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MultiscalePlantModelling
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A diversityof modelingformalisms
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Process-based crop models

Dynamical systems with dynamical structure ( e.g. L-systems, Growth Grammar)



Complexity& retro-actionsbetweenscales
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Multiscalecrop & plantmodels

Opportunities

Multi-scale crop modelling framework

Data

Opportunities to advance the multi-scale crop modelling

Regional-to-global scale

* Interfacing crop models with land surface,
climate and economic models

* Spatially explicit representation
of management practices

* Model-data integration

Organ-to-field scale

* Improving the simulation of crop
physiological responses to environmental
variability and change

* Broadening and improving the
representation of management practice

* Model-data integration

Gene-to-cell scale

¢ Integrating top-down and bottom-up
approaches for genetic representation in
crop models

Regional-to-global
scale crop model

Field scale
crop model

IV NA Plot or whole-plant
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Data for model development and evaluation

Regional-to-global scale

* Remote sensing

» Crowdsourcing

* Administrative survey and census

* Experimental networks following
standardized protocols

Organ-to-field scale
* Manipulative field experiments
* Proximal sensing

¢ High-throughput phenotyping

Gene-to-cell scale
* High-throughput genotyping

* Multiomics data

CropModel (PBM)

Plant Model (FSPM)

Peng et al., 2020, Nature Plan



FunctionalStructural Plant Models (FSPMs)

Functions 3D plant structure
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Everset al., 2011, TIPS

GreenLabdeReffyeet al, 2020, Ann. Bot.



Roles of Plant Structure (FSPM)

Plant structure as an interface

- Plant / environment interactions mainly
depend on plant geometry (e.g. light
Interception)

Plant as a network

- Plant structure provides the support of fluxes
(water, sugars) and signals (hormone®cg
Plant as a developing organism

- Functional structural plant models (FSPM)

Godin & Sinoquet, 2005, Ne®hytol



Whyand howcrop modelingandphysiologycanhelp?

A

Knowledge on biological processes & their response to the

environment
Dynamics of yield elaboration (biomass, grain..)

Interactions, tradeoffs among processes difficult to look at
experimentally

Genotype X Environment X ManagemeBkExM
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HighThroughput Phenotyping (HTP)

v e ) | Study the impact of different
S e Rt Al environmental conditions for
various genotypes
Quantify plants by Imaging
Automatic Highthroughput
system
Imaging (12 sides & top view)

y 250 GB/day

y 10 TB/essay

y 30TB/year
‘ | Watering and wholelant

F. Tardieu, L. CabreBosquet, T. Pridmore T, M. Bennett (2017) Plant Phenomics, From tranSpil’aﬁOn
Sensors to Knowledge. Current Biology 27(15): AY788 v Temperature + Welght

measured every day .




Scientific Challenges

AVariousmodelsat different scales (FSPM & Crop models)
AVery fasimprovementsof Phenotyping (sensors, methods)

However,
->How tointegrate various multidisciplinary models into a sanpdatform?

-> How toautomate phenotypingof 3D architecture and development at
high-throughput on large panels?

-> How toconnect phenotyping & modellingin-silico experiments)
-> How toenhance model reusbéetween modelling platfornta




Outline

AOpenAleaSoftware Platform

AHTP Shoot Phenotyping & Modelling
AHTP Root Architecture & Modelling
ACrop modelling framework interoperability



Plant Images Binarization 3D-Reconstruction
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Leaf area and biomass ,'

" RATP light model 3D vinual canopy

Sinoquet et al., 2001
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OpenAlea

A Domains

A Plant modelling (FSPM)

A Phenotyping
A Solutions
Integration framework
Shared Foundations (Math, CS)
Model repository & Modularity
Reproducible computational experiment

Too o o o

Open Source Community

A
A

Shared Governance
A CIRAD, INRAE, inria
Sharing models & formalisms

A Github, Conda, Jupyter, L-GPL

Visual Programming

3D reconstruction
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Simulation

Analysis

Connexion with
ofher pla'rforms




OpenAledesign Principles

ALanguage Centr{®ython)
A Common Modelling Language
A Glue Language

A Component Architecture
A Dynamic composition

A Scientific Workflows
A Visual Programming s [T
A Automatic GUI generation o | <o ey ol mmk s - s
A Distributed Computation s SEEE i Ny

AVirtual Research Environment
A JupyterLab, Binder, Docker

AShared Development Tools

A Test, Doc, Versioning (git), ClI,
Deployment ¢ondg

8




Animation of the community

Modellers are not Computer Scientists!

