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IMAGE ANALYSIS OF 2-DIMENSIONAL ROOT SYSTEM
ARCHITECTURE
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Abstract. Root system architecture is essential for plant nutrient and water uptake and is
therefore crucial for plant development. Root system responses to heterogeneous soil conditions are
of highest interest in plant nutrition, plant hydrology as well as plant breeding. An entire quantifi-
cation of these root responses i.e. phenotypical expressions calls for (a) elaborate experimental work
(b) appropriate imaging techniques (c) advanced image analysis. In the last years there has been
enormous progress in imaging techniques in terms of cost and image resolution, while there has been
less progress in automated data evaluation. In this work we want to discuss existing as well as new
ideas how to analyse 2-dimensional images of root system architecture, and how to extract relevant
parameters describing it.
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1. Introduction. Crucial factors for plant development are radiation intercep-
tion as well as water and nutrient availability in soils. Regarding water and nutrient
uptake, root architecture is the main aspect of plant productivity [12] and needs to
be accurately considered when describing root processes. Currently, understanding
the impact of roots and rhizosphere traits on plant resource efficiency is of highest
relevance [5]. Development in this area will increase food security, by enabling a more
sustainable production with reduced fertilizer input by improving cropping systems
and cultivars for resource limited environment [3].

Root architectural traits comprehend architectural, morphological, anatomical as
well as physiological traits. For the systematic investigation of such complex bio-
logical systems mathematical modelling is inevitable [17]. Ideally, experiments and
theoretical models are developed mutually supporting each other. In this way models
are created which include state of the art knowledge and have significant parame-
ters. There are various root architectural models incorporating a multitude of pro-
cesses (e.g. [9, 16]) which are originally based on [15] and [4]. In this work we will
present techniques how image analysis like automatic root labelling can be used to
retrieve some of the model parameters. In this way we want to simplify the system-
atic investigation of root architectural traits, especially phenotypical expressions in
heterogeneous environments.

There are already many software tools for root morphology and root architec-
ture measurements in 2-dimensions. Most important are WinRhizo a semi-automatic
commercial root analysis tool, EzRhizo [1] a semi-automatic and free software, DART
[8] a manual root labelling tool, and SmartRoot [11] an automatic tool for small root
systems. An entire overview of available software is given in [8], Table 1. These anal-
ysis tools are easy to use, have a graphical user interface, and are often coupled with a
database. The disadvantage of such solutions is that they are mostly not expandable
and cannot be adjusted to a specific experimental set-up or mathematical model.
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Fic. 2.1. (left) binary image (mid) distance function of the binary image (right) skeleton of
the root system.

In this work we present a new algorithm to analyse young root systems regarding
root architectural topology and root tropism, and we want to discuss the underlying
techniques that are used in semi-automatic image analysis tools. Furthermore, we
show how to extract parameters frequently used in root architecture modelling. The
methods and algorithms are implemented in Matlab, a modelling environment which
is highly suitable for prototyping and testing of the proposed techniques.

2. Methods. In the following we present basic morphological and graph theo-
retic methods that can be used for automatic and semi-automatic root labelling.

2.1. Thresholding. In a first step we turn 2-dimensional grey scale image u
into a black and white image up, by comparing the intensity to some threshold value
v:

1 ifu>wv
= 2.1
o {0 ifu<wo (2.1)

If there are holes within the roots due to noise or other artefacts, these gaps can
be filled by morphological dilation. The resulting image is shown in figure 2.1(left).
In the following morphological operations will be applied to the binary image.

2.2. Distance function. Next we perform an Euclidean distance transform of
the binary image wup. In the resulting distance map D each pixel value holds the
distance to the closest boundary of the root. We use the Matlab function bwdist
which uses the algorithm described in [13].

The resulting image is shown in figure 2.1(mid). In the following D is used to
quickly look up the root radius along a given centreline.

2.3. Skeletonization. We derive a morphological skeleton us of a binary image
up, by iteratively applying morphological operations: (a) closing (i.e. dilation followed
by erosion) and (b) thinning [7]. The resulting skeleton is shown in figure 2.1 (right).

The morphological skeleton is only a coarse approximation of a realistic centreline
and can produce artefacts. Typical artefacts are: (1) an extra edge between two roots
that are close (2) close roots appear as one edge (3) the points where roots branch
are displaced.

The advantage of this approach is that it works on complex geometries and that
the basic topology is always captured. If the skeleton is used as a centreline an artefact
reduction can be applied (see section 2.5).
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2.4. Graph representation. The skeleton us; can be used to create a graph
of the root system. Every leaf and branching point represents a node. Thus, each
pixel which has either one neighbour (i.e. a leaf) or more than two neighbours (i.e. a
branch) in an eight pixel neighbourhood is a node in the graph. Nodes are connected
by an edge if they are connected by pixels in the skeleton us. For each edge the
corresponding pixel positions are stored in a list.

In this way we can create a symmetric connectivity matrix S of the undirected
graph, where the matrix entries represent the edge indices. Each edge has a corre-
sponding list of pixel positions representing the edge in the skeleton wu.

