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Automatizace zpracovani prostorovych dat

Abstrakt

Prace je zaméfena na problematiku automatizace zpracovani prostorovych dat. Odrazi
aktualni trendy, jakymi jsou zvySujici se naroky na zpracovani dat zptisobené zapojenim
novych technologii v oblasti IoT (Internet of Things), zapojeni GIS (geografickych
informacnich systémii) do Zivotniho cyklu prostorovych dat, integraci softwarovych systému
a piinosy efektivné zavedené automatizace dil¢ich procesii zpracovani dat. Prace je
prezentovana formou souboru C¢tyf c¢lankd publikovanych v ramci vyzkumu autora.
Analyzuje sou¢asny stav automatizace v oblastech zeméd¢€lstvi, vodohospodaistvi a ochrany
zivotniho prostiedi a identifikuje piekazky, které zvySuji nutnost manualni intervence
uzivatell pii praci sdaty. V ramci prace jsou piedlozeny vysledky experimentalniho

zavedeni metodiky pro zvySeni miry automatizace v oblasti simulace zemédélské produkce.

Klicova slova: GIS, prostorova data, automatizace, zpracovani dat, big data, open data,

zivotni cyklus dat, systémova integrace, loT



Automation in spatial data processing

Abstract

The work is focused on the issue of automation of spatial data processing. It reflects the
current trends such as increasing processing demands caused by the involvement of new
technologies in the field of 10T (Internet of Things), the role of GIS (geographic information
system) in the life cycle of spatial data, the integration of software systems, and the benefits
of a more effectively implemented automation of partial data processing. The thesis
showcases a collection of four articles published as part of the author's research. It presents
the current state of data processing automation in the fields of agriculture, water management
and environment protection and the identified obstacles that increase the requirements for
manual intervention by users when working with data. The work includes the results of the
experimental implementation of a methodology for increasing the degree of automation in

the field of agricultural production simulation.

Keywords: GIS, spatial data, automation, data processing, Big Data, Open Data, data life

cycle, system integration, 10T
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1 Uvod

V soucasné dob¢ dochézi k rapidnimu rozvoji oblasti zpracovani velkého objemu dat.
Jednim z kli¢ovych faktorti je vyrazné zvyseni objemu prostorovych dat, které je zpisobeno
mnozstvim nové aplikovanych technologii v ramci tzv. IoT (Internet of Things). Senzory
umisténé v krajiné piispivaji do objemu dat nejenom mnozstvim, ale zaroven i nizkou
periodicitou. Klasické zdroje prostorovych dat jako napi. letecké snimky, snimky z drond
nebo druzicové snimky taktéz podporuji trend ,,velkych dat* diky kvalitnéjSimu optickému
vybaveni, které je schopné generovat data ve vysSim rozliSeni, napt. VHR (Very High
Resolution) satelitni snimky se pohybuji okolo 30 cm na jeden pixel. Jesté pied deseti lety
byly tyto hodnoty v tadech jednotek metra.

Dochazi tak k celkovému zvyseni narokti na zpracovani, analyzu a ulozeni dat. Posun
Vv oblasti vykonu hardwaru dokaze udrzet krok a z hlediska ukladani dat se ¢im dal vice
vyuzivaji cloudovéa feSeni. AvSak zvySené objemy dat a celkové prodlouzeni fetézce
zivotniho cyklu dat kladou zvysené naroky na lidské usili. Tato v pfeneseném smyslu
manudlni prace je jednou z hlavnich brzd v procesech zpracovani dat. Je tedy nezbytné
hledat mozZnosti pro zlepSeni miry automatizace prace S prostorovymi daty, a to jak v ramci
jednotlivych dil¢ich krokl procesu zpracovani, ale zejména pak pii piechodu mezi
jednotlivymi fdzemi ¢i softwary.

Nov¢ ziskana prostorova data maji vysoky potencidl v oblastech ptirodnich véd jako
napf. ochrana Zivotniho prostfedi nebo vodohospodafstvi a v oblasti zemédélstvi. Trend tzv.
chytrého zemédélstvi je stale na vzestupu a moznost vytézit uzite¢né informace z téchto
novych zdroji mize vyrazné pomoci z hlediska snizovani naklada a odstranéni negativnich
vlivli zemédé€lské produkce na zivotni prostiedi. Zaroven se také jedna o jeden z klicovych

prvk, jak omezit dopady budoucich klimatickych zmén.



2 Vyzkumna mezera — Cile prace

Prvni c¢asti disertani prace byla analyza dostupnych literarnich védeckych zdroji,
zabyvajicich se problematikou automatizace zpracovani prostorovych dat. Na zaklad¢
syntézy poznatkli ziskanych z téchto zdroji byly identifikovany dil¢i oblasti obsahujici
vyzkumné mezery, u nichz byl potencial, Ze by vysledky této disertaéni prace mohly danou
mezeru vhodné doplnit.

Jednou ztéchto oblasti jsou zvySujici se naroky na zpracovani vzhledem
Kk vzrastajicim objemm dat. Jedna se tedy o konkrétni aplikaci principu Big Data na oblast
prostorovych dat a automatizace jejich zpracovani. ZvySujici se hardwarové naroky jsou
dostate¢n¢ analyzovany jiz existujicimi publikacemi, av§ak zvySujici se potieba uzivatelské
intervence neni prili§ feSena, zejména s ohledem na jednoduché datové tpravy. Jednotlivé
dil¢i kroky jsou casto automatizovany dedikovanymi programy nebo skripty.
Diky nartstajici délce Zivotniho cyklu dat, zvySovani poctu jednotlivych fazi zpracovani a
nedostateéné standardizaci datovych formatl, se vsak tyto Glohy akumuluji a v souhrnu
predstavuji zasadni prekazku pro celkovy proces automatizace.

Druhé oblast je znovu-vyuZitelnost vyvinutych podplrnych softwarovych néstroji. Ve
vétsing€ publikaci, pokud je potieba napt. napsat novy skript pro dil¢i automatizaci urc¢itého
kroku zpracovani, autofi zfidkakdy diskutuji Zivostnost daného nastroje. Moznost jeho
opétovneho pouziti je tak prevazné véazéna na konkrétni situaci, coz snizuje efektivitu
vynalozeného Usili na vytvofeni takového programu. Dostupné informacni zdroje se tedy
zam@fuji prevazné na konkrétni vysledky zkoumani, nikoliv na opé&tovnou vyuzitelnost
pouzitého software.

Tteti oblast, ktera skytd potencial pro hlubsi prozkoumani, je pak rychlost zpracovani
dat. Ulohy, které zpracovavaji historicka data, vétsinou nevyzaduji urychlené zpracovani a
nekladou tak vyrazné naroky na miru automatizace. Naopak tlohy tzv. real-time zpracovani
dat vyzaduji téméf stoprocentni automatizaci, bez které nemohou fungovat. Existuje zde
vSak jistd mezera pro ulohy uvniti spektra mezi témito dvéma extrémy. Jedna se o situace,
kdy rychlost zpracovani a k tomu vazana automatizace neni nezbytné nutnd, avSak snizeni
casové prodlevy miize dramaticky zvysit vyuzitelnost vytéZené informace. Jedna se tedy o
ulohy, které sice nefunguji v redlném case, ale zpracovavaji pomérn¢ nedavna data, tedy

Vv fadu tydnt nebo mésica.



Hlavnim cilem této prace je tedy zaméfit se na tyto dilci oblasti a v ramci praktického
experimentalniho vyzkumu navrhnout takovy scénafr, aby dosazené vysledky zasahovaly do
jedné, nebo vice z téchto zjisténych mezer.

Konkrétné se jedna 0 navrh metodiky pro zlepSeni feSeni modelové situace zpracovani
zemédelskych simulaci. Na zdkladé analyzy védecké literatury v této oblasti bude
definovano typické vychozi feSeni a budou identifikovany jeho nedostatky. Cilem je
navrhnout a experimentaln¢ ovérit metodikyu pro zvyseni miry automatizace celého procesu
zpracovani simulaci nebo dil¢ich krokti v ramci Zivotniho cyklu pouzitych prostorovych dat.
Dulezitym prvkem navrzeného feSeni je jeho praktické uplatnéni v redlném prostiedi.
Vyzkum zaméteny na simulace zemédé€lské produkce na Katedie informacnich technologii
V soucasnosti aktivné probihd ve spoluprdci se zahrani¢nimi partnery, ktefi jsou na
celosvétové trovni leadefi v této vyzkumné oblasti. Problematika tedy zapada do rdmce
mezinarodni expertni védecké simula¢ni komunity. Ziskané vysledky budou mit potencial
vyznamné posunout stavajici metodicky postup smérem k feSeni s vysokou mirou

automatizace, coz umozni celkové rozsifeni tohoto vyzkumného sméru.



3 Metodicka poznamka

Prace kombinuje jak teoretické, tak empirické vyzkumné metody. Teoretické metody
byly pouzity primarné€ pfi poznavani zvolené problematiky. Analyza je metoda zalozena na
rozkladu daného problému na jednotlivé slozky a jejich zkoumani (Siroky, 2011). Metoda
analyzy byla tedy uplatnéna pii vymezeni dil¢ich oblasti vyzkumu a obecné pii studiu
védecké literatury. Néslednou syntézou ziskanych poznatkid byl pak vytvofen uceleny
prehled zkoumané problematiky a vymezeny jeji vnitini zakonitosti. Metoda porovnani
(komparace) umoziuje odhalit shody ¢i rozdily zkoumanych jevi a objektd. V piipadé
¢aste¢né shody obsahu zkoumané problematiky je také mozné vyuzit metodu analogie. To
znamena vlastnosti jednoho zkoumaného jevu uplatnit na jiny v pfipad¢ jejich dostate¢né
shody (Siroky, 2011). Pomoci metody zobecnéni (generalizace) lze pak provést analyzu
zkoumané problematiky jako celku, kdy jednotlivé dil¢i informace, vztahujici se na
konkrétni implementaci, lze pouzit pro danou problematiku (Siroky, 2011). Metody
komparace, analogie a generalizace byly vyuzity zejména za Gcelem specifikace vychozi
modelové situace, tak aby odpovidala standartnimu feseni pro danou oblast.

Z empirickych vyzkumnych metod bylo vyuzito primarné métfeni. Jedna se
kvantitativni metodu, kterd srovnava vlastnosti zkoumanych jevii ¢i objektd. Plati, Ze pro
méfeni je nutné, aby zkoumané vlastnosti byly konstantni za stejnych podminek (tzv.
»ceteris paribus®) a aby intenzita jednotlivych vlastnosti byla kvantitativné vyjadfitelna
pomoci porovnavacich vztaht (Siroky, 2011). V ptipadé &iselného vyjadieni pak existuje
moznost provadéni matematickych operaci. Konkrétné v této praci bylo téchto metod
vyuzito napf. pfi méfeni hardwarové naro€nosti (vyuzZiti procesoru, RAM), casové
naro¢nosti vypoctu, metrik komplexity zdrojového kddu apod. Druhou pouzitou empirickou
metodou je experiment. Je to pokus, pfi kterém je realizovan zvoleny postup danym
zpisobem (Siroky, 2011). Pro uspéiny experiment je také dilezité pracovat
Vv kontrolovanych a fizenych podminkach. Pro ucely této prace se tedy bude jednat o
experimentalni implementaci navrzeného metodického postupu automatizace nad zvolenou

datovou sadou Vv prostorach specializovanych védeckych laboratoii PEF.



3.1

Ramcovy metodicky postup

Studium a analyza dostupnych literarnich informacnich zdroji za ucelem zpracovani
ptehledu soucasného stavu feSené problematiky a vymezeni vyzkumné mezery.
Formulace pracovnich hypotéz vyzkumu, pfipadné ztzeni problematiky za ucelem
vymezeni vhodného rozsahu vyzkumu vzhledem k zjisSténym nedostatkim
automatizace tak, aby vysledky prace dokazaly redlné postihnout existujici
problematiku a byly jak védecky relevantni, tak prakticky piinosné.