Sprint
A Appear inOpenSourceonferences (1st Hackathon OpenBSD 1999)
A Pair programming and Test Driven Development

Coding Sprint
A Math & Computer Scientists

A Duration : 3 days, From 10 to 20 developers
A One cycle = One task = % day

Modelling Sprint
A Modellers

A Model integration and informal training
A Foster collaborations



OpenAledrchitecture
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Formalisms iopenAlea

MultiscaleTopology(MTG)
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MTG as a centralkdackboard»

Visual Programming Analysis

3D reconstruction — NN

Acquisition/Edition




A catalogof Models as knowledge sources

Microclimate Plant / Pathogen Architectural models Plant Functions
(PIAFEcosysLEPSE, AMAP) (EcosysLEPSE, AGAR)  (LEPSE, AGAP, U3PF, ECEIBNSy3 (BPMP, LEPSE, AGAP, U3PF, ECOSYS, DIAI

RATPCariby Fractalysis Septo3D, Alep, ECHAP Adel (wheat, Maize), Pea, Vine, Strawberry C, N, Photosynthesis, Hydraulic
Apple, Mango CNWheat,HydroShoot HydroRooE X

Energy budget
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Gas exchange

Light interception




Visual Programming & Scientific Workflows
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Scientific Workflowss(vf) : ASAP

Automation
A swfto automatecomputationalaspects of science

SGD Trainer

Scalingexploit andoptimize machine cycles

A swfshouldmakeuse ofparallel computeresources

A swfshouldbe ablehandlelarge data set

Abstraction, Evolution,Reusghumancycles)

A swfshouldbe easyto (re-)use,evolve share

Provenance

A swfshouldcaptureprocessinghistory, data lineage
-> traceabledata- andwf- evolution

Cuevast al,, 2012

Tensorflow Abadiegoogle 16



Algebraic Scientific Workflows

1 Controklow usinglambdacalculus Condition

v Function
1+ DataflowVariable (X) ; —L

v Transforma dataflow

: . o =0
into afunction init value, while x <=10;
X+=3

1 AlgebraicdOperator
map, I’educe filter X whileu;ih;'hriate

Cj ; b H-C
map Elg-gr] |redu::e| |fur|

Pradal, Fournieialduriez CoherBoulakia SSDBM 2015




Higherorder Scientific Workflows

1. Plant Generation: fix1) L]

eeece0e .

2 Untonofplants.g(xz.xs)]
ﬁ

3. Condition: cond(x4)
Z——

\ reduce

4

Formalizing OpenAlea workflows

(introducing A-dataflow)

— combine simulation and
modelisation

—> express retroaction loops

Pradal, FournieNalduriez CoherBoulakia SSDBM 2015



Outline

AOpenAleasoftware platform

AHTP Shoot Phenotyping & Modelling
AHTP Root Architecture & Modelling
ACrop modelling framework interoperability



HTP Platform$?henoarch Montpellier)

CabreraBosquetet al. 2016 NewPhytologist

dhenomix“

Analyses of genetic determinisms of plant
responsesto environmental conditions (drought,
temperatureandlight)

A Capacityfor 2400plants(ca 300 genotypes)
A Automatedtrait measurements

[ Symbols [ unis ___JTras | Typeofarea distribution |
Plant leaf area -
Stem height vertical
Plant inclination index vertical & horizontal M P
Plant relative height where half vertical 3
plant leaf area is reached .
Distribution of leaf area along plant vertical mz;g?’gﬁ:g ::::ft)rms
height
Plant radius horizontal & vertical
azimuths dispersion horizontal

azimuth deviation from row horizontal



Phenomenal: an automatic image analysis workflo

X
OpenAlea @ PHENPME https://github.com/openalea/phenomenal



Inconsistency of data over time

_| Area B Insertion height 8 L Azimuth

LeafPosition



Solution: Tracking

Daviet Fernandez et al., PlaNtethods inrev.



