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Abstract Significant advances in the domain were made thamks
Vulnerability is the degree to which human andthe development and use of advanced modelling
environmental systems are likely to experience hdwen  approaches to simulate mechanistically grassland an
to a perturbation or stress. In the study of climahange livestock systems. This was partly done thanksh® t
impacts on grassland, we have run various experiaien PASIM model (Pasture Simulation Model,
plans and with a reverse engineering approach wigbu https://www1.clermont.inra.fr/urep/modeles/pasimht

the models of our design of experiments. This nindel [Riedo et al., 1998] and its improvements [Grauxakt
helps identifying a common pattern seen as a matamo 2009], [Graux et al., 2011b], [Graux 2011].

to which parts of our models can be conformed tee T Vulnerability assessment requires a huge amount of
Model Driven Engineering approach will help us toruns of the studied model, and distributing the
propose a software framework that will deal withe th computation is therefore necessary. We plan togeem
distribution of experimental plans under vulneréthil generic framework to deal with distribution of

constraints. experimental plans under a set of specific conmggai
Some preliminary work we have done with PASIM cen b
Keywords: used for vulnerability assessment in two waysilfirdy

Model Driven Engineering, Reverse Engineering,using the knowledge of previous results to drivel an
Experimental Design, Grassland simulations, Climatespeed up vulnerability assessment; secondly, bgimgu

change and retro-engineering the Design of ExperimentsEDo
previously achieved. Indeed, three kinds of desigme
1. INTRODUCTION used, one for each different purpose: climate-ptaja

Vulnerability is the degree to which human andimpacts assessment, sensitivity analysis, optimal

environmental systems are likely to experience hdam management research.

to a perturbation or stress. It has become in tegears a

central focus of the global change (including cliena The following section presents the PASIM model.

change) and sustainability science research contimsini Section 3 to 5 describe the methodology used, with

[Fussel 2007]. Such new emphasis on vulnerabilityk®  special focus on DOE and MDE techniques, and ptesen

a shift away from traditional scientific assessmevitich  the design of experiments we have retained in #st B

limits analysis to the perturbing agents (e.g. aten years. PASIM has been ported form ACSL to Fortran i

change, extremes) and the corresponding impaetaytis  order to be integrated in complex climate modetsHigh

an examination of the system being stressed aradilisy = Performance Computing. We aim at “encapsulatingg th

to respond [Luers et al., 2003]. old school approach within Model Driven Engineering
(MDE). A reverse engineering based on MDE is

Grassland/livestock system vulnerability to climateconsidered to present UML models of what has been

should be evaluated both in terms of biophysicaldone. The reverse engineering is completed by the

vulnerability (production losses and increased gneese  proposal of abstractions to tackle the distributioh

gas emissions) and in terms of socio-economiexperimental plans on high performance computing

vulnerability (e.g. for smallholders and pastotalisn  platforms.

developing regions). As shown by the IPCC AR4 repor

[Easterling et al., 2007], potential adaptatiomtsigies for 2. MODEL DESCRIPTION

livestock farms have seldom been studied, and witho The PASIM [Riedo et al., 1998] is a process-based

adequate assessment of adaptation the vulnerabdlity grassland biogeochemical model based on the Hurley

climate change could be overstated. Pasture Model [Thornley 1998]. Grassland processes
simulated on a time step of a 1/56f a day. Simulations
are limited to the plot scale and may run over one



several years. Likewise other advanced biogeoct@micand parallelization are needed. The uses of a pidfE
models, PASIM simulates water, carbon (C) and géro  will help to get, firstly, all the information weaea looking

(N) cycles, the latter being improved by [Schmidaét
2001]. Photosynthetic-assimilated C is either mespior

cycle considers three types of N inputs to the sl
atmospheric N deposition, fertilizer N addition, dan
symbiotic N fixation by legumes. The inorganic sdilis

available for root uptake and may be lost throughPASIM

leaching,

ammonia

volatilizat

ion

nitrification/denitrification, the latter processksding to
nitrous oxide (MO) gas emissions to the atmosphere.specific part of the system: microclimate modulelight
Management includes N fertilization, mowing andzimg

for. For example in the case of sensitivity anayshe
DOE is important to get relevant sensitivity of all
allocated dynamically to one root and to three shooparameters and not to neglect their interactionse T
compartments (each of which consisting of four agesecond point is to have the smallest number of Isitioms
classes). Accumulated aboveground biomass is uged Ifor the best quality results and so a smaller cdatmn
either cutting or grazing, or enters a litter pobhe N

time. The latter is also reached by dispatchingc@sees
to parallel architectures.