A big advantage of this approach is that it enables a systematic search of possible
paths within the graph. Furthermore, graph theoretical algorithms like minimal span-
ning tree, Dijkstra algorithm, or transportation in graphs can be applied to analyse
the root system. Graph theoretical methods often rely on edge weights, which are
calculated from the pixel positions of the corresponding edges and from the distance
map D. Typical edge weights are length or average radius.

2.5. Smoothing the edges. In order to smooth the lines of the skeleton and
thereby the edge positions of the graph we regard the lines as active contours [6].
The image forces are calculated from the distance function D. In this way we achieve
smoother edges due to internal forces of the active contour, and movement towards
centre of the root due to the image forces. This procedure enables a more accurate
measurement of length and radius.

2.6. Possible paths in a graph. The main idea of the following root labelling
algorithm in section 2.8 is to evaluate all possible paths according to some objective
function, and to follow the winning path.

To calculate all possible paths which are smaller than a predefined length r we
can use the following recursive function:

1 function paths = getPaths (path,r)

2 n = path(end); % current node is the last node in path

3 N = neighbours(n); % neighbouring nodes of n that are not in path

4 c=1; % path counter

5 for i = 1 : length(N)

6 l=lengthOfEdge (n,N (1)) ;

7 if I<r

8 npaths = getPaths([path,N(i)],r—1); % recursively find new paths
9 paths (c:ct+tlength (npaths)—1) = npaths; % copy into final list
10 c=ct+length (npaths); % increase counter

11 else

12 paths{c} = path; % don't add node

13 c=c+1; % increase counter

14 end

15 end

2.7. Evaluation of a path. Which path is optimal is decided based on the
properties of the edges it contains. Different features are of special importance:

e Mean volume of the path (maximize), approximated with a?wl, where a is
the radius derived from the distance map D evaluated at the edge positions
and ! which is the path length.

e Variance in growth direction (minimize)

e Variance in radius along the edges (minimize)
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Fic. 3.1. A small artificial root system (left) with the resulting labelled roots (right): tap root
(red), first order laterals (yellow), second order laterals (green).

Furthermore, if an edge has already been visited it is penalized. In this way edges
can be visited multiple times, but other ways are favoured.

2.8. Root labelling in a graph. We use morphological knowledge about root
system development to label the roots. The algorithm uses two basic assumptions:
First, the root system in the image has developed from a seed: Thus, the root system
has an initial node ng, where it started to grow. This is the initial node for the
algorithm. Second, the roots follow a herringbone topology. Therefore, the root is
described by a branching zone, where lateral roots can emerge, which is followed by
an apical zone towards the root tip, where no lateral roots emerge.

The root tips grow at a constant rate. For each time step we calculate the length
each growing root should have, and add edges accordingly. For each root this is done
in the following way:

1. Find all possible grow paths (see section 2.6)

2. Choose optimal paths (see section 2.7)

3. If this path is good enough, add the first edge of the optimal path to this
root and denote this edge visited (to penalize multiple visits in the path
evaluation).

Else, the root is finished and stops growing.

4. Create new root tips in all other possible path directions. These tips start
to grow after a time delay, in order to let the apical zone of the base root
emerge.

The algorithm dynamically assigns each edge in the graph to one or more roots.
Furthermore, the topology of the assigned roots is determined.

3. Results. We demonstrate the proposed methods with artificial data, which
makes it easier to systematically test the algorithm in different situations.

Figure 3.1 shows a small root system. The roots were automatically labelled
with the algorithm proposed in section 2.8. In this simple example all roots labelled
correctly, red denotes the tap root, yellow the laterals, green second order laterals.
The parameters that can be extracted for root architecture models are mean length
and standard deviation of first and second order laterals, as well as the inter-branching
distance along the tap root. Furthermore, the variation along growth direction can
be analysed, and parameters for underlying root tropism can be determined (e.g.
according to [2]).

Figure 3.2 shows a slightly larger root system containing an overlap of a first order
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Fi1c. 3.2. An artificial root system with an overlap: tap root (red), first order laterals (yellow),
second order (green), third order (magenta), fourth order (cyan).
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Fic. 3.3. A simple root system with overlaps. The colours illustrate continuous roots.

lateral with a second order lateral. The algorithm is capable of handling such overlaps
and labels the roots correctly. However, situations can arise where it is hard to find
the right coherence between the roots. Another challenge is that in real root systems
the topological order of the roots do not always coincide with the morphological type
of the root [16]. Therefore, for real root system architectures the extracted root
parameters have to be assigned to certain root type by a cluster analysis.

In figure 3.3 we show that the proposed algorithm handles multiple overlaps
correctly. In real images there are situations where the choice is not unique. The
proposed algorithm always finds a good solution by minimizing the variation i.e.
angular movements along the edges (see section 2.7).

4. Discussion and outlook. The proposed algorithm is similar to EzRhizo [1],
since both algorithms use a skeleton approach, and are based on a greedy algorithm.
However, we extend the approach for the graph presentation of the skeleton, which
proofs very useful. Analysing all possible paths with a certain length does increase
the scale on which decisions are made, and therefore, makes it more likely to find a
good solution.

