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ABSTRACT

Plant scientists use Functional Structural Plandéle (FSPMs)
to model plant systems within a limited space-timage. To
allow FSPMs to abstract complex plant systems béyosingle
model's limitation, an integration that compoundgfedent
FSPMs could be a possible solution. However, thegiation
involves many technical dimensions and a generiftwace
infrastructure for all integration cases is not giboe. In this
paper, we analyze the requirements of the integratiith all the
technical dimensions. Instead of an infrastructure,propose a
generic architecture with specific process-rela@chponents as a
logical level solution by combining an ETL (Extradiransform
and Load) based sub architecture and a C/S (Clientér) based
sub architecture. This allows the integration offedent FSP
models hosted on the same and different FSP mapplatforms
in a flexible way. We demonstrate the usabilitytted architecture
by the implementation of a full infrastructure foe integration of
two specific FSPMs, and we illustrate the effediess of the
infrastructure by several integrative tests.

CCS Concepts
« Software and its engineering—Integration frameworks,
Software and its engineering—Cooperating communicating

processes, Software and its engineering—Data flow
architectures
Keywords
Functional structural plant model, simulation, radale,

Multiscale tree graph, OpenAlea and GrolMP platform
1. INTRODUCTION

With the development of computer science, espgc@mputer
graphics and relevant hardware and software teolred in

recent decades, computer models that describeutiwidn and
structure of plants have emerged and been develgg@dly in

plant research [1]. With or without taking enviroamtal factors
into account, these “Functional Structural Plantdele” (FSPMs)
aggregate one or more functional simulators desgidifferent

physiological functions and a structural simuladescribing the
laws of plant structure change to digitally reprogluthe
interactions between structures and functions ahfgl along a
part (or the whole) of their life cycle. The curremainstream
approach of FSP modeling is platform based. The k8&eling

platform plays a role for FSP modeling similar ie trole of the
development kit for application development, eXpK for Java
applications. By providing crucial tools for desdng plant
systems, the platform is more of a domain-speaifiastructure
than just a general development kit. Usually thesdudes a
specific graphics library, a particular modelingrf@lism built

upon a special modeling language with tailored afpes and a
FSP data model mostly detailed from a general daidel (i.e.
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property graph), some useful components such agiékers and
“default” simulators that abstract general functéiband structural
processes of plants. By this approach, FSPMs arelafged and
executed on a given platform. As the modeling platf hides all
computer-related technical details, plant scientisin thus use the
tools provided by the platform transparently toléh@in FSPM in
much shorter time and focus on their own speciatiger than on
unfamiliar technologies.

Like all models, FSPMs abstract and simplify onlfirdte range
of plants to a finite extent due to various constgasuch as the
available resources. It is technically impossibte rhodel all
physiological and environmental aspects of largemmlex
botanical systems with many species by a singledM=S® model
complex botanical systems for a wide range of pgla@ a
considerable extent, the capability of integratioh different
FSPMs is desired. “Integration” here means to bailcbmpound
model with synergy between existing models. Twouiegnents
need to be met to achieve this goal. (1) The ghilitinformation
exchange between different FSPMs, and featureattoveatically
interpret the exchanged information meaningfullg @ecurately
to produce useful results as defined by the integrai.e.,
syntactic and semantic interoperability of inforioat (2)
Simulators of different FSPMs must be synergistycaperated to
meet the objective of the integration, i.e., complie of synergy
of simulators.