4. SMULATIONSWITH PASIM

is a simulation software
and FORTRAN 95 (~60 000 code lines). The code is didide

implemented

in

in modules, each one dealing with the modellingaof

interception, energy balance; soil physics modatesbil

and can either be set by the user or optimizedhey t moisture and temperature profile; soil biology miedu

model [Vuichard et al., 2007].

with soil organic matter, nitrate, ammonium andaus
oxide (NO) dynamics;

animal

module for

intake,

The animal module was recently improved byperformance and methane emission at pasture. Afleth
[Graux et al., 2011b] to simulate the performande omodules contain many parameters, some of thermptg i
grazing ruminants (suckler cows with their calveairy  variables, others are usually considers as constatfte
cows and heifers) in response to climate and manage field validity of the model. In the UML diagram losV
and enteric methane emissions based on [Vermoumdl,et (Figure 1) we present the organization retaineshémage
2008]. PASIM inputs. These parameters can be classifi¢rae
classesSite, Soil, andVegetation. In addition, the model
uses some meteorological input variables at hotimhg
step: air temperature, wind speed, global radiation
precipitations, water vapour pressure, ,Cénd NH

3. DESIGN OF EXPERIMENTS
Design of experiments (DOE) has a rich history,hwit
many theoretical developments and practical apiica
in a variety of fields. In the modelling field, DOE a  atmospheric concentrations. Such inputs are in the
needed tool for efficiently testing and analysinge t Climate class. The Field management is handled by the
behaviour of a model [Kleijnen 1987]. Most of model Management Policy class, which has two subclasses:
simulations aim at exploring and/or testing theaweétur Model proposed policy and Prescribed policy. The
of the model. model can run the subclass policies independently o
Whatsoever for verification and validation or févret simultaneously. ThéModel proposed policy gives a set
uses of a model, a huge number of simulation russ a of rules for automatic management which affect the
needed. In particular, for environmental dynamicsbehaviour the model. The policy specifies the liegtion
modelling, models have become increasingly morealates, types and amounte(tilization class), the grass
complex at the pace of computer power. Due to fgh h cutting date Mowing class), and grazing information
number of parameters required by the model, th€Grazing class) including dates, instantaneous stocking
computation time of a single run, the needed time f rate, initial animal liveweight and body score citiod,
complete uniform and factorial DOE is usually tooand complementation at pasture if required.
expensive. That is why the use of other DOE, didpagy