Specifikace modelové situace pro praktické ovéteni. Navrh tohoto scénafe bude
vychézet z provedené analyzy informacnich zdroji a zjisténé vyzkumné mezery a
bude vhodné zapojen do probihajiciho vyzkumu katedry.

Spoluprace v ramci védeckého kolektivu katedry a jejich externich partnert za i¢elem
ziskani dat a pfipravy experimentu.

Navrh konkrétniho feSeni dil¢ich piekazek pro efektivni automatizaci zpracovani dat
vymezenych pro danou modelovou situaci.

Experimentalni ovéfeni pracovnich hypotéz formou praktické implementace
navrzeného metodického postupu. K implementaci budou vyuzity prostory a
hardwarové prostiedky védeckych laboratoii PEF.

Prezentace dil¢ich ¢asti vyzkumu formou publikaci ve védeckych periodikach a na
odbornych konferencich.

Celkové vyhodnoceni praktického experimentalniho ovéfeni navrzené metodiky pro
automatizaci zpracovani dat ve zvoleném scénéafi, formulace piipadnych doporuceni.
Zhodnoceni vysledki prace, generalizace ziskanych poznatkd a diskuse moznosti

vyuziti metodiky v rdmci navazujiciho vyzkumu.



4 Literarni prehled — soucasny stav vyzkumu

Analyza soucasného stavu vyzkumu byla zaméfena na tfi hlavni oblasti a to:
prostorova dat, automatizace zpracovani dat a simulace zeméd¢lské produkce. Pfi analyze
byly primarné¢ pouzity aktualni védecké Clanky a ptispévky na konferencich indexované
v databazi Web of Science (pfipadné v databazi Scopus), které tematicky zasahuji do jedné

ze zkoumanych oblasti.

4.1 Prostorova data

4.1.1 Prostorova data

Pro lokalizaci prostorovych se pouziva pievazné systém GPS (Global Positioning
System). Pii zpracovani v dedikovaném GIS software je potieba prostorové projekce na
referencni elipsoid / geoid. Vhodnou volbu a nastaveni takové projekce fesi napt. (Gosling
a Symeonakis, 2020). Celosvétove je uznavanym standardem projekce WGS 1984 (World
Geodetic System). Pro lokalni vyzkum lze pouZit zobrazeni, které pro dané uzemi vykazuji
nizsi zkresleni. V Ceské republice je to nejéastéji tzv. kiovakovo zobrazeni - systém S-JTSK
(systém jednotné trigonometrické sité katastralni) (Natizeni vlady ¢. 430/2006 Sb.). Avsak
realné se ve vyzkumné ¢innosti s témito lokalizovanymi systémy pftili§ nepracuje, jelikoz

korekci GPS lze dosdhnout dostate¢né piesnosti, coZ ukazuje napi. (Chen a kol., 2017).

412 GIS

Z hlediska nejcastéji pouzivaného GIS software ptevladaji aplikace desktopového
typu, a to zejména pro vyzkum mensiho rozsahu, kdy se nezpracovava velké mnozstvi dat.
Ve vétSin€ pripadi se pouziva bud software ArcGIS, nebo néktery z dostupnych open-
source nastroju (QGIS, GRASS GIS). Jako piiklad Ize uvést tieba (Parent a kol., 2022) nebo
(Kalbarczyk a Kalbarczyk, 2021). Existuje zde i moznost akcelerace vypoctu zapojenim
grafické karty, coz zkouma napf. (Tischler, 2016). Jednim z nastupujicich trendu je ale Gstup
od tohoto klasického modelu, a misto toho je funkcionalita GIS zajisténa formou cloudu
(Bediroglu a Colak, 2017), (Bellman a Pupedis, 2016) nebo webové sluzby (Kulawiak a kol.,
2019). Jedna se tedy o princip tzv. SaaS (software as a service) (Luo a kol., 2012).



4.1.3 Datové formaty, standardizace

Standardizace Vv oblasti prostorovych dat je adekvatné zajistovana organizaci OGC
(Open Geospatial Consortium) (OGC, 2022). Z datovych formati se nejcastéji pouziva tzv.
shapefile, jako priklad Ize uvést (Singh a Bawa, 2016) nebo (Abreu a kol., 2020). Specifické
datové formaty, napt. v oblasti BIM (Building Information Modelling), je mozné v ptipadé
potieby do shapefile transformovat, coz ukazuje napi. (Zhu a kol., 2019). Obecné plati, ze
mezi bézné pouzivanymi formaty existuji softwarové nastroje pro snadnou konverzi, coz lze

napft. vidétu (Yu a Zhang, 2013) pii konverzi formatu GML (Geography Markup Language).

4.1.4 Open Data

Zasadni vyznam pro vyzkumné ucely ma dostupnost relevantnich prostorovych dat,
jak zminuje napt. (Markovinovic a kol., 2022) nebo (Amaral a Cesar Lima D’Alge, 2009).
Dostupna infrastruktura otevienych dat pro kazdy region se odviji od vynalozenych
prostiedki k ziskani a obnové dat v daném staté, coz doklada (Srivastava, 2018). V CR ma
v tomto ohledu zasadni vyznam INSPIRE geoportal, ktery nabizi data, ovSem pievazné ve
formatu WMS (web map service), ktery neni pfili§ vhodny pro védecké ucely, jelikoz
primarné umoziiuje pouze vizualizaci, nikoliv praci s daty (Reznik, 2013). Problematika
WMS, a obecné open data, kterd ve skutecnosti nejSou oteviend, je védeckou komunitou
vnimana velmi negativné (Abella a kol., 2022), (Afful-Dadzie, 2017). Konkrétné pro oblast
Evropy je ale dostupnost dat v posledni dob¢ na vzestupu, a to hlavné diky tomu, Ze instituce
Evropské Unie tlaci na zvySeni otevienosti dat (Smérnice EU 2007/2/ES), (Smérnice EU
2019/1024).

415 loT

Jednou z oblasti, kde se rozvoj informacnich a komunika¢nich technologii
Vv poslednich letech vyrazné projevuje, je tzv. internet véci - 10T (Internet of Things). Jedna
o zafizeni pfipojend do internetové sité, kterd se vyznacuji snadnou dostupnosti a
Skalovatelnosti, kdy je mozné sit’ senzorti nebo chytrych zafizeni snadno rozSifovat a
nasazovat i v jinak neptiznivych podminkach, coz fesi napt. (Poursafar a kol., 2017). 10T s
sebou pfinasi ale i fadu tskali diky rapidnimu naristu objemu dat a potiebé tzv. real-time
zpracovani.

Senzoricka zafizeni davaji védcim moznost potidit velké mnozstvi dat za rozumnou

finan¢ni pofizovaci cenu. Jako ptiklad vyzkumu zabyvajiciho se finan€nimi naklady lze



uvést napt. (Joshva Devadas a kol. 2019). Dochazi k budovani rozsahlych platforem a IoT
infrastruktury pro praci s takto ziskanymi daty. Vyuziti takovych platforem zkouma napft.
(Hejazi a kol., 2018). V ptipad¢ robustnich siti, jaké se vyuzivaji ve velkych méstech pro
tzv. Smart Cities je pak ale potieba sit’” dostate¢né optimalizovat, tomu se vénuje napf.
(Anagnostopoulos a kol., 2015). Krom¢ nékolikanasobného navyseni celkového mnozstvi
ziskanych dat, které popisuje tieba (Agbo a kol., 2019), pak technologie IoT umoznuji i lepsi
propustnost dat celym fetézcem zpracovani, coz umoznuje vznik novych aplikaci na principu
real time GIS, jako priklad Ize uvést (Isikdag a Pilouk, 2016) nebo (Kaippilly a kol., 2018).
Pro zpracovani a vizualizaci takovychto dat Ize pak vyuzit systémy web GIS, které¢ umoznuji

praci v realném case, coz lze vidét u (Nourjou a Hashemipout, 2017).

4.2 Automatizace zpracovani dat

Zpusob, jakym je zabezpefena automatizace zpracovani dat se 1isi projekt od projektu.
V oblasti prostorovych dat tedy pievlada zptisob feSeni ,,na miru®. Kazdy fetézec zivotniho
cyklu dat pracuje na odlisné bazi. Lisi se pouzity software a hardware, zdroje, typ a format
dat, zpusob zpracovani i evaluace vysledkd. Lze se tedy setkat sriznymi zpusoby
automatizace. MiiZe se jednat o rozsahlejsi automatizace celého procesu, tzv. workflow, jako
napiiklad u (Kliment a kol., 2015). Pomé&rn¢ ¢asté jsou situace, kdy dil¢i tlohy v ramci GIS
jsou automatizovany za Uc¢elem sniZzeni manudlni prace, napi. (Gegelova a kol., 2014).
Typicky se jedna o vyuZiti jiz existujiciho automatiza¢niho néstroje, ktery je zabudovan
pfimo do GIS softwaru. V ptipad¢ nejpouzivangjsiho ArcGIS se jedna bud’ o automatizaci
pomoci ArcGIS task designer modulu nebo o automatizaci pomoci externich skriptt v jazyce
Python, ktery ArcGIS podporuje, jako napiiklad u (Abdella a Alfredsen, 2010) nebo
(Rahmati a kol., 2018). Jiné softwary mohou podporovat obdobny zptisob automatizace,
naptiklad formou skriptu v jazyce R pro GRASS GIS (Grippa a kol., 2017).

Krom¢ automatizace zpracovani dat je také dulezitd automatizace pfipravy a
transformace dat, a to zejména u delSich fetézcl zpracovani, kdy data prechazeji z jednoho
softwaru do jiného a je potfeba ménit nebo upracovat data tak, aby byla dodrzena dobra
propustnost celého systému. Netinosnost manualniho ¢iSténi a kontroly dat zmifnuje napf.
(Skoogh a kol., 2010). Jako ptiklad automatizace datové transformace lze uvést napf.
(Ureche a kol., 2015) nebo (Solihin a kol., 2017).

Naroky na zvySeni miry automatizace jsou zpiisobené pievazné jiz zminénym

rozsahem nove pouzivanych dat. Zejména data z |oT mnohdy vyzaduji tzv. high-throughput
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zpracovani, ve kterém je dobfe zavedend automatizace velice efektivni (Leonard a kol.,
2014). Dulezitou roli zde hraje i skalovatelnost, jak ukazuje napft. (Zhang a kol., 2019).
Z tohoto diivodu se velice Casto zpracovani dat pienasi taktéz do cloudového prostredi.

Pti zapracovani dat vlastnim hardwarem se nejcastéji uplatiuje bud princip
paralelizace v ptipadé, ze je hardware dostatecné vykonny, nebo princip distribuce.
Distribuované zpracovani je dilezité hlavné v pripad¢ hiife vybaveného vyzkumného tymu,
kdy je mozné vyuzit vét§i mnozstvi slabsich stroju, jak ukazuje napt. (Barton¢k, 2016).
Pro tizeni takovéto automatizace se daji pouzit existujici automatizacni nastroje jako tieba

HTCondor (Zhao a kol., 2013).