Tracking mature leaves as a multiple sequenc
alignment problem

Topological order

Sequence
alignment

= [al, a2, a3, a4, a5, af
0 \ Leaf rank
[al, a2}ad a4, a5, a6, ---|

1 b3, b4, b5, b

. [--- b
= | [b1,b2, b3, b4, bS5, be] /

Time

Similar geometric
features in a column

Similar to DNA sequence alignment (Needlerd@mnschalgorithm) :

ATCTACGGCGTAC ATCTACGG___ CG_TALC_
CTAGGCTGCGCT. _ CTA_GGCTGCGCTALCG




Tracking organs over time
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Predicting statevariables by simulation

Estimating Light interception efficiency on a reconstructed canopy
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CabreraBosquet et al. 2016 New Phytol.
Artzetet al., Plant Physiol., in rev.



PlantPhenomicand Distributed Computi
A CouplingHTPanalysiswith biophysicaimodelsusingScientific Workflows
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P A InfraPhenoGrid: An infrastructure for

Phenotyping on the Grid
+ A OpenAlea.Phenomenal: automatic 3D

shoot reconstruction

A Grid & Cloud computing using
OpenAlea

Pradalet al., 2017. FGA&fraPhenoGrid
Heidsiecket al., 2021, FGCS



Outline

AOpenAleasoftware platform

AHTP Shoot Phenotyping & Modelling
AHTP Root Architecture & Modelling
ACrop modelling framework interoperability



Timelapsetrackingand reconstruction afoot
system architecture

HIighResolutionROotScanner (HIRROS) setup fmtomated and nondestructive

visualizationof root architecture ofseedlingsgrown in agar plates

IPSIM Montpellier

P.Nacry/ INRAe Fernandez et alRlant Methods, in rev.



Phenotyping root systems
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Automaticphenesextraction




Topological tracking: intuition

Complexity emerge...
time after time

A\t = /\ roots



Topological tracking: intuition

Complexity emerge...
time after time

A\t = /\ roots

Difference between two successive images



Topological tracking: intuition

Complexity emerge... - Appeared at t=5
time after time Appeared at t=6

/

Appeared at t=7

/

A\t = /\ roots
Growth
direction




Topological tracking pipeline
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Topological tracking pipeline
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Topological tracking pipeline
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Topological tracking pipeline

Mapping
Raw Register image roots
images | occ | apparition
time

Plxeﬂl. htensity Appeared at t=5

/ Pan

Foreach pixel : , ~ Appeared at t=6
Mmtft20 AydaSyairdie ~
AAAAA Appeared at t=7
?\N—G_n—l:l-n_n_mc'\g—ﬁ

\ \ e
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Pixetwise date map



Topological tracking pipeline

Raw
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Images

Growth
direcV



Raw
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Images

Topological tracking pipeline

Register image
sequence

Mapping roots

— apparition time

Growth
directio

Date map
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Region
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Region Adjacency Graph



Topological tracking pipeline

R Register image Mapping roots Region adjacency Min cost

aw jac

: — sequence ——  apparition time | —— graph building global ~SMI
T tracking

87 YA 5‘/;4

The situation O-Initial graph 1-Minimum directed 2-Keep only best 3-Min cost reconnection
spanning tree successor (Hungarian algorithm)
(Edmonds)



Results on complex data
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RootHydraulicArchitecture:HydroRoomodel

1l VILLLLLLIELL L
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Exterior
(400Pa)

apical

From a hydraulic unit to the whole root water transport (arabidopsis)
Boursiac, Pradal, et al., Plant Physiology, 2022
https://github.com/openalea/hydroroot