Figure 1. UML metamodel of the PASIM input model
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Due to its ability to simulate a great number afqasses grasslands on shallow soils from past (1950) tduture
(including biogeochemical cycles, grassland ses/ied (2100) were studied (Figure 2A). However studying
greenhouse gas emissions) and to its researchtiobjec impacts on productivity is not enough, investiggtite
the potential outputs variables of PASIM are manyfeedbacks of grassland on the climate is also aidse.
(~500). But just a few one are usually looked andThis could be partly assessed by evaluating thbocar
analyzed at one time according to the user objectiv balance of the system (Net Biome Productivity), ahhis
representative of CQemission or absorption (Figure 2B).
A
standard deviation (t MS/ha) : 5.MODEL DRIVEN ENGINEERING
<1.0 Model Driven Engineering (MDE) is a part of softwar
W ()(L T engineering that studies, since more than a dedhde,
“30 Ly 7/\ software development, maintenance and evolutioh wit
~ Mons QC/\ ) unifying modelling approach [Favre 2006]. The Model
el Versgilles N Driven Architecture (MDA) is a set of industry stimd
4 Q‘/\ ; promoted by the Object Management Group (OMG). The
.QZO i O( . ] separation between the descriptions of the platform
T Diton ~ independent system part (PIM Platform Independent
% ) @O{j Model) and of the platform specific one (PSM Platio
Lusignah b Specific Model) characterizes the MDA, whereas the
j(;\_ "\ glermont MDE is a global integrative approach [Favre 2006] f
Bordaux E various technological spaces. MDE relies on three
. St Etien'® @D fundamental concepts: the “model”, the “metamodeit]
et A joulg s Aihiohe the “transfqrmaticf)n procedure".Tﬁ model is a sirfipd .
- & representation of a system. e system is an entity
YIELD. . Cm ol modelled in order to study it, to understand itd a&o
455 predict in a mastered context other than realibe model
B) could be defined by the relation “is a represeombf’
— between itself and the studied system [Hill 1996]
Sta"da"['jde”'at“’" (tCha: [Atkinson and  Kuhne 2003], [Seidewitz  and
O ;_%_51_25 _ Technologies, 2003] and [Bézivin 2004]. Neverthgles
= 1.252 .QO the MDE context, this definition is not enough hese it
m 2 e . o8 does not allow the model to become “productivee.(i.
Versailles e interpretable and exploitable by a machine). Thawly
Rennes . @ Mirecourt Colmar many a:Jthors use the foIIovx{lng definition [Kleppeat,
L .0(3 2003]: “A model is a description of (part of) a ®m®
Dion written in a well-defined language”.

i Euisignal D O The notion of well-defined language indirectly psin
1970.99 _ 2070.99 . to the second MDE principle, i.e. the “metamodel”.
@ glerment Different definitions exist in the literature: “aatamodel
Borcpaux e (33 is a model that defines the language for expressing
.@ St Etienns model” [OMG 2002]; “a metamodel is a specification
Meulguse Avignone _ model for a class of SUS (System Under Study) where
NBPMO s @O o _® each SUS in the class is itself a valid model esged in a
13 certain modelling language” [Kleppe 2003]. Unlilethe
popular opinion, a metamodel is not a model of rhate
is better defined as a model of modelling languades
Figure2. A) Dry matter yield and B) Net Biome definition is based on the following relation: a deb‘is
productivity (NBP) evolutions for intensive permane conform to” a metamodel. For instance, in the ceantd
grasslands established on a shallow soil underSRES  Object-Oriented Programming, if we consider theeobj
A1B scenario simulated by the ARPEGE climate modebks a model of reality, then the class is a metaimanie
and downscaled with variable correction method. BPN the object “is conform to” its class. But metamedean
positive value means that grasslands store carbdimeir  have specific forms depending on the technical doma
soil. such as:
- XML technologies: an XML file is conform to a DTD
For example, in the case the French ANR Project or XML scheme
CLIMATOR  (http://w3.avignon.inra.fr/projet_climatr - language theory and compilation: a source code is
climate projections were evaluated at 12 Frendassiln conform to its grammar
particular, the evolution of yields on intensiverrpanent

EO0OE

2020-49
1970-99 2070 99

i




- in cartography, if our system is France, our modelground water table is nearby or not, reflectingat tthere
could be an IGN (French National Geographicis capillary rise from soil boundary layer or n@ix
Institute) map and its metamodel its legend: a msap different grassland field management policies and

conform to his legend associated vegetations were defined. The DOE is
- Standard Template Library (STL): a vector<int> is therefore the complete product of:
conform to Vector<T> model - one site
- one soll

Contrary to MDA, MDE principles are relevant fot al _
type of models, either object-oriented or not. MBEot
restrained to a technical domain.

one management and his associated vegetation
one climate (note that the available climates db no
cover the complete product of scenario, climate

Nevertheless, to get a productive model, it is ssagy model and downscaling method)
to describe how to transform it. This aspect cqmoesls to . .
the third MDE Concept: “transformation of model”. All theses simulations would take about one year of