4.3 Simulace zemédélské produkce

V oblasti simulace zeméd¢lské produkce primarné existuji dva bézn€ pouZzivané
postupy. Prvnim je vyuziti softwaru APSIM (Agricultural Production Systems Simulator),
ktery umoznuje pro zvoleny rostlinny genotyp simulovat produkci v dané lokalité. Jako zdroj
dat o pocasi slouzi pfevazné voln¢ dostupné satelitni snimky z misi NASA (National
Aeronautics and Space Administration). Software APSIM je primarné pouzivany jako
desktopova aplikace pro jednorazové simulace ale umoznuje i automatizované spousténi
z ptikazové tadky, které vyuzil napt. (Vogeler a kol., 2011). Je vSak potfeba automaticky
vygenerovat fidici soubory simulaci, které jsou na bazi XML a poté program davkové
spoustét. Tento software vSak neni pfili§ dobfe optimalizovan pro velké mnozstvi simulaci
(v tadu tisicovek az miliontl) a faktoriza¢ni modul, ktery je v APSIM implementovan pro
automatické generovani simulaci neumoznuje sam o sobé davkové zpracovani, coz zmiiuje
napt. (Fainges, 2015). Mnozstvi soubéznych simulaci je tedy omezeno hardwarovou
kapacitou stroje. Software APSIM se vsak stale rozviji a v budoucnu se chystaji vylepSeni
pro zvyseni miry automatizace (Holzworth a kol., 2018). Komplikovany proces kontroly a
pripravy dat pro simulace pomoci APSIM, zejména v piipad¢ integrace datovych zdroji
z riznych lokalit popisuje (Ojeda a kol., 2021). V této oblasti se tedy skyta znaény prostor
pro zavedeni automatizace datové piipravy.

Druhou moznosti je pak pouziti SSM (simple simulation model), ktery miize byt
vyvinut na miru dané rostliné nebo pro zvolenou situaci (Soltani a kol., 2021). Typicky jsou
modely SSM vyvijeny v prostiedi Microsoft Excel, coz védcim umoZziuje snadnou praci

s daty, avSak pro potfeby zpracovani velkého poctu simulaci je toto naprosto nevyhovujici.



Diky modularni strukture SSM lze vSak cely model snadno pieprogramovat v prostiedi
vhodnéjsim pro automatické zpracovani, jako napt. pomoci jazyka C# nebo Python.

Z nedostatku zkoumané literatury zaméfené na IT aspekt v této oblasti je ovSem
ziejmé, ze védecka komunita, ktera v soucasné dob¢ simula¢ni nastroje APSIM a SSM

vyuziva, se sklada pievazné ze specialistd v oblasti agronomie a péstitelstvi.
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5 Vysledky

5.1 Podpora rozhodovani v oblasti zemédélstvi

V ramci spoluprace Katedry informacnich technologii s jejimi zahrani¢nimi partnery
je od roku 2019 provadén vyzkum zaméfeny na zpracovani dat pro podporu rozhodovani
v zemédélskych a péstitelskych procesech. V praktické ¢asti disertacni prace je konkrétné
rozveden vyzkum zabyvajici se zpracovanim simulaci zeméd¢lské produkce. Tyto simulace
funguji na principu tzv. GXExM (Genotype, Environment, Management), kdy genotypem se
rozumi fyziologické vlastnosti péstované rostliny. Data o prostiedi jsou naptiklad typ pidy
nebo pocasi. Management se zabyva zptisobem péstovani, tedy napiiklad vyuziti hnojiv,
zavlazovani, hustota seti apod.

Vysledkem jedné simulace je vystup zachycujici mnozstvi sklizené produkce (zrno a
biomasa). Jelikoz Ucelem je podpora rozhodovani zeméd¢€lch pro optimalizaci vynosu, je
nutné zjistit, jaké nastaveni vychozich parametrti povede k nejlepsimu vysledku — tedy jaky
genotyp rostliny pouzit a jakym zptisobem ji péstovat (enviromentalni data jsou pro danou
lokalitu konstantni). Kombinaci zvolenych parametrii tak vznika sada simulaci, jejiz velikost
zavisi na poétu proménlivych parametrii a po¢tu moznosti nastaveni pro kazdy z nich.
Vysledky vSech simulaci je poté nutné filtrovat a statisticky vyhodnotit pro nalezeni
optimalniho nastaveni jednotlivych parametri. Tyto vysledky pak umoziuji zemédélcim

maximalné vyuzit potencial péstované rostliny.

5.2 Vychozi situace

Specifikace vychozi modelové situace je zalozena na analyze soucasného stavu
védeckého vyzkumu v oblasti zpracovani simulaci zemé&dé€lské produkce. Jednotlivé kroky
a pouzité postupy tedy odpovidaji tomu, jakym zplsobem je v bézné védecké praxi dany
problém vétSinou fesen.

V soucasné dobé vyzkumnici vétSinou pouzivaji software APSIM. Na obrazku ¢. 1 je
znazornén diagram datového toku, ktery zachycuje, jakym zpisobem probihaji jednotlivé
¢asti procesu zpracovani simulaci. Zaroven jsou zde vyznaceny oblasti, kterym se vénuji

jednotlivé publikace prezentované v rdmci disertacni prace.
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pozadavky na
data o pocasi genotyp parametry
(.csv) managementu
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vystupni data konverze D

filtrace dat <+—— <+—

(.csv) dat
filtrovana data statisticka ) . .
(.csv) > analjza > vysledky publikace €. 4 D

Obrazek ¢. 1- Diagram datového toku — vychozi situace

Nastaveni parametrii pro management a volba genotypu zavisi na konkrétnim
vyzkumném cili a probiha ve spolupréci s agronomy a péstiteli. Data o pocasi je typicky
nutné prevést ze zdrojového formatu .csv do formatu .met. K tomu mize byt pouzit dil¢i
skript vytvofeny pro tento ucel. Je potfeba ho spravné inicializovat (nastavit konvence
pojmenovani soubort a jejich umistnéni) a poté spustit.

Ptekazkou v tomto kroku muze byt nedostupnost dat pro danou lokalitu. Tomuto
problému se vénuje publikace €. 1, kterd je zaméfend na oblast open data, tedy otevienych
dat. Tato publikace zachycuije situaci v Ceské republice, konkrétné to, jaka data jsou volné
dostupna pro veédecké ucely v této oblasti. Je prezentovan piehled dostupnych datovych

repositait a diskutovana vhodnost zptsobu poskytovani téchto dat.
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Publikace ¢. 1

typ: veédecky Clanek

nazev: Usability of 10T and Open Data Repositories for Analyzing Water
Pollution. A Case Study in the Czech Republic

autori: PAVLIK, J., Hrnéirova, M., Stodes, M., Masner, J. and Vanék, J.

rok: 2020

vydano v: ISPRS International Journal of Geo-Information

indexovano: Web of Science, impakt faktor 3.165
Scopus, CiteScore 5.0

odkaz: https://doi.org/10.3390/ijgi9100591

V dalsim kroku je provedeno vygenerovani simulaci. V pfipad¢ nizkého poctu
simulaci lze vyuzit faktoriza¢ni nastroj piimo zabudovany v rdmci softwaru APSIM. Pro
vygenerovani velkého mnozstvi simulaci je mozné pouZit napt. program, ktery funguje na
principu zamény ¢iselnych hodnot. Po nacteni zakladni simulace projde moznosti nastaveni
hodnot parametrit a pro kazdou z nich v fidicim souboru simulace na piislusném fadku
nahradi ¢iselnou hodnotu pro dany parametr. Kazda simulace pak miize byt ulozena jednak
zvlast’ nebo je mozné seskupeni vice simulaci do jednoho souboru pro snadné¢jsi davkové
zpracovani. Program zajist'ujici tuto funkcionalitu je taktéz nutné inicializovat (nastaveni
umisténi soubord, konvence pojmenovani, volba lokality, velikost vygenerované davky).

Ptiprava dat pted vlastnim spusténim simulace byla detailné popsana v publikaci ¢. 2,
ktera se v€nuje zejména procesu automatizace V této fazi. V uvedené publikaci je také
diskutovéna problematika nastaveni velikosti davky, pomoci které l1ze dosahnout lepsi

casové optimalizace vypoctu v ramci APSIM.

Publikace €. 2

typ: veédecky Clanek

nazev: Data Pre-processing for Agricultural Simulations
autofi: Jarolimek, J., PAVLIK, J., Kholova, J. and Ronanki, S.
rok: 2019

vydano v: Agris on-line Papers in Economics and Informatics
indexovano: Scopus, CiteScore 2.0

odkaz: https://doi.org/10.7160/a0l.2019.110105

Hlavnim krokem je vlastni spusténi simulaci v programu APSIM. Pro davkovani lze
vyuzit program, ktery funguje na principu fronty, nebo vhodny automatizacni software
(napt. HTCondor, ktery se ¢asto vyuziva prave pro automatizaci APSIM). V tomto kroku je

nutné spustit APSIM v rezimu piikazového fadku a na vstupu dodat umisténi souboru
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s davkou, ktera obsahuje seskupeni fidicich souborti simulaci. Po dokonceni vypoctu
nasleduje spusténi dalsi davky.

Moznosti, jak tento proces automatizovat jinymi zplsoby, jsou detailnéji zpracovany
v publikaci ¢. 3. Konkrétné se tato publikace vénuje bé€zné pouzivanym zplsobim
automatizace, kde prevazuji dvé zakladni linie — vyuZiti automatizacniho software (vétSinou
HTCondor) nebo vytvofeni vlastniho programového nastroje, ktery lze 1épe ptizpusobit

specifickym pozadavkiim dané vyzkumné Cinnosti.

Publikace &. 3

typ: prispévek na konferenci

nazev: Support tools for agricultural production simulation processing
autori: PAVLIK, J., Van&k, J., Masner, J., Sto¢es, M., O&enasek, V.
rok: 2020

vydano v: sbornik konference: 9th International Conference on Information

and Communication Technologies in Agriculture, Food and
Environment (HAICTA 2020)

indexovano: Scopus, CiteScore 1.1

odkaz: http://ceur-ws.org/Vol-2761/HAICTA 2020 paper67.pdf

Vlastni zpracovani simulaci je naro¢né z hlediska délky vypoctu. Zasadni nevyhodou
V této Casti je hardwarova zavislost softwaru APSIM, coz je potieba fesit pro kazdy stroj
zvlast. APSIM totiz alokuje velké mnozstvi paméti RAM vzhledem k velikosti davky
zpracovavanych simulaci. Pfi malé velikosti davky dochazi k ¢asovym ztratam zptsobenych
rezii a u velké davky APSIM havaruje v disledku nedostatku paméti. Pro optimalizaci je
tedy nutné pro kazdy stroj zjistit vhodné¢ nastaveni velikosti davky tak, aby byla co moZna
nejvetsi, avSak neptesadhla kritickou hranici pro havarii.

Dalsi piekazkou pro automatizaci v tomto kroku je velikost vystupnich soubord.
V typické situaci (a také Vv zavislosti na po¢tu simulaci a lokalit) kapacita béznych PC
diskovych ulozist neumoznuje zpracovani vSech simulaci najednou. Je tedy nutné
zpracovani preruSovat a vystupni data piehravat do velkokapacitniho lozisté nebo do
cloudu pro uvolnéni mista. Miru automatizace v tomto kroku je tak mozné vyrazné zlepsit
vhodnym zapojenim vypocetnich stroji do sité, coZ umozni pfesun dat za b&hu.

Posledni fazi je prevedeni vystupnich dat z formatu .out do .csv, jejich filtrace a
nasledné statistické vyhodnoceni. Konverzi dat Ize zajistit stejnym zpisobem jako pievedeni

vstupnich dat. Pro filtraci a statistické vyhodnoceni se da pouzit existujici softwarové
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nastroje (napt. SAS, TIBCO Statistica), ptipadné je mozné je provést pfimo uvnitf
tabulkového editoru Microsoft Excel s pomoci maker.

Na zéklad¢ analyzy vychoziho stavu feSeni byly identifikovany nasledujici oblasti
s nedostatky:

e Frasmentace jednotlivvch kroku

Dil¢i ¢asti vypoctu jsou vétSinou automatizovany jednoucelovymi skripty /
programy, které musi byt samostatné inicializovany a spustény.

e Nekonzistence datovych formatu

APSIM vyzaduje vstupni data v nestandartnim formatu, vystupni data je taktéz
nutné pievadét nebo upravit, béhem procesu zpracovani simulaci tak dochazi
ke zbyte¢nym zapisiim a ¢teni dat.

e Hardwarova zavislost

V kroku tvorby davky je optimalizace zavisla na konkrétnim pouzitém
hardware a je potieba experimentalné najit kritickou hranici, pii které APSIM
havaruje kvuli nedostatku paméti.