In detail, the integration involves different teatal dimensions.
The first is the platform/model dimension. At ptath level, plant
information produced by FSPMs based on the sameelingd
platform shares the same syntax and semantics. eHtmese
FSPMs can use the same platform-level integratifrgstructure,
i.e., processes for the platform-level interopdigbi of
information. At model level, both information anuinsilator of a
particular model have its own specific syntax amginantics,
hence every FSPM has its unique model-level integra
infrastructure, i.e., processes for model-levekroperability of
information and for synergy of simulators. The setas the
syntax/semantics dimension. Information involved HSPMs
includes plant and environmental information. Baitnsist of
data organized in syntactic structure with givemaetics. Data
need to be exchanged with relevant semantics tblenthe
simulation by the receiving FSPMs. The third is the
dependent/independent dimension. Because plantestsmare
biologically dependent on and interact with eacheot FSPMs
compute the FSP data of one plant element by takiegaccount
inputs from one or more other plant element. Thanpl
information produced over one simulation step thaeds to be
exchanged as a complete piece with consistent s&maim
different syntax. In contrast, the different enwvinoental
information is normally considered independent freach other;
hence, it does not need to be exchanged as a dengéee. The



fourth is the topology/geometry dimension. Beingaat of plant

information, structural information includes topglo and

geometry. In detail, topology denotes the adjacaetstionships
between a plant element and its neighbors, whisbntetry

denotes the location and orientation of a shapsepting a plant
element and the geometric transformation between plant

element and its parents (local transformation)her oot (global

transformation). The fifth is the internal/exterminension. The
FSP data in plant information captures propertiegshe plant

itself, i.e., internal data. In contrast, the dataenvironmental
information is external. As FSPMs focus on smakti&p scale

modeling, the evolution of internal data is modenfassumed to
have no feedback on the external data, and the eatemal data
is applicable for all involved virtual plants. Teith is the non-
retroactive/retroactive dimension. A non-retroagtiintegration

denotes a situation in which the targeting FSPMsialosend the
updated plant information back to the source FSIPMontrast, a
retroactive integration describes the case wherdaiget FSPMs
send the updated plant information back to the&SPM and
lets the source FSPM takes into account data onategd
properties when computing new plant information.

Before FSPMs can be integrated, some preparatierd to be
carried out. One is plant property preparation.iinto databases
where different data fields characterize differpraperties of an
object, different FSPMs originally organize dateartterizing

plant property information in different data fietéts. However,
the simulation of integrated FSPMs requires plarforimation

with data fields from both source and target FSPKs.the

original plant information from the source FSPM sio®t contain
data fields needed by the target FSPM, hence, #ha fields

defined in the target FSPMs need to be added tdateefield set
of the source FSPMs. The other is simulator prejmra
Originally, simulators of an FSPM update plant mfiation by

computing new data of a data field using old ddteelevant data
fields defined in the FSPM itself. However, to cartjopnew data
of data fields defined in the source FSPMs in adseetroactive

integration, the computation also takes data froata dfields

defined in the target FSPMs as inputs. Hence, sitotd of the
source FSPM need to be adjusted.

To integrate prepared FSPMs, syntactic and
interoperability of plant information between prepd FSPMs
have to be enabled at both platform and model $evl platform
level, different FSP data models and graphics fibsa are
provided to capture plant function and structuriee Tata models
define the syntaxes organizing individual data eets and the
semantic relationships between data elements. Tiaphigs
libraries define the syntaxes (i.e. type signajuessl semantics
(i.e. geometric meaning) of graphic types. Variqlant data
models and graphics libraries with different syesxand
semantics are applied in FSP modeling practice, thgg RGG-
based graph [2] and its IMP3D library provided by fplatform
GrolMP [3] [4] and the Multiscale Tree Graph (MT(5] and its
PlantGL library [6] provided by the platform Oper&l [7][8]. At
model level, different FSPMs define their own syet to
organize data items (i.e. data fields) of each viddial data
element with specific given semantics. Differenvieonmental
data field sets defined in diverse syntaxes witfedint semantics
can occur, e.g., to represent temperature, one F8&Muse
“double” type representing Celsius degrees, anoB&PM uses
“float” type representing Fahrenheit degrees. Mweeepdifferent
multiscale structures are defined to suit differerddeling cases
syntactically. For example, FSPMs based on OpenAiitan
apply a multiscale structure with metamers comlgingeveral

elementary geometric objects as topological nodefisafinest
scale. FSPMs based on GrolMP often apply a mulésstaucture
with one elementary geometric object as one topcddgode at
its finest scale.

