button in the bottom part of the Pot Tray Anal-
ysis Tool and press on Advanced Options (cf. Figure 5). The full list of
parameters will appear and you may choose the ones you want to include
in the grid search, by ticking the check-boxes in the list. When you choose
a parameter, you may define a range of values that the software will test
against the ground-truth you have provided before. Ranges can be set in
the following way.

* numeric values: MATLAB syntax is accepted. For example:
— explicit list of values to test: [0, 10, 20, 30, 40, 50];
— all the values between 0 and 50 with a step of 10: 0 : 10 : 50;

¢ text values: cell array MATLAB syntax is accepted. Some examples
are:

— {Featurel, Feature2}: the software will use Featurel and Feature2
separately;

— {Featurel Feature2}, { Featurel,Feature3}: the software will use
Featurel and Feature? at the same time, and then Featurel and
Feature3 at the next test;
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3.4 Leaf Annotation

3.5 Leaf Counting

* Boolean values: for Boolean values you do not need to specify range
of values, as they can be either 0 or 1.

The more images have the ground-truth, the better it is in terms of accu-
racy. Notice though that the grid search will take longer to complete.

A leaf is split in half by another leaf. What should I do? In this case,
we suggest to add (at least) two annotations for the same leaf. Once you
annotate one part of a leaf and a new label is created, select the newly
created label from the list to keep adding annotations. You will have two
or more annotations with the same label. To annotate a new leaf, select
<new label> from the list of label.

I would like to keep consistent labels across time. If you want to as-
sign the same label to the same leaf across time, we recommend to start
the annotation from the first time instant (or the last). Then, move to the
next time instant and from the list of labels click with the right-button of
your mouse and select copy from the previous plant (or copy from the next
plant). In this way, annotations are copied with consistent numeric identi-
fiers. Then, edit the copied labels to adjust to growth and movement of
the plant and add new labels if necessary.

Part of a leaf is assigned to another leaf. Use more refined annotation
(such as lines or freehand scribbles) to better delineate the image region
of each leaf.

What are the allowed values for the paramters? Whilst integers
paramters may accept any value, we suggest you to vary them by small
amounts. For the other parameters, please refer to Table 5.

Table 5: Description of the parameters of the leaf counting algorithm.

Parameter Allowed Values
Pooling Callback max or sum
SVM Matrix Normalization  zscore, range0:1, range-1:1, norm2, none
Time Features Empty, delta, unix
Copyright and License
3.6 Phenotiki License
Copyright (c) 2016

Massimo Minervini, Mario Valerio Giuffrida, Sotirios A. Tsaftaris
All rights reserved.

This license granted to You for the Phenotiki Analysis software (here-
after termed Licensed Application) by the authors is limited to a non-
transferable license to use said software. You may not distribute or make
the Licensed Application available outside your lab or institute. You
may not rent, lease, lend, sell, redistribute or sublicense the Licensed
Application. You may not copy, decompile, reverse engineer, disassemble,
attempt to derive the source code of, modify, or create derivative works of
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vl_feat license

libsvm license

the Licensed Application, any updates, or any part thereof (except as and
only to the extent any foregoing restriction is prohibited by applicable
law or to the extent as may be permitted by the licensing terms governing
use of any open sourced components included with the Licensed Applica-
tion). Any attempt to do so is a violation of the rights of the Application
Provider and its licensors. If You breach this restriction, You may be
subject to prosecution and damages. The terms of the license will govern
any upgrades provided by Application Provider that replace and/or sup-
plement the original Product, unless such upgrade is accompanied by a
separate license in which case the terms of that license will govern.

There is no warranty for the program, to the extent permitted by ap-
plicable law. The program "as is" without warranty of any kind, either
expressed or implied, including, but not limited to, the implied warranties
of merchantability and fitness for a particular purpose. the entire risk as
to the quality and performance of the program is with you. Should the
program prove defective, you assume the cost of all necessary servicing,
repair or correction.

Copyright (C) 2007-11, Andrea Vedaldi and Brian Fulkerson Copyright
(C) 2012-13, The VLFeat Team All rights reserved.

Redistribution and use in source and binary forms, with or without mod-
ification, are permitted provided that the following conditions are met:

* Redistributions of source code must retain the above copyright
notice, this list of conditions and the following disclaimer.

¢ Redistributions in binary form must reproduce the above copyright
notice, this list of conditions and the following disclaimer in the
documentation and/or other materials provided with the distribu-
tion.

THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS
AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR IMPLIED
WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED
WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PAR-
TICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE
COPYRIGHT HOLDER OR CONTRIBUTORS BE LIABLE FOR ANY
DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CON-
SEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO,
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF
USE, DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER
CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CON-
TRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE
OR OTHERWISE) ARISING IN ANY WAY OUT OF THE USE OF THIS
SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH
DAMAGE.

Copyright (c) 2000-2014 Chih-Chung Chang and Chih-Jen Lin All rights
reserved.

Redistribution and use in source and binary forms, with or without mod-
ification, are permitted provided that the following conditions are met:
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findjobj license

* Redistributions of source code must retain the above copyright
notice, this list of conditions and the following disclaimer.

¢ Redistributions in binary form must reproduce the above copyright
notice, this list of conditions and the following disclaimer in the
documentation and/or other materials provided with the distribu-
tion.

* Neither name of copyright holders nor the names of its contributors
may be used to endorse or promote products derived from this
software without specific prior written permission.

THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND
CONTRIBUTORS “AS IS” AND ANY EXPRESS OR IMPLIED WAR-
RANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WAR-
RANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICU-
LAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE RE-
GENTS OR CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT,
INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL DAM-
AGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUB-
STITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY
THEORY OF LIABILITY, WHETHER IN CONTRACT, STRICT LIABILITY,
OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN
ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED
OF THE POSSIBILITY OF SUCH DAMAGE.

Copyright (c) 2015, Yair Altman All rights reserved.

Redistribution and use in source and binary forms, with or without mod-
ification, are permitted provided that the following conditions are met:

¢ Redistributions of source code must retain the above copyright
notice, this list of conditions and the following disclaimer.

¢ Redistributions in binary form must reproduce the above copyright
notice, this list of conditions and the following disclaimer in the
documentation and/or other materials provided with the distribu-
tion

THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS
AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR IMPLIED
WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED
WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PAR-
TICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE
COPYRIGHT OWNER OR CONTRIBUTORS BE LIABLE FOR ANY
DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CON-
SEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO,
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF
USE, DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER
CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CON-
TRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE
OR OTHERWISE) ARISING IN ANY WAY OUT OF THE USE OF THIS
SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH
DAMAGE.
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Boundedline license

References

The MIT License (MIT)
Copyright (c) 2015 Kelly Kearney

Permission is hereby granted, free of charge, to any person obtaining a
copy of this software and associated documentation files (the "Software"),
to deal in the Software without restriction, including without limitation
the rights to use, copy, modify, merge, publish, distribute, sublicense,
and/or sell copies of the Software, and to permit persons to whom the
Software is furnished to do so, subject to the following conditions:

The above copyright notice and this permission notice shall be included
in all copies or substantial portions of the Software.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF
ANY KIND, EXPRESS OR IMPLIED, INCLUDING BUT NOT LIMITED
TO THE WARRANTIES OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE AND NONINFRINGEMENT. IN NO EVENT
SHALL THE AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR
ANY CLAIM, DAMAGES OR OTHER LIABILITY, WHETHER IN AN
ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING FROM,
OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE
OR OTHER DEALINGS IN THE SOFTWARE.
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