¢ Nedostateéna kapacita iloZzného zarizeni

V ptipad¢ nedostatecného sitového propojeni mezi vypocetnim hardwarem a
ulozi$tém dat musi byt zpracovani simulaci pferuSovano za tc¢elem uvolnéni

mista na pevném disku.

5.3 Metodika PlaGroSim

Zjisténé prekazky snizuji miru automatizace procesu zpracovani simulaci. Za ucelem
zlepSenti situace byly proto navrzeny tii zakladni rdimcové okruhy:

1. Integrace perifernich procest do centralniho modularniho softwaru

Tento krok je v ramci optimalizace automatizace stézejni, jelikoz vede ke zlepseni
situace z vice hledisek. Tim, ze bude vyvinut jeden centralni modularni software, ktery bude
schopen zajistit funkcionality okrajovych procesi, dojde ke snizeni ,,manudlni* préace
potiebné pro nastavovani a spousténi dil¢ich programii. Nastaveni bude provedeno centralné
pouze jednou. Stejné tak spousténi vypoctu bude koncentrovano do jednoho mista.

2. Nahrazeni softwaru APSIM modelem SSM

Software APSIM neni primarné koncipovan jako software pro strojové zpracovani

velkého mnozstvi dat. Zaroven se jednd o rigidni prvek celého procesu, kterému se ostatni
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kroky musi podtizovat (napt. pfevodem na nestandartni datové formaty). Dale pak APSIM
pfinasi velice problematicky prvek hardwarové zdvislosti. SSM Ize snadngji integrovat
VvV ramci celého fetézce zpracovani jako jeden dil¢i modul.

3. Kontinuilni prace s daty v paméti

Vstupni data by méla byt nactena pouze jednou, stejné tak vystupni data by méla byt
simulaci vzhledem k velikosti operacni paméti. Umoziuje ale zvySeni celkové rychlosti
vypoctu odstranénim piebytecnych zédpisi a cteni (které jsou na velkokapacitnim
mechanickém disku pomalé). Dale je pak mozné diky tomuto postupu integrovat i statistické

zpracovani vysledkii do centralniho software jako jeden z moduld.

Metodika PlaGroSim (Plant Growth Simulation), byla navrzena tak, aby postihla tyto
tii zékladni pilife. Jednotlivé procesy jsou fesSeny jako dil¢i moduly uvnitt komplexniho
softwarového nastroje. Tento pfistup umoziiuje ménit nebo vylepsovat jednotlivé moduly,
aniz by byl naruSen celkovy proces zpracovani. To zajisti vysokou miru udrZitelnosti
vyvijen¢ho software a zaroveil Ize snadno piidavat dals$i moduly pro dodatecné
funkcionality. Zakladnim principem je rozdéleni na Sest nasledujicich modul:

e Modul naditani dat zpracovava vSechna vstupni data tykajici se parametrizace

GXEXM a dalsich inicializa¢nich nastaveni.

e Automatiza¢ni_modul umoziuje paralelni vice vlaknové zpracovani. Tim

dochazi k optimalizaci vyuziti vypocetni kapacity.

e Modul generovani simulaci na zdkladé¢ nactenych pozadavkli na

parametrizaci GXEXM nastavuje konkrétni hodnoty proménnych a vytvaii tak
kombinaci v§ech moznych simulaci.
e Modul SSM zajist'uje vlastni provedeni simulace.

e Statisticky modul provadi vypocty nad vystupnimi daty simulaci, dokud jsou

stale v paméti.

e Modul uklddani dat zapisuje vysledna data spolecné s jejich statistickym

vyhodnocenim do vystupnich soubord.
Tyto moduly na sebe v pribéhu zpracovani simulaci navazuji, komunikuji mezi sebou
a vyuzivaji data uloZend v operacni paméti. Na obrazku ¢. 2 je navrZeno zapojeni

jednotlivych moduli v ramci toku dat.
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Obrazek ¢. 2 - Diagram toku dat — Metodika PlaGroSim
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5.4 Ovéreni metodiky pomoci experimentalni implementace

Experimentalni implementace byla provedena béhem vyzkumné Cinnosti katedry ve
spolupraci se zahrani¢nimi partnery vramci S$irSi védecké komunity zabyvajici se
simulacemi zemédélské produkce. K vlastnimu zpracovani bylo vyuzito hardwarové
vybaveni specializovanych pocitacovych laboratoii PEF.

V prvni fazi vyzkumu byly zpracovavany simulace produkce ¢iroku (Sorghum
bicolor) na uzemi Indie. Byl pouzit postup, ktery ramcové odpovida vychozi modelové
situaci z kapitoly 5.2. Metodika PlaGroSim byla pro tento vyzkum pouzita pouze v dil¢ich
bodech.

Na zakladé vyzkumného pozadavku ze strany zahrani¢nich partnerti z instituce
ICRISAT India (International Crops Research Institute for the Semi-Arid Tropics) bylo
vybrano 311 lokalit na izemi Indie. Jednalo se o izemni bloky o velikosti 50x50 kilometra.
Specifikace parametrizace GxExM zahrnovala informace o typu pady a jejich
hydrologickych vlastnostech, datumu seti, hustoté seti, pouziti hnojiv, zavlazovani, a
specifickych vlastnostech rostliny ¢iroku ovliviiujici rychlost a intenzitu ristu. Kombinaci
téchto parametrt vzniklo na kazdé lokalité 13 824 simulaci.

Pro zpracovani byl pouzit software APSIM. Pro pfevod datovych formati, generovani
simulaci a davkovani byly vyvinuty dil¢i programy v programovacim jazyce C#. Filtrace a
statistické zpracovani vyslednych dat byla zajiSténa pfimo v Microsoft Excel pomoci makra
Vv jazyce VBA (Visual Basic for Applications). Pro zjednoduSeni procesu zpracovani byl
spojen krok generovani simulaci s davkovym spousténim v ramci jednoho programu.

Zpracovani simulaci trvalo 14 dni na osmi strojich a bylo vygenerovano 14,5 TB

vystupnich dat. Byl pouZit nasleduji hardware:

1x vykonnd pracovni stanice ,, Typ 1%
- dva procesory AMD EPYC 7601 32 jader / 64 vlaken na CPU, 2.20/3.20 GHz
- pamét RAM 1,5 TB
- HDD SSD 2000 GB

7x vykonna pracovni stanice ,,Typ 2
- dva procesory AMD EPYC 7281 16 jader / 32 vlaken na CPU, 2.10/2.70 GHz
- pamét RAM 126 GB
- HDD SSD 1000 GB
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Na zaklad¢ filtrace dat a jejich statistického zpracovani byl pro kazdou tzemni
jednotku vypocitan idedlni postup péstovani pro maximalizaci zemédélské produkce. Tyto
vysledky byly nasledné vizualizovany jako heatmapy a slouzi zeméd€lcim v Indii jako
podpora rozhodovani.

Navazujici vyzkum se tykal péstovani podzemnice olejné (Arachis hypogaea), té¢z na
uzemi Indie. Byly pfidany n€které nové parametry (napiiklad reakce rostlin na deficit tlaku
par) a doslo ke zvySeni poCtu moznosti stavajicich parametrii. Zaroven byl pro tento projekt
vybran vétsi pocet lokalit. Celkove tedy doslo k vyraznému zvySeni rozsahu vyzkumu.

Pro zpracovani téchto simulaci byla nasazena navrzend metodika PlaGroSim v plné
mife. Byl vytvoren centralni modularni softwarovy nastroj, taktéz pojmenovany PlaGroSim
(Plant Growth Simulator). Tento nastroj v sob¢ integroval jednotlivé diléi prvky zpracovani
v ramci dedikovanych moduli programu. Bylo tak mozné fidit cely proces zpracovani
z jednoho mista a doslo k vyraznému snizeni nutnosti uzivatelskych ¢innosti (inicializace a
spousténi jednotlivych krokl). Zaroven diky zaméné softwaru APSIM za Stihlejsi SSM
doslo ke zrychleni vypoctu simulaci. Bylo zpracovano 95 040 simulaci pro kazdou z 1 173
lokalit. Pro vypocet byl pouzit pouze jeden pocita¢ (vykonna pracovni stanice ,,Typ 2) a
béhem dvou dni bylo vygenerovano 1,7 TB vystupnich dat.

Porovnani obou téchto vyzkumnych projekti z hlediska efektivity vyuziti vypocetni
kapacity je zobrazeno v tabulce ¢. 1.

APSIM PlaGroSim
pocet lokalit 311 1173
pocet simulaci na lokalitu 13824 95040
pocet stroju 8 1
doba vypoctu (dny) 14 2
objem dat (TB) 14,5 1,7
rimérnd délka vypoctu na
fednu simulaci (V‘Z:;ny) 225 0,002

Tabulka ¢. 1 - Parametry zpracovani APSIM vs. PlaGroSim
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Dil¢i ¢asti pouzitého postupu zpracovani simulaci, a diskuse vyznamu vypocitanych
vysledkt péstovani ¢iroku v Indii jsou zachyceny v publikaci ¢. 4. Jedna se o stézejni
publikacni vystup ve velmi kvalitnim védeckém Casopise Field Crop Reseach. Tento ¢asopis

ma vysoky impakt faktor (7.234) a je v prvnim decilu pro oblast agronomie.

Publikace €. 4

typ: veédecky Clanek

nazev: An APSIM-powered framework for post-rainy sorghum-system
design in India

autori: Ronanki, S., PAVLIK, J., Masner, J., Jarolimek, J., Stoges, M.,
Subhash, D., Talwar, H., Tonapi, V., Srikanth, M., Baddam, R.,
Kholova, J.

rok: 2022

vydano v: Field Crops Research

indexovano: Web of Science, impakt faktor 7.234
Scopus, CiteScore 10.5

odkaz: https://doi.org/10.1016/j.fcr.2021.108422

V soucasné dob¢ jsou vyhodnocovany dosazené vysledky simulaci ziskané v druhé
¢asti vyzkumu, ve kterém jiz byla metodika PlaGroSim plné€ implementovana pro zpracovani
dat, a je pfipravovana navazujici publikace. Vznika také dodate¢ny modul pro vzdéalenou
spravu a alerting, ktery bude umoznovat lépe kontrolovat béh vypoctu. Je planovano
stavajici moduly PlaGroSim udrzovat a nadale vylepSovat. Konkrétné€ se bude jednat napt.
o rozsifeni modulu SSM o dodatecné funkcionality pro zpfesnéni simulaci a zahrnuti rostlin

Z jinych celedi, nez jsou legumindzy.
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5.5 Usability of 10T and Open Data Repositories for Analyzing Water
Pollution (A Case Study in the Czech Republic)
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Abstract: Recently, the process of data opening has intensified, especially thanks to the involvement
of many institutions that have not yet shared their data. Some entities provided data to the public
long before the trend of open data was pushed to a wider level, but many institutions have only
engaged in this process recently thanks to a systemic state-level effort to make data repositories
available to the public. Therefore, there are many new potential sources of data available for research,
including the area of water management. This article analyses the current state of available data in the
Czech Republic—their content, structure, format, availability, costs and other indicators that affect the
usability of these data for independent researchers in the area of water management. The case study
was conducted to ascertain the levels of accessibility and usability of data in open data repositories
and the possibilities of obtaining data from IoT (Internet of Things) devices such as networked
sensors where required data is either not available from existing sources, too costly, or otherwise
unsuitable for the research. The goal of the underlying research was to assess the impact/ratio of
various watershed factors based on monitored indicators of water pollution in a model watershed.
Such information would help propose measures for reducing the volume of pollution resulting in
increased security in terms of available drinking water for the capital city Prague.