Unlike the two other notions, there is no conserfisugts ~ computing time on a single modern CPU (2010). Since
definiton [Rahim and Mansoor 2008], [Lano and these runs were independent, they were distriboted
Clark 2008], [lacob et al., 2008]. According to clusters. This was done by dividing the amount of
[Favre 2004], the relation could be defined as sisSimulations by the number of available processuvs.
transformed in”. As for the metamodel, the transfation ~ Proposed an additional script to list all incomplet
can take different forms under the technical domairimulations and then to generate the needed sdopts

[Favre 2006], for example: launch the remaining simulations until every sintiola
- eXtensible Stylesheet Language (XSLT) into XML has been launched. Interpretation of the resulisiéd in
language the computing campaign can be found in [Graux 2011]

- compilation and code generation for language theoryand [Graux et al., 2011a].

6. USES OF DESIGN OF EXPERIMENTS 6.2 Sensitivity Analysis

High performance computing was required to rurtta!  In order to reduce the number of PASIM parametars,
simulations we needed in the recent studies comduct sensitivity analysis was performed. An implemewotatbf
with PASIM. These studies aimed at assessing aiimatthe Morris screening method [Morris 1991] based on
change impacts on grasslands, performing a seibgitiv [Campolongo et al., 2007] was used to assess the
analysis of most of PASIM parameters (with respect sensitivity of the model to 133 input parametershage
different outputs), and optimizing grassland managet  French sites. For each site, three years of clindata
under climate change. The DOE associated with thes@ere used, representing a gradient of aridity doms

three studies are described hereafter. (minimum, median, maximum aridity year on the pério
1950-1999) as defined by the De Martonne-Gottmann
6.1 Climate change impact projections index [De Martonne 1942]. Two management policies

An important work, based on a huge amount ofwere define_q,_with one .generig soil. The. para_memeeﬂ
simulations, has been done to assess climate impact N the sensitivity analysis are in thegetation, site, and
grasslands as well as to characterize differentldenf  SOil andprescribed policy inputs classes (Figure 1). The
incertitude on these impacts. To do this, an indetep Main idea of the Morris method [Morris 1991] is to
factorial design of experiments was used. Projastio determine for each parameter whether their effecicc
were achieved for 12 French sites and, for eaah sitbe considered as negligible, linear and additivenan-
PASIM was forced with 12 plausible future climatic linear or involved in interaction with other facsor
conditions that combined a range of SRES (Special |
Report on Emission Scenarios) [N&kmovi et al., 2000],
climate models and downscaling methods. Since & wa
not possible to generate all combinations of sdesdf),
climate models (2) and downscaling methods (3)n the
complete factorial design was not feasible. Howgvfer
we consider these three elements: SRES, climatesisiod £
and downscaling methods as a unique entity, then thz %]
design is complete factorial. 2
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Five soil profiles were also chosen from a databas °
designed to include the major soil types (by textuvater
characteristics and soil depth) and land uses ande
(DONESOL Base)_ We could consider that each sail ca ‘—Gauss distribution - Uniform distributimﬂ

be split into two sub-soils, depending on whethee t Figure3. Cumulated probability distributions and levels
for a Uniform (dark) and Gaussian (grey) variates.
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The Morris method for designing experiments isdepending on whether the soil organic matter is at
composed of individually randomized “one-factortlad-  equilibrium with management and meteorological data
time” experiment. Thanks to that, a trajectoryésctibed not. To resume, in this case the DOE is the contioima
in the space of all factors. Few trajectories areessary; of:
in our case six trajectories of 134 points (133ap@ters -  one soil
+ 1 initial point) were used. For each parametarlevels _  gne site
were defined. Each level corresponds to (0, 02, @6,
0.8, 1) values in the distribution function (Fig@®)e This
design was repeated for a supposed Uniform or Gauss
parameter distribution. Note that for computabiliéason
Gaussian distribution was limited at its extremity.

one climate scenario
- one management (depending on the site) associted t
one optimization method