To integrate prepared FSPMs, the synergy of simrdabf
prepared FSPMs at model level need to be enablededls
Simulators are algorithms capturing particular hatal
knowledge with inputs and outputs. To enable theeryy, the
outputs from simulators of the source FSPM needbto
transformed to be the inputs to simulators of Hrgét FSPMs. At
the same time, the interactions between simulabbrdifferent
FSPMs need to meet the objective of the integrdtity.

Practically, the integration requires a distribugggtem in which
different FSPMs are presented on FSP modelinggotatf with a
middleware that can synergize them with one another a
communication network. The middleware is in the dieédof the

distributed system for supporting the synergisti@osition of

distributed FSPMs. Evidently, our objective is taoyde

architecture for the distributed system to guidd &arcilitate the
development of the middleware. To archive this, Wave

investigated solutions for the two integration riegonents and
designed a sub architecture which contains solyirocesses for
each requirement. By combining the two sub archites, we
propose a full architecture for the integrationddferent FSPMs.
We also demonstrate the usage of the architectyrethie

implementation of a full infrastructure for the égration of two
specific FSPMs based on the platform GrolMP and rdjea

respectively.

2. ARCHITECTURE FOR THE
INTEGRATION OF DIFFERENT FSPM S
2.1 Sub architecturefor syntactic and

semantic interoperability of information

The interoperability of plant and environmental oimhation
includes the interoperability at both platform anddel level. At
platform level, it is about to make plant inforneati using
different data models and graphics libraries exgeable and
interpretable. To enable this, the syntaxes ofrinfdion need to

semantic be transformed to carry the same semantics. Thagasmilar to

the requirement of data integration, which deal#hwiombining
data in different syntaxes. Hence the approaches dita
integration can be adapted to be the sub architedmr the
interoperability of information. One straightforwdaapproach is
ETL (Extract, Transform, and Load) in data warelog$9] [10].

In this approach, data is loaded into a data wargldy going
through three processes. (1) The extraction of &ata one or
more sources. (2) The transformations of the datp,translating
“1” in the source system to “M” in the target systefor
representing male. (3) The loading of the transéatrdata into
specific target systems or file formats. This appto offers an
architecture (i.e. ETL) with disassembled procesisu thus it
supports parallel processing. However, as an iategntity
combining three functions, ETL is tightly coupledtiwspecific
source and target data models, i.e., a programrtoog that
implements ETL architecture is only applicable foarticular
source and target data models. Hence, it provideedicated
information-exchange channel. An adapted approadth &
unified mediating data model can make it more Bixi In this
way, the information is exchanged between sourcsd tanget
FSPMs via the mediating data model. Two differefiL& are
thus needed for each exchange direction. As thdatiregl data



model is unified, processes that load to (or extfeam) it are
generic for any source and target models. Moreovbe
mediating data model makes it possible for evetemél target
FSPM to load and process the same information, fce.run
parallel simulations of different physiological pesses within the
same plant. We have designed a logical data exehanoglel, the
Exchange Graph (EG) [11] as the mediating data modle
illustrated in Figure 1, in this model, basic prdfs are defined
for nodes and edges, and a single root node thdirestly or
indirectly connected to all the other nodes prosittee only entry
point of the graph. The logical data exchange mamei be
detailed to physical data exchange models to alltwe

information exchange through implemented integmatin
infrastructure.
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Figure 1. An example of Exchange Graph.

To enable the interoperability of information agtibrm level,
ETL processes have to be defined according to #te chodels
and graphics libraries of source and target FSPMs.

For the extracting and loading processes, the-stade structure
is defined at the platform level as the basic pathe information
model, hence the extraction and loading at platftawel mostly
concern the intra-scale structure, unlike in datarelousing
where only data of primitive type are extracted #&atled. The
interoperability of information usually requires rmoextracting
and loading data of composite type, e.g., grapiyoss.