Keywords: GIS; open data; IoT; diffuse water pollution; spatial data; watershed monitoring;
factor analysis

1. Introduction

To conduct an effective research activity, access to suitable data is necessary. There are many
datasets related to the field of water management. It can be datasets for stream, rivers, and larger
water bodies themselves, data regarding weather and rainfall, or soil in the riverbed. As stated by [1],
even data regarding the use of fertilizers on arable land in the areas surrounding water courses is
essential for water pollution research. Therefore, the range of possible data may come from a wide
variety of providers, some seemingly unrelated to water management.

The process of working with spatial data can be divided into four major steps [2]: discovery,
acquisition, management and analysis. Firstly, there is the discovery process, where scientists have to
learn of the existence of a possible data source and locate it—whether it be on the Internet or by getting
in touch with the organization, which provides said data. In this step, sources that aggregate open
data are especially useful. One of such sources for European Union member countries are national
geoportals tied to the INSPIRE Directive (Infrastructure for Spatial Information in the European
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Community) [3]. Another option is a nationwide catalogue of open data. These alternatives often
coexists, such is also the case of the Czech Republic, where both the INSPIRE Geoportal and National
Catalogue of Open Data [4] serve as primary options for data discovery.

Secondly, there is a process of data acquisition. On an intellectual property level, some data can
be provided freely for anyone; sometimes there might be a registration process or license agreement
requirement and a payment process in case the data is monetarily charged. The licensing requirements
are generally in place to prevent sharing to third parties but can be also used in case it involves
sensitive data. In some cases, datasets might be shared incompletely as a safety precaution. This means
datapoints for certain locations or regions will be missing, especially when it comes to military areas,
or areas that include critical country infrastructure such as nuclear powerplants, oil pipelines, etc.
Then there is the actual data transfer process itself, from a technical perspective. Some data may be
directly downloadable through a simple web browser; some may require advanced techniques of
spatial data transferring. There is also the possibility of obtaining the data in person, in case the online
publication availability is lacking for a particular dataset.

The data management step includes data storage, periodical updates if necessary and if the data
was not provided in a format that is directly workable, adjustments have to be made to transform data
into the format that is required. These transformations are often done utilizing tools available as part
of GIS (geographical information system) software, but in cases of some niche data format, they may
require dedicated software. For data where the spatial dimension is missing completely, the solution is
generally a manual input of the data inside the GIS software. The last step of data analysis/processing
includes the actual work with the data itself for the purposes it was obtained.

Spatial data can come in various formats. The type of format of data has important implications
on both the provider of data and the final user. Different data formats utilize different types of data
storage and transport. On the end user side, the variety of possible data format greatly influences the
resulting usability of the data, since every user has access to different software and tools to process the
data and many software solutions are the focus of a select few data formats. These interoperability
issues are one of the common grievances during actual independent research, because they introduce
an often-unnecessary overhead by forcing users to utilize a secondary solution to convert data into a
format they can work with.

Many of the commonly used data formats are based on XML (extensible markup language).
The standards and specifications for many of the various data formats are handled by OGC
(Open Geospatial Consortium) which is the main authority when dealing with spatial data. The most
commonly used vector data formats include [5]: GML (geography markup language), KML (keyhole
markup language), GeoJSON (JavaScript object notation), ESRI Shapefile, a proprietary format of
the ESRI (Environmental Systems Research Institute) company, and GPX (Global Positioning System
Exchange Format). The most used raster formats are JPEG (joint photographic experts group), TIFF and
GeoTIFF (tagged image file format).

When it comes to the data acquisition, there are several common approaches. One of the simplest
solutions would be to provide the data files directly for download in their original form, using the
common FTP (file transfer protocol). Another option to share geospatial data are the following three
web services: WMS (Web Map Service), WFS (Web Feature Service) and WCS (Web Coverage Service).
These services have their standards maintained by the OGC [6] and are essential in providing access
and visualization to geospatial data [7]. WMS utilizes a HTTP (hypertext transfer protocol) for the
exchange of geographical data in raster format. A user sends a request for data and the WMS responds
with an image, which is usually a JPEG or PNG (Portable Network Graphics). One of the most
important features of this service is the ease of use. It can be used in both online solutions with various
geoportals but also as a source of data for end users. Most desktop software GIS can establish a WMS
connection to databases using a simple link copied from a website of the data provider and import an
entire layer of spatial data into the map composition. However, this service has a crucial disadvantage
for researchers, which is the fact that WMS does not provide the user with the actual data behind

24



ISPRS Int. ]. Geo-Inf. 2020, 9, 591 30f10

the image. Any user can, therefore, display the map layer as whole or not display it at all. It is not
possible to process and analyze the data. Queries are not possible and the option to further process
and analyze the data is almost non-existent. The WMS is, therefore, more suited for the public and not
for experts in research. The WFS works on same general principles, but instead of sending a raw raster
image to the data recipient it sends the actual data instead, usually in GML format [8]. The WCS is the
most complex of the three services. It allows for advanced querying and can, therefore, send only a
portion of the data. Unlike the WFS which only sends raw GML data, the WCS enhances the data
with metadata, descriptions, and semantics to improve client-side rendering and processing of the
data. Out of these three main services, WMS is the most widespread, but it is the least usable one for
research and spatial planning purposes [9].

The main sources of datasets for water research purposes are usually governmental organizations
since private companies do not tend to freely share their data. Depending on the level of sophistication
of a given country’s information technology strategy and policy, the data discovery process itself can
be quite tedious, as pointed out by [10]. If a country is missing strong central authority to establish
and enforce a unified open data sharing policy, the heterogeneity of approaches employed by various
institutions is likely going to foster an open data landscape that is very hard to navigate by end users.
An alternative to using existing open data sources is utilizing solutions based on networked internet
of things (IoT) devices with appropriate sensory equipment. Research endeavors regarding water
management entail measurements of precipitation, temperature, and flow rate. As shown by [11],
several devices can be set up within a river basin to capture not only the final outputs at a confluence,
but also the entire development of the water stream.

Our case study was conducted in Vysocina region (south-east from the Czech capital city Prague).
We have focused on Bofeticky stream watershed with several smaller streams leading into it. Itis a
small part of watershed that supplies the drinking water reservoir Svihov on Zelivka river, which is
the main source of drinking water for the capital city Prague. We monitored water quality levels and
conducted a statistical factor analysis to determine which watershed factors contribute to monitored
pollution indicators. However, in this paper, we would like to focus mainly on our usage of sensory
data and open data repositories, especially what type of data were required, where we obtained them,
how and if we had to transform these data. Therefore, this paper provides only a concise description of
how we calculated watershed factor values that served as an input for statistical analyses to evaluate
the impact on water quality indicators. This hands-on experience with a model research project will
help us draw relevant conclusions about general levels of accessibility and usability of open data in the
field of water management in the Czech Republic.

2. Materials and Methods

The overall process of analyzing diffuse water pollution starts by data collection and preparation.
More specifically, it is necessary to gather baseline data. For in situ measurements and observations,
IoT devices can be utilized. Repositories of open data, such as hydrological maps, elevation models,
soil maps can be accessed if available for a given region. Based on the available data, with regards to the
data format and software compatibility, a GIS software is selected to conduct the spatial data processing.
The outputs are then further analyzed using statistical modelling (multi-factor regression). In this
section we would like to outline this overall diffuse pollution research in detail to establish and justify
why we required certain datasets. The process of data discovery and acquisition as well as review of
the available open data repositories in the Czech Republic is covered further in the Results section.

2.1. Model Watershed Delineation

For the purposes of our case study, a micro-catchment area with a network of monitoring profiles
was selected to easily determine the direct pollution input of a populated area (only few small point
sources). A GIS software application was utilized to delineate the catchment area boundaries for each
profile. We utilized two main approaches: for bigger streams (I-IV in the Strahler scale), where the
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sampling point was near a confluence, we were able to use publicly available hydrological watershed
boundaries from DIBAVOD (Digital Base of Water Management Data) [12]. For streams that are
smaller or in cases where the sampling location was too far from a confluence, we had to delineate
the boundaries manually (according to contour lines). During our research we worked with two GIS
applications: ArcGIS, which is a very prominent GIS software solution; and BNHelp, a GIS application
that utilizes HSLayers, a modified version of OpenLayers library. BNHelp solution also provides a
web-based client for remote work.

Another possible solution for watershed delineation would be to utilize a DEM (digital elevation
model) as most GIS applications have the necessary tools (either in the base version or as an add-on
toolbox) to delineate a custom watershed area from a DEM for a given catchment point. In the Czech
Republic, the best freely available DEM is part of the ArcCR 500 map set [13]. However, this DEM was
constructed from a 50 m contour line basemap; therefore, the size of one pixel is 50 X 50 m, which is
not detailed enough for small basins. Compared to manual delineation, using this raw DEM produced
a higher level of inaccuracies. For better results, a higher resolution DEM would be required. There are
two possible models available, the 4th and 5th generation DEMs, both from the Czech Land Surveying
and Cadastre Department [14], but both are costly. Even for the small micro-catchment area that was
selected for our research, the price would be at least EUR 400 for the 4th-generation model and EUR
1250 for the 5th-generation model.

An example of the manual approach is shown in Figure 1-the delineation of watershed
boundaries/areas in the BNHelp GIS application for two of the selected profiles on Utéchovicky
stream, which is too small to be included in the DIBAVOD watershed boundaries dataset. Profile BP2
boundaries are displayed by a thick red line, the profile BP5 area is displayed with orange fill color.
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Figure 1. Boundaries of BP2 and BP5 profiles made in BNHelp geographical information system
(GIS) application.

2.2. Water Monitoring

Several key pollution indicators were selected, such as ammoniacal nitrogen, nitrate nitrogen,
molybdate reactive phosphorus and COD¢; (chemical oxygen demand—potassium dichromate
method). This selection was in accordance with the established knowledge about the main organic
and nutrient water pollution sources and resulting eutrophication [15-17]. Water samples were taken
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monthly on each selected water profile for three years. Samples were analyzed using available test-tube
methods within conjunction with photo spectrometry methods according to [18]. Meteorological data
such as daily temperatures and sum of daily rainfall, therefore, had to be recalculated into monthly
averages to match the water sample periodicity. Water flows were calculated using a hydrological
analogy. Direct flow measurements were conducted only during major precipitation-runoff events.

Apart from obtaining these datasets from official sources (Czech Hydrometeorological Institute),
there is also a possibility to utilize networked IoT devices. For precipitation, temperature, and water
flow there are fully operational devices available. Alternatively, a custom device can be built using a
basekit with a conjunction of corresponding sensors. These custom devices can potentially be cheaper
than solutions on the market, especially when scaling up the number of units deployed, but it requires
expertise and lot of effort for the initial setup and calibration. In case of research that does not focus on
the pollution factors but just on measuring the volume of pollution, a turbidity sensor can be used as
proposed by [19] to create an all-in-one measuring device.

Considering our model research was very small scale, we did not require data from multiple
locations. Therefore, utilizing networked sensors was for our purposes unnecessary. We decided to
purchase a single-unit measuring device to obtain the weather data, specifically a wireless meteorological
station Conrad Electronics RW 53, WH 5300 from the Conrad company. The cost of this device was
approximately 80 EUR.

The other option would be to purchase this data from Czech Hydrometeorological Institute.
It provides a selection of data for free (from measuring stations near larger cities and on selected
spots), but for data at a custom location a special commission would have to be arranged. Based on
data available from a publicly available contract database, we were able to ascertain that both the
precipitation data and temperature data would cost at least 50 EUR each for every year.

2.3. Pollution Factors

For each catchment profile, we also compiled a database of anthropogenic factors separated into
three thematic groups: human settlement indicators, land-use categories, and agricultural production.