Contrary to climate projections and sensitivity
The same pattern was used to make sensitivitg’?‘”alysis- all runs cannot be paraIIeIizeq. Indeaath run
analysis for all kind of outputs (greenhouse gapéamnt of a given meteorological year must wait for 'Fheuits of
growth, carbon and nitrogen plant content...), sa tha  the previous year, so we could only parallelizeckéoof
same “pack’ of simulations was enough to perform150 years. Interpretation of results can be found i
sensitivity analysis for the different outputs. Aer  [Graux 2011].
climate projection impacts, theses simulations ¢en

easily distributed. To sum up, the DOE was the pcod 7MODEL AND ME,TAMO,DElf OF DOE )
of: The purpose of this section is to propose abstnasti

- one site which will tackle the distribution of experimentplans

- one climate W|;h _specmed constraints. We think that a gqocy\lmdo

this is to start building a model of the experinamlans

- One management based on the past designs we proposed. Let'syfiists

- one set of parameters for soil, site, vegetatiod anon the climate change experimental plan. As we
managements parameters, for Uniform or Gaussiapreviously saw, this plan is a nearly complete daat
distribution one. It is not complete in the fact that climatdjah is a

composition of SRES forcing condition, climate miode

Although the computing time is smaller than requiire and . downscaling method_, IS not complete._ As said
previously, when we consider our proposed climate a

for climate impact simulations, it was however reseey whole scenario entity, then the experimental plan i

to distribute simulations on local clusters. complete. The resulting model of the experimentah ps
given in Figure 4.

6.3 Automatic management simulations

To test potential adaptations of French grasslarsidh Meteo

livestock systems to increasing climatic hazardswa

step procedure was developed [Vuichard et al 285t 1

improved [Graux 2011] that first simulates grasdlan

mown surfaces then grazed surfaces, by assumirtg th 1 1

PASIM simulation can be extrapolated at forage esyst Site Soarario X Model

scale. Firstly, the model determines the optimal Regionalization

management policy for fertilization and cutting etson

144

a mown grassland. Then, according to potentialg®ra 2 12
resources, the model optimizes iteratively the lstar

rate at forage system scale, in order to reachliiequm Soil CCExpPlan |~ |
between potential forage resources and animal fee <] ~
requirements at barn, when accounting for grazing

coverage. This procedure assumes that all forag ?

resources (no forage bought) are fully eaten bynals at 4 4

barn. Each of the two steps of this procedure nmsghe Management Vegetation

same meteorological year. To perform each vyea Policy
optimization, the information about the end of the
previous year, is needed. ! !
The automatic management was determined for twi 0.1
sites associated to six specific conditions (coriam of Vegetationx | 6

Management

calving period and forage/concentrate quality, epe of

animal), two climate scenarios, and two soils. B®  Figure 4. Model of the experimental plan in climate
whole 150 year series, two algorithms were usedgnhange impact simulations




It is interesting to note that for orfte and for one this case, we can note that factorial plan is mohmlete
Climate, a uniqueM eteorological dataset exists. This (e.g. we do not simulate each vegetation for ed®). s
uniqueness is important in the way that the rasglti The last element of the experimental plan isSbi class
cardinality is the product of site and climate @aatity. In  with no particular associations with the other séss
the same wayM anagement policy andVegetation can 24 [ Managed Site
be composed in a consistentVegetation and
Management” association class. In this case of 0.1
association, we meet constraints to avoid incomsist
combinations of vegetation with field managemenicyo Ma“;jfc':“‘ #
In our experiment, we had four management poliaies
four vegetations and only six valid combinationBeTast
element of the experimental plan is given by el _ : :

. . N . Soil Automatic Site
class, which does not have direct relationships wther 5—<> management K >——
model classes. Exp. Plan

24

If we now consider the experimental plan for 2
sensitivity analysis, we can also propose a mode Climate Scenario e
(Figure 5). As for the climate change experimempiah,
there is a specific association @limate and Site
resulting intoM eteorological data. In this specific case,
there is an association betwelearameter combination
and Probability Distribution class, resulting into the
Parameters values class. Note that the parameter
combination cardinality is 804 for six trajectorigsth _ ) _ _
134 points (with a Morris DOE). In this case, the Figure 6. Modgl of t_he experimental plan in automatic
management class is simpler and does not preseftanagement simulation
particular associations with other classes.