For the transforming process, several sub processesecessary
to meet the requirements of the integration. (1ht&stic and
semantic transformation of topology of data elemere.g.,
generation of an edge in the target graph betweersponding
source and destination nodes, and assignment afdge type
according to the edge type in the source graph, &sgignment of
the “refinement” type available in the target FSRadmodel to
generate an edge according to the “decompositigpé tin the
source graph. Essentially, the topology here caorsctire structure
with equivalent systems of scales (spatial resmhs). (2)
Semantic transformation of the geometry of datanelgs. This
may include a sub process that
transformations between local and global. This grdzess is then
essentially converting geometric relationships leefwvnodes and
is based on graph traversal. To avoid double rgmhgraph
traversal, this process is better run with the esponding
extracting process. Another sub process performsasgic and
semantic transformations of shape instances, #ansforms a
signature with argument values of “Parallelogrargpet to a

signature with argument values of “TriangleSet"eygo allow
this sub process, a “dictionary” to “translate” égpfrom the
graphics library used in the source FSPM to typethé graphics
library used in the target FSPMs will be necessary.

To enable the interoperability of information atdheblevel, ETL
processes have to be defined also for functionad an
environmental information.

The functional and environmental information is alguspecified
in a FSPM using primitive types (e.g. float or mg€). Thus
extracting and loading processes are not reallydente The
transformation process includes two sub procegé¢sSyntactic
and semantic translation of coded values or deéonadf new
calculated values for functional or environmentafadfields (e.g.,
float_ Fahrenheit = (float) (double_ Celsius * 1832)). (2)
Syntactic and semantic transformation of differegstems of
scales, for multiscale structures (e.g., decomposiof a scale
with metamers as nodes to a new scale with elemegé&épmetric
objects as nodes) defined in different FSPMs. Irstntases,
simulators are applied to the finest scale of thatistale graph.
Thus the received structure needs to be transfoimteda new
structure with the finest scale on which the tasgjetulator can be
applied.

Figure 2 illustrates the sub architecture that doemthe platform
and model level ETL processes. It is clear thatitifi@structure
developed for integration will have a part thatgsneral for
FSPMs based on the same platform and a part thainlis
applicable for the particular source and targetSP

@ Source FSPM

Load - V Extract
Platform Model
level . level
Transform Transform
Extract & - Load

Physical EG
Load
oa n VExtract
Platform Model
level level
Transform Transform
Extract ﬁ U Load
IFSP data model
................ o Target FSPM

Figure 2. Sub architecturefor syntactic and semantic
inter oper ability of information.

2.2 Sub architecturefor synergy of smulators

The integration of different FSPMs combines biotadiprocesses
transforms  geometric captured by different simulators at model level.sHall serve to

allow one process to operate the other and hasetdully
compliant with the specific integration objectivgue to the lack
of a solution for automatic simulator recognitionnda
interoperation management, the interoperation negxsbe
manually managed. Moreover, as a part of the midalle of a
distributed system, processes for sending/receiptant and
environmental information and operating approprisitaulators



with the right input list are also needed. Basedhannature of the
requirements, we designed a sub architecture adpfite Client-
Server (C/S) architecture [12] [13]. In the clagsi§ architecture,
one server normally receives requests from sewligits. In our
architecture, there can be more than one servehied and each
one receives a request from the same client. Tigett&SPMs
may be developed and managed by others while theesé&SPM
is usually developed and managed by the integtatoself. The
server process of a target FSPM needs to be mgriaatiched.
The client process of the source FSPM also neetls toanually
launched to execute the source FSPM and to starseta

information to the target FSPM. The integrator essuthat the
combination of the simulators meets the expectatidmrough
these manual steps, the user of the integrated ESRahually
manages the interoperation. A specific characterift the sub
architecture is that there is only one client bue cor more
servers. The reason is that the integrated FSPiMayal operate
on one copy of data that is originally generatedtloy source
FSPM with the initial plant structure. It is nogioal to have more
than one plant structure from different FSPMs dyrithe