The main human settlement indicators were population density, volume of communal wastewater
production and treatment. The number of residents living inside a delimited watershed under each
profile was calculated manually. A list of city and village names was compiled from the topographic
baseline map for each given profile. We then used data sources available to the public to determine
the number of residents for each settlement. The data sources we used were the official population
data from Czech Statistical Office as well as their local branch offices in combination with PRVKUK
(Regional development plan of water supply and wastewater treatment). Luckily, both sources
provided sufficiently detailed and recent data for the area that our case study dealt with. In many
other Czech regions, data about small settlements is not so easily available.

A second group of factors were acreages and percentages of all land-use categories in every model
watershed within the water-quality monitoring profile. The open data repository we used for this
part was the LPIS (Land Parcel Identification System), which is an information system operated by
the Ministry of Agriculture. It includes a database of all registered parcel blocks with agricultural
land. There are distinguished categories of arable land, permanent grasslands, other arable land
cultures, and pastures. It also contains several other key information datasets for each parcel such as
altitude and gradient. The data provided is downloadable free of charge and is stored in .shp layers
for every cadaster territory in Czech Republic. Therefore, we first had to create an intersection of our
profile boundaries with the cadaster territory map (provided within the ArcCR dataset) inside our GIS
software to determine which cadasters we need to download from LPIS. After inserting and merging
all the LPIS layers and intersecting it with our profiles, we could calculate the ratio of all land-use
categories in our selected areas. For the calculation of the ratio of forests within model areas, we used
the same approach, except the source data was the freely available GIS layer CORINE (Coordination
of Information on the Environment) Land Cover 2000. To calculate the ratio of built-over areas and
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water surface areas, we had to delineate them manually from a topographic map. For several larger
settlements, the data about built-over area was available within the Czech Statistical Office datasets
(land-use categories acreage in all cadasters—data in tables are downloadable for free in .xIs format).

Lastly, we conducted a monitoring of agricultural production in the area. During each agricultural
production cycle, we determined which crops were being grown on arable land parcels within a model
watershed on major agricultural holdings, because changes in crop variability between years can
influence the resulting nutrient pollution considerably, especially for small water streams.

We analyzed all acquired data to evaluate impact of various natural and anthropogenic
factors within the model watershed (population, land-use categories, agricultural production,
and meteorological data) on selected indicators of water quality on monitoring profiles. Concrete
results of this analysis are going to be published in a separate follow-up paper, which will be focused
more on the actual values of measured data, their statistical analysis, and implications resulting from
our observations/measurements.

3. Results

In the Czech Republic, most open data come from sources within the administrative bodies of the
government such as ministries, research institutes under the purview of ministries, or organizations tied
to various governmental institutions. The large number of data sources and the resulting fragmentation
of open data in Czech Republic has a historical context; even as early as the mid-2000s there were
reports [20] about the decentralized character of data providers that stressed the necessity for a more
generalized catalogue of open data. It was asserted by [21] that this system has its advantages in terms
of maintaining validity of the data through regular updates, since each provider is only responsible for
the management of their own small section of the overall open data landscape. However, this comes at
a cost of lower discoverability of data sources and forces researchers to know which data sources exist
and where to look for them. This introduces an overhead to every research endeavor, because prior to
research, subjects must conduct an exhaustive discovery process to locate all possible data sources.
For this purpose, several user-driven open data source compilation web sites have emerged that are
trying to keep an up to date lists of data locations.

The official aggregation site for open data in the Czech Republic is the National Catalogue of Open
Data. It has been established only recently (during 2015) and most Czech institutions did not adopt
publishing their open data in this catalogue immediately. The amount of available data is, therefore, still
increasing as more organizations take part in the effort of opening data, so the situation is improving.
However, there are several issues that are reducing the usability of this catalogue. Firstly, it includes
both spatial and non-spatial data without the option to filter one type or the other. It includes filter by
file format, so data in KML or GeoJSON can be assumed to have a spatial nature. But many spatial
data files, especially those originally in .shp file format, are provided as .ZIP, making it impossible to
distinguish them from non-spatial .ZIP data. However, as pointed out by [22], non-spatial data can
be enhanced with spatial features, so all data within the catalogue is potentially valuable and cannot
be discarded outright during the data discovery process based on the data format alone. Therefore,
the fact that raw machine-readable data are published in the same manner as data files that deal
with transparent administration such as public procurements, contracts, retainers, and incentives are
cluttering the system and reducing the discoverability of pertinent datasets.

A second major issue with the catalogue is caused by the overall heterogeneity of the datasets
as well as approaches taken by individual data providers. Some institutions share country-wide
data, some datasets are separated by regions, and some are split into tens of thousands individual
datasets based on municipalities (each village has its own dataset). This means that a dataset including
information pertinent to the whole country can be potentially buried in the middle of thousands of
other files that are focused on a small location.

Another prominent data source is the INSPIRE Geoportal since it aggregates data from many
organizations within Czech Republic. It is based on the 2007/2/ES INSPIRE European directive [3],
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which aims to establish a European spatial data infrastructure (SDI), that will provide high-quality
standardized data to support strategic environmental policies. Most standards that are used
within INSPIRE fall into the ISO (International Organization for Standardization) 19,100 series,
maintained by corresponding ISO Technical Committee [23] The Czech INSPIRE is managed by CENIA
(Czech Environmental Information Agency) which is part of the Ministry of Environment. In its current
state, the geoportal has its own web map application for displaying maps and layers as well as WMS
that provides the same data. Currently available datasets include the orthophoto map (current and
historical), digital terrain model, military maps, topographic map, real estate, land cadaster map and
ZABAGED (Fundamental Base of Geographic Data). The datasets are enhanced by rich metadata,
which allow for filtering using a lot of parameters, such as source, time-frame, topic, location, type of
service and others. The availability of metadata plays a key role during the data discovery process,
which further distinguishes INSPIRE from other data sources and emphasizes its significance in the
Czech open data environment.

ZABAGED is a baseline set of maps provided by the State Administration of Land Surveying and
Cadaster. Among others, it includes maps regarding territorial units, buildings and roads, vegetation
and land surface, terrain and geodetic points, and distribution networks and pipelines. The department
runs its own geoportal with the ZABAGED maps in it, but they are also provided inside the INSPIRE
Geoportal as well as in WMS and WFS forms.

LPIS is a land evidence geographical information system operated by the Ministry of Agriculture
and is mainly used by farmers to input data about fertilizers, pesticides and other preparations they
use for agricultural production (in order to be eligible for state-level or European subsidies). The LPIS
is one the most advanced systems in terms of data sharing since it has many options how to provide
data. Apart from having its own web GIS interface, the data are also available in both WMS and WFS
forms as well as a direct download in .shp files. LPIS is linked to Common Agricultural Policy (CAP)
payments and is, therefore, implemented in every European Union (EU) country. Apart from the
required functionalities [24], each member state has full control over their LPIS, resulting in differences
between countries. The Czech LPIS has extensive public access, allowing users to view and download
a large portion of the included data.

DIBAVOD is a set of maps compiled by the T.G.M. Water Research Institute. This set of maps
contains mostly data about watercourses and watershed areas and serves as baseline for water related
layers in ZABAGED. The whole DIBAVOD set or its parts can be downloaded on the Institute’s website
in .shp format.

VUMOP (Research Institute for Soil and Water Conservation) provides a set of maps regarding
soil structure, density, erosion vulnerability, water capacity and others. Until recently, users had to
formally request the data and received them on a CD/DVD disk, but the institute is currently moving
towards adopting the WMS method of sharing for more of its datasets.

The Czech Hydrometeorological Institute provides data regarding weather, including rainfall.
Data are available for download after filling in a short form and a license agreement. Most of the
data are in .csv of .xIs formats and it is, therefore, necessary to process the data to convert them
into a suitable geospatial format. Among all the available data considered for research in the water
management sector, the hydrometeorological dataset are the most suitable to be obtained utilizing IoT
devices. Sensors that measure temperature, humidity and precipitation are available on the market.
Implementing a custom-built network of devices is very likely to provide more precise data than
the institute due to the localized nature of IoT deployment (sensors directly where they are needed
instead of having to use data from closest meteo-station operated by the institute, which can be several
kilometers away).

The Czech Statistical Office collects primarily data regarding trade, economic and industrial
activity, demographics, and wages and so on. Many of those datasets are not directly linked to water
management, but some are quite important (for instance, population density). However, the Czech
Statistical Office does provide such data in a spatial form for fee. Free data are only provided in .xls
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files. Additionally, a lot of statistical data are mainly summarized and presented to public in relation
to local authorities, cadasters, as regional statistics etc., therefore necessitating double manual data
conversion: one conversion from tables to spatial data and secondly an integration of data over several
smaller cadasters, counties, or regions.

Apart from what datasets are available and the form they take, another important aspect, especially
when it comes to small-scale independent research, are the associated costs. The access to INSPIRE in
the Czech Republic is without charge. Any user may display available map layers in the online Geo
Portal or use WMS to display raster images in their personal GIS software. Additionally, users may
register on the website which gives them access to more features, such as creating and saving their
own map compositions [25]. However, the actual raw data is not available. As part of the INSPIRE
directives, such data are freely available to other public institutions that request it, but not to the public.
This is a common theme even with the other data sources. The general rule is that governmental
institutions share the data between themselves but require a fee when providing them to outside
recipients. This is also the case with ZABAGED and other datasets provided by the Land Surveying
and Cadaster Department, which only allows downloading their data after a payment (depending on
the dataset usually payments per square kilometer or per 5 x 5 km square). Similarly, VUMOP has
most of their datasets locked behind a paywall as well. Data from Czech Hydrometeorological Institute
have an associated fee as well, but the Institute also provides licensing options with discounts for
researchers and students. There are several exceptions to the general payment schemes: LPIS allows
free unlimited downloading of their source data in .shp format through a simple web interface and the
DIBAVOD maps are available for download free of charge as well.

For certain datasets (in our case temperature, precipitation, and water flow) there is an alternative
to the existing open data repositories and that is utilizing IoT devices for measurement. A network of
sensors has the inherent advantage of low upkeep costs, higher data accuracy thanks to the localized
nature, as well as customizable data velocity. These advantages are offset by higher initial costs
and the required work and expertise needed to set up and calibrate the network. In the Czech
Republic there are several network providers who offer services specialized to the IoT area. Sigfox
is provided by SimpleCell Networks corp. LoRaWAN (long-range wide area network) is provided
by the Semtech corp. in cooperation with Czech Radiocommunications. Third major technology
available at the Czech market is NB-IoT (narrow-band IoT), based on the LPWA (low-power wide
area), provided by mobile operator Vodafone. A common problem across these providers is that
they mostly focus on implementations inside buildings, or when it comes to outdoor applications,
the emphasis is on municipal areas. It is possible to find ready solutions for building monitoring,
company property monitoring (for instance car park administration), factory production optimization,
or smart households. Research conducted in the countryside would probably require negotiating a
custom solution, especially with the regards to the potential unavailability of network coverage in the
rural areas.

4. Discussion

The current situation of data accessibility for research purposes is undesirable in many aspects.
The most used approach for data sharing is WMS, which is by its nature unsuitable for use in further
research. Some data are available in WFS format or directly for download, but for the most part the
cost of such data is too high for a typical small-scale research budget. This gives an advantage to larger,
well-funded research subjects or those linked to various ministries or departments who can obtain the
data for free as part of co-operative projects, state funded studies etc.

One of the major issues is also the decentralized nature of open data providers, where each
institution creates datasets according to their individual know-how. There is a significant lack of
aggregation of available open data, especially in the agricultural sector [26]. There is a continuous
effort for technological improvements for the available datasets as part of the INSPIRE initiative—such
as incorporating linked data and increasing machine readability [27]. Therefore, as the technological
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and quality requirements increase on the front end (INSPIRE Geoportal), the individual back-end
provider institutions are expected to eventually adopt the new standards as well, hopefully resulting
in better homogeneity of available open data in the near future.