A different approach is to work directly on the image data [11, 14]. Generally,
there is more information in the image, then in methods based on its binary segmen-
tation. For this reason such approaches can better seize small scale image features
to find good paths. However, some of the approaches lack the ability to use global
information about connectivity, which is the strength of graph based approaches. A
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combination of these methods could increase the quality of root labelling algorithms.

While the literature for automatic root labelling is limited, there is vast litera-
ture for biomedical applications, like vessel tracking (e.g.[10]). While this problem is
different in many areas, the algorithms sometimes share similar features. Ideas from
this area could benefit image analysis for root architecture.

In this work we used artificial data to demonstrate specific features of the al-
gorithm. The algorithm strongly relies on the evaluation of the possible paths (see
section 2.7). There is ongoing work to find good objective functions, and to adjust
them to different experimental set-ups and image acquisition techniques.

Plant root experiments are extreme in terms of labour and time. Therefore, we
hope that the proposed methods can help to extract the maximal information from
real image data.

Acknowledgments. Daniel Leitner is recipient of an APART -fellowship of the
Austrian Academy of Sciences at the Computational Science Center, University of
Vienna. Andrea Schnepf is an Elise-Richter research fellow. This work was supported
by the Austrian Science Fund FWF (Grand No. V220-N13).

REFERENCES

[1] P. Armengaud, K. Zambaux, A. Hills, R. Sulpice, R. J. Pattison, M. R. Blatt, and A. Amt-
mann. EZ-Rhizo: Integrated software for the fast and accurate measurement of root system
architecture. Plant Journal, 57(5):945-956, 2009.

[2] A. Chavarra-Krauser. Quantification of curvature production in cylindrical organs, such as
roots and hypocotyls. New Phytologist, 171(3):633-641, 2006.

[3] S. de Dorlodot, B. Forster, L. Pages, A. Price, R. Tuberosa, and X. Draye. Root system
architecture: opportunities and constraints for genetic improvement of crops. Trends in
plant science, 12(10):474-481, 2007.

[4] A.J. Diggle. ROOTMAP-a model in three-dimensional coordinates of the growth and structure
of fibrous root systems. Plant and Soil, 105(2):169-178, 1988.

[5] P.Hinsinger, A. Brauman, N. Devau, F. Grard, C. Jourdan, J. . Laclau, E. Le Cadre, B. Jaillard,
and C. Plassard. Acquisition of phosphorus and other poorly mobile nutrients by roots.
where do plant nutrition models fail? Plant and Soil, 348(1-2):29-61, 2011.

[6] M. Kass, A. Witkin, and D. Terzopoulos. Snakes: Active contour models. International Journal
of Computer Vision, 1(4):321-331, 1988.

[7] Louisa Lam, Seong-Whan Lee, and Ching Y. Suen. Thinning methodologies—a comprehensive
survey. IEEE Transactions on Pattern Analysis and Machine Intelligence, 14(9):869-885,
1992.

[8] J. Le Bot, V. Serra, J. Fabre, X. Draye, S. Adamowicz, and L. Pags. DART: A software to
analyse root system architecture and development from captured images. Plant and Soil,
326(1):261-273, 2009.

[9] D. Leitner, S. Klepsch, G. Bodner, and A. Schnepf. A dynamic root system growth model
based on L-Systems. Plant and Soil, 332(1):177-192, 2010.

[10] D. Lesage, E. D. Angelini, I. Bloch, and G. Funka-Lea. A review of 3D vessel lumen seg-
mentation techniques: Models, features and extraction schemes. Medical image analysis,
13(6):819-845, 2009.

[11] G. Lobet, L. Pags, and X. Draye. A novel image-analysis toolbox enabling quantitative analysis
of root system architecture. Plant Physiology, 157(1):29-39, 2011.

[12] J. Lynch. Root architecture and plant productivity. Plant Physiology, 109(1):7-13, 1995.

[13] C. R. Maurer, R. Qi, and V. Raghavan. A linear time algorithm for computing exact euclidean
distance transforms of binary images in arbitrary dimensions. IEEE Transactions on
Pattern Analysis and Machine Intelligence, 25(2):265-270, 2003.

[14] A. Naeem, A. P. French, D. M. Wells, and T. P. Pridmore. High-throughput feature counting
and measurement of roots. Bioinformatics, 27(9):1337-1338, 2011.

[15] L. Pages, M. O. Jordan, and D. Picard. A simulation-model of the 3-dimensional architecture
of the maize root-system. Plant and Soil, 119(1):147-154, 1989.

[16] L. Pages, G. Vercambre, J. L. Drouet, F. Lecompte, C. Collet, and J. Le Bot. Root Typ: A



IMAGE ANALYSIS OF 2-D ROOT SYSTEM ARCHITECTURE 119

generic model to depict and analyse the root system architecture. Plant and Soil, 258(1-
2):103-119, 2004.

[17] T. Roose and A. Schnepf. Mathematical models of plant-soil interaction. Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences,
366(1885):4597-4611, 2008.