simulation of the integrated FSPMs. Moreover, dagrator, who
is normally also the developer of one FSPM to legrated, only
has full control of the FSPM developed by him, thius role of
source is fixed to a specific FSPM and there isngls client

process. Additionally, the communication messagesdéferent

between the retroactive and non-retroactive intemra If the

integration is non-retroactive, the response messagtains only
status information of the server FSPM executiorhe®tise, it

contains also the updated plant information.

@ Source FSPM
o Target FSPM

ety Request

~==» Response

@ Client

Figure 3. Sub architecturefor synergy of simulators.

Figure 3 illustrates the adapted client-server ardhitecture for
synergy of simulators of different FSPMs. The FShMthe

center is a source model and the others are targdéls. Between
each pair of source and target models, there ieat commonly
used for all information exchange of the source MS&hd a
dedicated server for information exchange only doparticular
target FSPM.

2.3 Full architecturefor theintegration of
different FSPMs

We propose that the data is better transformednduthe
movement from the mediating model to the target ehofince
we want data in the mediating model to be reusahéedata thus
needs to be transformed into a target data modglwhen the
data in the mediating model is being moved to #rget model.
Therefore, there is no transformation process batwéehe
extracting and loading processes between sourcemattiating
data model, and these two processes can be mengedmne

process that exports data from the source data Intodéhe
mediating data model.

As shown in figure 4, we get the complete architextfor the
integration of different FSPMs by combining the tvaub
architectures.

@ Source FSPM
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level . . level
Transform Transform
Extract 4 - Load
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(a) Pairwiseview of thear chitecture.
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(b) One-to-many view of the ar chitecture.

Figure 4. Full Architecturefor theintegration of
different FSPMs.

3. MODEL INTEGRATION BY APPLYING
THE ARCHITECTURE

3.1 Design and implementation for the
integration of GrolMP and OpenAlea based

models

In a current joint project [14], we want to provide infrastructure
to enable the integration of a GrolIMP based FSPH]| fhat

simulates water pressure within the xylem of anl@fee and an
OpenAlea based FSPM (i.e. MAppleT [16]) that sirtedaapple
tree growth. For this purpose, we detailed the BGt XML

based physical Exchange Graph, XEG, as the physiediating
model. Figure 5 illustrates a plant with three edats and the
code of its corresponding XEG. Functional and $tnad



information of each plant element is assigned fevemt data
fields, i.e., properties of corresponding nodeha graph. Nodes
are connected with each other through typed edges.

“successor”/>
“successor”/>

Figure5. An example of XEG
(left: XEG code, right: corresponding virtual plant).

We developed an infrastructure based on the spegiéitforms
and models following the proposed architecture. c8ige
techniques for FSPMs integration have been invady and
applied apart from the techniques commonly useddata
integration.

In detail, specific techniques have been used fement ETL
processes for plant information, particularly fozognetric data
and multiscale structure transformation. For themfr, we
applied graph traversal in the extracting and logddrocesses
since FSP data models are graphs. More specificallgxtract
geometric data, i.e., instances of graphic typesarized by the
syntactic structure of FSP data models, we impleeteran
extracting process that extracts type signaturegb argument
values from the instances of the source FSPM. Wso al
implemented a transformation process to transfoeongetric
type signatures with given argument values. To lkendahe
transformation, we designed a “dictionary” with régg of
signatures for all geometric types defined on thersee FSPM
platform. In the dictionary, each entry returnsnsigires of
geometric types defined on the target FSPM platfgkotording
to the signature transformations, we designed ampgleimented a
specific algorithm to compute the new argument eslfor each
entry of the dictionary. Besides, we implementedoading
process that creates geometric instances fromfiramed type
signatures with corresponding new arguments. Indibgonary,
on one hand, one type can have more than one itypatsre; one
the other hand, one geometric object can be tri@uslanto
different forms with different argument values, .e.ga
parallelogram can be “translated” into two triarsgler four
triangles. Due to the lack of a feasible solution dutomatically
picking type signature and translating form (i.eethod to
transform arguments), the translation entries amwlesponding
argument-computing algorithms are fixed and preaefi
according to the involved graphics libraries. Foe tatter, we
designed specific structural decomposition schefimresach kind
of composition to allow the nodes at the finestlecae.,
metamers, received from MAppleT to be decompostarindes
of defined geometric types in GrolMP. Figure 6 sthates the
decomposition scheme of a composed metamer defined