The Czech Republic is currently in a good position as far the actual data content is concerned.
Most of the datasets that are important for research in water management do exist or are being actively
developed. There are possible improvements in terms of non-spatial data being reworked in proper
map layers on a provider level, thus reducing costs for the end users (by eliminating the need for
research teams to hire a GIS specialist to manually process the data into usable formats). The availability
of open databases with data in suitable formats is also a key prerequisite for development of decision
and information support systems in the agricultural area.

New datasets can also be created on a custom basis, utilizing IoT devices. High volumes of data
coming from a wide range of networked sensors promise an overall improvement in data coverage,
periodicity, and level of detail. But there are also limitations in the overall scale by which IoT can
be deployed as well as the initial costs. Other developments could come from the field of remote
sensing, which might be able to provide new avenues for water-quality monitoring [28]. However, it is
uncertain whether the current institutional capacities, both in hardware and manpower, are going to
suffice to process such volumes of data effectively in order to provide them to the general public for
reasonable costs or free of charge.
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Abstract

The process of agricultural simulation using APSIM requires input meteorological data to be prepared
in a specific format and the simulation setting file to be ready before the simulation processing starts. Because
of possible time savings when conducting large number of simulations at once, it is preferable to create all
the input and settings files for all the simulations beforehand and process the simulations in batches as large
as possible. This article specifically deals with the data acquisition, transformation and preparation process.
It also outlines initial testing and computing time estimations and discusses scheduling, parallel processing
and other possible simulation optimization methods..
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Introduction the Agricultural Production Systems sIMulator

(APSIM). This software provides important insight
With increasing processing capabilities, it is into challenges regarding food security, climate
becoming possible to tackle larger research change adaptation and carbon trading (Holzworth
endeavours. In the area of scenario simulations, et.al., 2014).

this increase in hardware power allows for broader
assignments in terms of variable combination.
Historically, the total amount of simulations
was severely limited and required either very
narrow specification of simulation parameters
or usage of techniques that lowered the processing
requirement at the cost of less accurate results,
such as downscaling (Hewitson and Crane, 1996).
Nowadays, higher hardware power can be utilized
to calculate more simulations extending the limits
of the usual variable spectrum. However, the multi-
linear nature of growth of number of simulations
based on number of options for each variable still
limits the simulation process in general, so some
restrictions need to be upheld regardless.

By using supporting software tools for automation
and scheduling it is possible to tackle large number
of'simulations in APSIM by splitting the computation
onto multiple machines utilizing parallel processing
as shown by (Zhao, et.al,, 2013). Even though
hardware and software scales differently during
processing (Kambadur, et.al., 2013), with a proper
setup and data pre-processing it is possible to make
up for the increased number of simulations. Apart
from increasing the range for variables, increasing
the resolution of the grid will also affect the number
of simulations required, however as pointed
out by (Mass, et. al., 2002) when it comes
to weather forecasts, reducing the grid size beyond
certain limit no longer significantly improves
One example of simulation software that was the quality of results.

originally designed for small scale field simulations
on a single computer but has seen a resurgence
as a large scale (even on a global scale) tool
for simulation of agricultural production is

Another issue is also the period of input weather
data. Due to changes in global climate, only short-
term predictions are possible (Aurbacher, et.al.,
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2013), so it might be necessary to recalculate
simulations on a periodical basis with newest
possible data sets, in order to maintain high level
of usability of results. This however introduces
additional layer of scaling, so in order to ensure
up-to-date knowledge based on the simulation
results, measures must be taken to reduce
the processing requirements of each individual set
of simulations (Skoogh, et al., 2010).

The requirements for data storage also scale based
on the number of simulations. However, there are
possibilities to cut down the storage requirements
by extracting required results during the processing
from output files that have been already calculated
and deleting them. But considering the processing
of simulations is the most time-consuming part
of the research process, deleting finished output
files may be ill-advised, since they are the most
“expensive” to create. Therefore, a better solution
would be to search for additional storage capacities.
Luckily, thanks to the rise of IoT (Internet
of Things) as a source of data (Stoces et.al., 2018),
most research entities have bolstered their storage
hardware in recent years.

Overall, the issue of large-scale simulations,
their processing requirements and optimization
in general is very current topic. Many researchers
are looking for solutions in various areas, whether
it be utilizing cloud-based capacities (Szufel,
et al., 2017), exploiting existing hardware to its
maximum potential (Fujimoto, 2016) or looking
for new frameworks altogether (Kirby, et.al., 2018).

Materials and methods

In order to simulate agricultural production two
input files are required for APSIM. Firstly, there is
the .metfile which contains historical meteorological
data for a given field / grid square. The required
parameters are daily rates of solar radiation (radn),
minimum daily temperature (tmin), maximum daily
temperature (tmax) and precipitation rate (rain).
Apart from these daily values the .met file must also
contain pre-calculated values for annual ambient
average temperature (tav) and annual amplitude
in mean monthly temperature (amp).

The second input file is the .apsim file that contains
settings for the simulation (irrigation rates, sowing
window, sowing density, fertilization etc.) as well
as data related to the given grid square (such as soil
properties, characteristics for given plant genotype
and so on).

The meteorological data we use are from Goddard
Institute for Space Studies (GISS), which is part

of National Aeronautics and Space Administration
(NASA). The AgMERRA Climate Forcing Datasets
(https://data.giss.nasa.gov/impacts/agmipcf/
agmerra/) are free to download in an .nc4 format.
The datasets are split into files per year (from 1980
to 2010) and per variable. Therefore, some
pre-processing will be required to transform
the data, since APSIM is expecting the data split
into files per grid square containing a table with all
the values for all the variables and for all the years.

The .apsim files are just .xml files using the markup
language to capture all the input variables for each
given simulation. These files have to be prepared
based on real agricultural conditions in given area.
For the purposes of multi-variable simulation, each
single simulation has to be reproduced so that every
possible combination of variables was represented.
Considering the large-scale nature due to the high
number of grid squares as well as high number
of variable combinations, it is unfeasible to do this
task manually.

To complete the pre-processing, both the .met
and .apsim file for all the simulations must be
ready. The next task is to optimize the simulation
computations themselves outside of the APSIM
software. Possible solutions include parallel
processing, utilization of cloud based resource
structure, optimizations regarding scheduling
and use of additional hardware resources during
their downtime. We plan to publish a separate
follow-up article regarding this process at a later
date.

Results and discussion

The required data conversion from .nc4 files
downloaded from the NASA into .met files required
by the APSIM software was achieved using
a MATLAB script. The calculation of (tav)
and (amp) variables can be done within MATLAB
as well or using R script. However, we found
that the easiest way is to first convert to .xls,
do the calculation in MS Excel and then convert
to .prn file, which has the same required structure
as the .met, and simply change the extension.

In order to create the settings for all the simulations
we have written a program using C# language
that loads a single .apsim file with one
simulation in it and returns an .apsim file with all
the possible variations of that simulation, with all
the combinations of chosen variables. In our case,
it was 12600 simulations per each grid square. This
batch size proved to be too high for the APSIM
software, so we had to adjust the program to create
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several smaller files (see below). The choice
to use C# was arbitrary based on experience
of the programmers in our team. Any other
programming language (python, java etc.) can be
chosen and will work just as fine to write a similar
program / script.

Our simulations used single soil settings for all
the grid squares. In cases where different soil
settings are required the preprocessing depends
on the form and availability of data in a given
country. This will provide additional layer
of preprocessing, however as shown by (Kim, et.al.,
2018), this step can be also automated by writing
an application specific to the soil database that will
fetch the data in bulk.

Overall, the pre-processing of data did not provide
any challenges in terms of software / hardware
requirements; even with high number of simulations
(hundreds of millions) the computation time is
in the range of several minutes. The majority
of input in this stage was therefore programmer
labour time needed to write the scripts
and programs.

The simulation processing itself will be done using
the command line version of APSIM. The software
has a graphical user interface (GUI) provided
(see Figure 1), but it does not include any
functionality that would be helpful setting up
computation of large number of simulations. It is
designed merely as a tool to better visualize
the contents of the .apsim files and to edit values
when dealing with small number of simulations
at a time. The computation time of both
variants (command line and GUI) is similar,

but the former provides easier options
for automation and scheduling using third-party
tools.

We conducted preliminary testing runs for some
of the simulations on several different machines
in order to estimate the overall time requirements.
What we found was that the processing time doesn’t
scale perfectly with the amount of simulations
in a single batch. Possibly due to some overhead
requirements  (initialization, clean-up etc.)
the efficiency of simulations processed per minute
goes up with the batch size (see Table 1
for approximate results).

Number Approx. time Simulations
of simulations (minutes) per minute
100 2.5 40.0
500 11.5 43.5
1000 22.0 455
2000 40.0 50.0
2500 48.0 52.1

Source: own processing

Table 1: Preliminary processing efficiency for different batch
sizes.

Based on these results it became clear that in order
to optimize the processing, the batch size should
be as large as possible. However, the APSIM
software cannot handle all the simulations at once.
There seem to be a limit on maximum batch
size that is influenced by used hardware. Some
of the stronger machines we used for testing were
able to handle between 2000 and 3000 simulations
at once, whereas regular desktop computers

Source: own processing
Figure 1: APSIM User Interface.
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with mid-range hardware installed were not able
to go over 1000 simulations in a single batch. This
limit seems to be influenced by available memory
capacity, but strangely during the simulation
processing itself, the limiting factor was processor,
not memory. This would imply that the memory
capacity is mostly relevant during the initialization.
We plan to conduct further testing using wider
variety of hardware to reach more definite
conclusion in this matter.

At this moment, the best way to optimize processing
seems to be determining optimal batch size for each
machine that will be involved in the computation
process and use third-party scheduling software
to run the simulations on every machine separately
when its resources are free for use. With the way
our C# program to generate simulation works
at this point, that would mean creating a stockpile
of simulations of varying batch sizes for each
machine. Due to uneven workload of machines
however, this may prove problematic, since each
computer will drain its simulation stockpile
at different rate. A solution to this issue might
be adjusting the simulation generation so that it
does not work as a static application, but rather
an ongoing server application. That way
the schedulers that handle processing could request
batches of input files when necessary.

Conclusion

The requirements for data pre-processing when
working with APSIM scale with the amount
of simulations due to the lack of in-built option
for variable simulations. However, this can be

Corresponding authors
Ing. Jan Pavlik

handled reasonably efficiently using features
of MATLAB for weather data processing
combined with self-written scripts to generate
simulation files for all possible combinations
of wvariables. There is little to no room
for improvement or time saving when handling
these necessary tasks. But when utilizing parallel
processing it becomes possible to reduce computing
time via optimizing the batch size for each
individual machine. Having the option to select
variable batch size within the simulation generation
script therefore proved very advantageous.

But overall, we must conclude that the age of APSIM
software really shows, especially with regards
to lack of features / packages that could help with
large scale research by removing or at least reducing
the required pre-processing requirements. This
issue is only amplified by the fact that personnel
who use APSIM often do not possess enough IT
knowledge and training, especially when it is
required to operate additional third-party software.
Similar findings regarding lack of IT expertise
we pointed out by (Reinmuth and Dabbert, 2017)
for instance. Some of these issues will be hopefully
handled in the APSIM Next Generation as outlined
by (Holzworth et. al., 2018).
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Abstract. The APSIM software has proven to be extremely valuable decision
support tool when it comes to optimizing agricultural management practices in
order to maximize yield. Conducting high amount of simulations naturally
requires processing of large volumes of data, therefore the available time and
hardware resources create a limit for the scale of production simulation
modelling. If APSIM is to be effectively used at a local level utilizing pre-
existing hardware infrastructure, an assessment of available resources must be
conducted in order to optimize the scale of the simulation. Another issue is the
availability of personnel with enough information technology skills and
experience to conduct the processing. The focus of this paper are software
automation and other assistance tools that are therefore required for production
modelling to be successfully utilized by small to medium enterprises.