4 Meteo

In these three models of experimental plan, we can
Moteo identify a common pattern [Gamma et al., 1995]
(Figure 7). This pattern can be seen as a metantodel
1 which some parts of our DOE models can be conformed
to. The genericity is explained hereafter, we ribtd two
1 elementary inputs of PASIM (clag andC) are part of

Climate Site the experimental design (clags). At the same time
classedB andC are combined to make tlieclass, which
é“ 3 can also be considered as part of the experimplatal
Sensitivity
L—————~<¥ Analysis Plan cardB B
Morris DoEl j <> <>
804
Parameter Set 2 2
P il A c
arameter Probability Management cardC
combination 1|__distribution %
4
f
5 " 1608
arameters
Values D
cardD

Figure 7. Pattern / Metamodel of an experimental plan
(the A class) with two elementary input8 (and C
classes) and one resulting combinatibnc{ass, which is

g kind of “BC” class).

Figure 5. Model of the experimental plan in sensitivity
analysis

For the automatic management experimental pla
(Figure 6), two association classes can be fouhd. first
one, as for the two previous models, deals with thes
meteorological data set. The second is the crosse
information of theSite with his managemer®olicy. In

If in our experimental plan models we consider the
bparts made of thS8ite class, theClimate Scenario
ass, theMeteo and theExperimental Plan class, we



can see the instantiation of our pattern / metamiodall
these three examples. These model subparts arerponf
to the metamodel [Bézivin 2005]. In our model (preed
in figure 5) we can consider thdite and Climate
Scenario, as classeB andC, Meteo as clas® and class
A as theExperimental Plan. Another example is the sub-
model, from the model of experimental plan for @im
change impacts (figure 4), whekéegetation class and
classM anagement Policy are clas$B and C, the class
“Vegetation x Management” is theD class and clash is
represented by theCC Exp Plan”. Two other examples
can be found. One is in the sensitivity analysisiehdA:
Sensitivity Analysis Plan; B and C: Parameter
combination, Probability distribution; D: Parameters

9. CONCLUSION

Many simulations have been performed with PASIMaby
set of carefully designed experimental plans toesss
climate change impacts on grasslands. In this mpape
have presented our experience of a model reverse
engineering approach. Retro-engineering, as defined
[Chikofsky 1990], is a preliminary task when designa
software framework from past experiences. This
preliminary work has been oriented towards the
proposition of models in order to build a dedicated
software  framework that supports vulnerability
assessment in the context of climate change. This
framework will tackle distribution of constrained

value) and the other in the automatic management modeadxperimental plans. Our proposal will rely on theds of

(A: Automatic management Exp. Plan; B and C:Site,
Management Policy; D: Managed Site).

The nature of the DOE will determine the valuehs t
cardinality cardD) betweenA and D. If the plan is
complete factorial (asSite - Climate Scenario” sub-
model of experimental plan), theardD is the product of
cardB and cardC. But if the design is different, then
cardD will be a different function o€ardB andCardC.
This is the case for the sub-modeVegetation -
Management Policy”.

This metamodel, which is written for a three-eleimen
example, could be generalized. Indeed, this metdeino

previous simulations, with a model of our grassland
simulation program and a metamodel for the experiaie
design. Model driven engineering will help us ireth
design and production of our future framework. The
models and the metamodel presented within this rpape
enables establishing the first step towards thégdes a
generic tool for vulnerability assessment.
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can be applied to any of the three examples of DOE

models previously described..
association class and its two elementary inputa asw
elementary input class, then we will get iteratvel
model which is completely conform to this metamodel

8. DISCUSSION AND POSSIBLE SOLUTIONS
Vulnerability assessment often uses sensitivitylyes
and adaptation options (optimization is includetijus,
based on the three examples of simulations stigliesn
in this paper, we can conclude that a software tbat
aims at assessing vulnerability will require a hageunt
of simulations. This number of runs is an import&sste
for climate change projections due to multiple scers
and the uncertainty cascade. It seems clear, oroike
hand, that the choice of a suitable experimentaigie
will be necessary to reduce the number of simutatias
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