same data fields of elementary nodes form the saetamer is

essential.

(a) A plant metamer composed of three transformed
shapes: two instances of Cylinder type successively
transformed by a trandation and an orientation as an
internode and a petiole, one instance of BezierPatch
type successively transformed by two scaling, an
orientation and a trandation. Both shape and
transformation types are based on the PlantGL
library of OpenAlea.

- Any —_—— Branch
— Successor ssssseseeeeod » Decomposition
(O Rrotation \_/ Trensiation <>  scaling
Bl coiinder L ) BezierSurface

(b) Decomposition scheme of the metamer (a):
elementary geometric instances of types defined on
GrolMP are individual nodes in the additional fine
scale, and are connected according to the targeting
GrolMP modd through edges of branch, successor,
and decomposition types available on GrolMP.

Figure 6. Decompostion scheme (b) for a kind of metamer
(a) defined in M AppleT.

3.2 Integrative middleware for GrolMP and
OpenAlea based models

Combining all implemented processes, we got thegnative
middleware (or an interface) for the integratiorspécific models
based GrolIMP and OpenAlea that was required inpoject. Its
specific parts, which mainly refer to the procespesforming
transformations of different systems of scales atlehlevel using
the decomposition scheme or the property-upscaiggrithm,
are only applicable for the integration of the tsgecific FSPMs.
In contrast, the processes at platform level areegeg and
applicable for all FSPMs based on GrolMP and OpeaAl

We tested our implementation by observing the métdion
coherence. Figure 7 illustrates a non-retroactest, tin which
information of an apple tree is generated from Migppand after

MAppleT. Based on this scheme, we implemented a sub peing processed by the developed middleware, théMB model

transformation process for syntactic and semargicsformation
of different systems of scales. Accordingly, a samsformation
process removes the added scale structure whenpldre
information with added scales is sent back to MApplin this
sub process, a property upscaling algorithm tharextes the

gets identical information. Figure 8 illustratesetroactive test, in
which a small part of the previous apple tree iist fsent from a
source model and received by a target model withsistent
information, and the source model then modifiesabler of the
internode to green, and sends the resulting trieenmation back
to the source model. The tree information with leev color has



been processed through processes of the implementedie
ware in the reverse direction. Therefore, it isgiue for the
source model to continue with its simulation takthg new color
into account.

LomM s oz slcv W soBa

Figure 7. Plant information is exchanged through the
implemented middlewar e, and theimages of the same
information areidentically visualized on different
modeling platforms (left side: GrolMP, right side;
OpenAlea).

3|

Figure 8. Plant infor mation is exchanged through the
implemented middleware, and thetarget FSPM
modified the color of theinternodesto green and sent it
back, the modified plant information isidentically
visualized on different modeling platforms (from upper
leaft to lower right: OpenAlea-Grol M P-Grol M P-
OpenAlea).

4. CONCLUSION

The designed architecture provides a flexible sehdor the

integration of different FSPMs. Its C/S based degfture makes
the model integration scalable and allows large pler plant

systems modeling. The distinction between proceasesatform

and model level allows processes at different v be

developed by specialists in their respective fidids. computer
engineers and plant scientists) and the use oflajes® processes
to be optimized and maximized according to theiels.
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