Keywords: APSIM; scalability; hardware requirements; data processing;
automation software.

1 Introduction

Maximizing yields of agricultural production is one the critical issues for society
today. Growing worldwide population exacerbates the need for sufficient food
production while increasing climate anomalies such as droughts can pose a great risk
for crops. One of the approaches to maintain and improve agricultural yields is to
utilize information technology to optimize managerial strategies and genotype
selection by conducting multi-factor analysis in form of simulations or modelling
(Holzworth et al., 2014).

The development of information technology hardware provides increasingly more
technological resources to conduct simulation processing on larger scales, however as
shown by (Li and Li, 2014) the increase of available data, such as higher resolution of
geographical data, creates hardware limitations when scaling up the processing. This
is especially important when trying to utilize agricultural simulations on a local level,
for instance in small to medium agricultural companies. Due to the lack of financial
resources for purchasing dedicated hardware there is a need to utilize pre-existing
infrastructure. Most of the computing capacity in these companies is provided by out
of date machines, meaning that any large-scale data processing involving high level of

Copyright © 2020 for this paper by its authors. Use permitted under Creative Commons License
Attribution 4.0 International (CC BY 4.0).
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parallelization such as described by (Zhao et al., 2013) is out of the question. The main
approach to utilize such hardware requires individual machine optimization alongside
parallelization as shown by (Bartonek, 2017). Another option would be to utilize cloud
computing, but as pointed out by (Szufel, Czupryna and Kaminski, 2017) it necessary
to highly optimize cloud processing in order to maintain low costs.

Second issue is the lack of qualified employees. Especially in agriculture there is a
distinct lack of IT proficient workers as pointed out by (Reinmuth and Dabbert, 2017).
This results in a need for easy to use support tools that would automate the simulation
setup and processing. Some of these tasks are already incorporated within the APSIM
software and as stated by (Holzworth et al., 2018) the ease of use and focus on
automation will be one of the integral parts of next versions of APSIM.

2 Simulation Workflow

As shown in Figure 1, the main workflow of agricultural simulation processing can
be divided into four main steps. Firstly, it is necessary to establish the correct scale of
the processing. When adjusting the number of options for each factor, the total number
of simulations that needs to be processed changes accordingly. Since the number of
simulations is essentially a product of the number of varying options, restraining
variability only to the most relevant settings is the main way to reduce the processing
time.

Simulation Settings Data Preparation

Simulation Processing Analysis of Results

Fig 1. Basic simulation workflow

The factors and options that are determined in this first stage can be for instance
different soil types, plant genotypes, different weather condition scenarios, and settings
involving various managerial practices such as time of sowing, time of harvest,
irrigation, fertilization, number of plants per meter square etc. (see Figure 2).
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Fig 2. Basic concept of GXExM framework (genotype, environment, management)

Second step is the data preparation and preprocessing. Each simulation is stored as
a single xml file. When APSIM is being deployed on dedicated hardware, is it possible
to generate these files “on the fly” during the processing. However as pointed out by
(Jarolimek et al., 2019) the hardware components, mainly processor and RAM,
constitute a limit on to how many simulations at once can APSIM handle. Therefore,
in order to maximize effectiveness, it is necessary to optimize simulation batch sizes
on a per machine basis, that is why the data preparation and preprocessing step is
unavoidable when trying to utilize sub-par preexisting hardware in smaller or medium
enterprises.

The actual simulation processing itself should be conducted during downtimes such
as nights, when the infrastructure is not required for other critical operations. This part
is generally the most time consuming and therefore also the most likely to significantly
improve the overall efficiency if automation and scheduling is utilized. The hardware
dependence of the processing can result in bottlenecks if the previous two steps were
not conducted properly.

The analysis of results is essentially a statistical data analysis and can therefore be
conducted using tools like MS Excel or more specialized software such as SAS,
STATISTICA etc. The most basic analysis would consist of simply taking the
simulations that produced highest yields and finding commonalities in the simulation
settings.
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3 Automation and support tools

3.1 Simulation Settings

The number of total simulations that needs to the processed determines the scale of
the processing. The calculation of the number of simulations is a simple multiplication
of options for each simulation settings. The scale can be therefore decreased or
increased by simply adjusting the number of options. When scaling up, it is possible
to include more options or “what-if” scenarios and generally explore more
combinations. When there is a need to scale down, the most likely best approach is to
use hands on experience of local producers or company agronomists to narrow down
the simulation option settings only to a few variations that were historically most
effective or make most sense in terms of the common local managerial practices.

Therefore, the important question in step one is how many simulations we should
aim for. In order to properly select the scale of simulation an estimate must be made,
based on allotted time and the hardware available for the computation. And it is in this
point where the absence of experienced IT employees creates first problems. Unlike
bigger companies or corporations that might have dedicated IT departments, SMEs
generally lack specialists that would be able to adequately estimate the capabilities of
older hardware when it comes to processing large number of simulations.

The support tools for this step could be a simple web application where the user
inputs basic hardware information of their machines including processing power and
RAM and the application will estimate number of simulations that can be run per day
or per hour.

3.2 Data Preparation

The main goal of this step is to gather all input information for the APSIM software.
There is a possibility for integration between APSIM and existing agricultural software
to partially automate this process, similar to that outlined by (Skoogh, Michaloski and
Bengtsson, 2010). Another option is to utilize integration to existing knowledge
databases such as soil or weather databases as explored by (Kim et al., 2018). But due
to the lower scale and therefore limited number of option settings, this is not necessary,
since manual entry of the input data is not very time consuming.

The other part of preprocessing consists of generating the APSIM simulation files
beforehand and grouping them into various size batches optimized on a per machine
basis. The degree of detail this task needs to be performed to depends on the
sophistication of the software automation tools used in the following step. As shown
by (Pavlik et al., 2019) it is possible to develop an application that can combine some
of the work required in steps two and three and handle both the batch APSIM file
generation and the processing scheduling and automation.
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3.3 Simulation Processing

There are four basic approaches to automate the simulation processing:
1. Use built-in APSIM capabilities
2. Process simulations ex-situ — on the cloud
3. Use existing software tools for automation
4. Develop new software specifically designed to automate APSIM simulations

As explained earlier, using existing APSIM options for automation might not be
possible due to the hardware limitations. Processing on the cloud is in essence similar
to purchasing dedicated hardware. It might be cheaper, but in this paper, we are
focusing mainly on exploiting already existing hardware and infrastructure. This
leaves us with options three and four.

There are many existing software tools to automate tasks. Whether it be task
schedulers that already come with the operating system, or dedicated automation
software, such as HTCondor. The advantage of using such tools is that they include
many useful functions such as workload monitoring, virtualization, checkpointing and
can also combine serialized batch processing with parallelization. Therefore, this
option is preferable when used on hardware that also performs other day to day tasks.
The main disadvantage is that the previous and following steps (data preprocessing
and result analysis) will require more work since they cannot be incorporated into these
existing tools, not even partially.

The last approach is to design and develop brand new tools specifically to automate
APSIM simulation processing. A custom-built tool could potentially encompass more
that just the processing automation. It can theoretically handle all four steps of the
workflow, bridging the gaps between the parts. This could be very valuable
considering the lack of experienced IT employees in smaller agricultural companies.
However, it will come at a cost of lower sophistication of automation and it will be
harder to combine the processing with other necessary tasks the hardware needs to
perform on a daily basis. This approach is therefore better suited for situations when
the company can set aside one or several computers, perhaps older or currently unused
machines, and fully use them towards the simulation processing.

3.4 Analysis of Results

If the analysis of the results is to be conducted in a separate statistical software, it is
necessary to convert the output simulation from the basic text format into .csv or .xsl.
This can be achieved with an extraction program or a script that will parse the output
files and siphon only the necessary data.

However, when simulating agricultural production on a local level, the only
important outputs are the simulation settings associated with the highest yields. A
complex statistical analysis may therefore not be necessary. In case of developing new
custom software for the previous processing steps, the extraction of yield data,
selection of top simulations and any eventual visualization of simulation settings can
be added to it, resulting in an overarching support tools that can automate vast majority
of the workflow processes.
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4 Conclusions

The paper discussed two main approaches to conducting agricultural production
simulations in smaller or medium companies. The first approach is to split the process
into logical parts and optimize and automate them separately, utilizing either already
existing software tools, or developing a smaller programs for individual tasks, such as
format conversion tools, simulation generation tools, data parsers etc. The main
advantages of this approach are higher optimization and better interoperability when
utilizing existing hardware that cannot be fully dedicated to the task. However, such a
solution would require employee skilled in IT, prompting additional need for financial
resources in order to hire or train someone.

The second approach consists of developing an overarching support tool that would
incorporate all the various processing tasks. If developed as a general purpose
streamlined software with focus on ease of use, it could overcome the problem with
lack of experienced IT workers in small to medium companies. The disadvantages of
this solution are harder incorporation with existing agricultural software running
parallel on the same machines and loss of modularity options such as in-depth data
analysis or conducting simulations for goals other than maximizing yields.
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ARTICLE INFO ABSTRACT

Keywords: Sorghum contributes to the livelihoods of millions of food-insecure households in semi-arid agri-systems. Annual
APSIM production widely fluctuates throughout India due to erratic rainfall and suboptimal agronomic practices. Our
Post-rainy

novel approach utilizes the digital reflection of post-rainy (rabi) sorghum production systems in India to help
better understand its spatio-temporal variations and enable the designing of geography-specific, climate-
responsive system interventions (Genotype x Management; GxM). For this, we evaluated a range of farmer-
relevant agronomic management practices across three soil types (shallow, medium, and deep vertisols) in
combination with observed ranges of biological variability in sorghum cultivar characteristics. We used the crop
growth simulation model Agricultural Production Systems sIMulator (APSIM) to identify GxM combinations that
can support the enhancement/ stability of post-rainy sorghum production systems in India. In general, we found
the post-rainy sorghum systems would benefit from early-season sowing (16th - 23rd September), short crop
duration (compared to Maldandi (M35-1), commonly grown crop type), and medium fertilizer inputs (70-70 kg
urea ha™! as basal and top-dress application). In addition, site-specific crop management (M) and crop characters
(G) optimizations would further enhance/ stabilize sorghum production. Simulations highlighted that in the
poorly-endowed environmental context (i.e. shallow soils and low-rainfall areas), optimal GxM targets might
involve water conservation GxM combinations, such as low plant populations and low fertilization along with
low crop vigor and limited transpiration responsiveness. Details on site-specific optimum GxM are available in a
web application at https://1s40.pef.czu.cz/maps/. To enable the use of the study outputs for certain applications
(e.g. breeding), we separated the examined geographies based on similarities in optimum production charac-
teristics and similarities in system response to GxM interventions into four “homogeneous system units” (HSU; i.
e. geographical units within which reduced GxM interactions are expected). These HSUs intended to offer
geography-specific targets to prioritize, test, and introduce distinct GxM interventions. We conclude that the
APSIM-powered framework presented provides region-specific Genotype x Management options that could
become a blueprint for defining quantitative breeding targets that achieve enhanced productivity/ stability of
dry-season sorghum cultivation throughout India.
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1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) is a largely variable crop
species adapted to cultivation across tropical to temperate climates and
grown primarily for human food and animal feed as well as for the
production of biofuels (Habyarimana et al., 2019). In India, sorghum is
one of the few multi-purpose, resilient crops suitable for marginal lands
during the post-rainy (rabi) season (typically September - January) and
supports the livelihoods of millions. Frequent droughts caused by cli-
matic variability combined with low input agronomic practices are the
main reasons why the farmer’s yields across the rabi sorghum tract
fluctuate and the average grain yields stagnate at ~800 kg ha™* despite
yield potential being much higher (~3500 kg ha™'; Ambadi et al., 2018;
Dayakar Rao et al., 2009). A sensible way to bridge this yield gap is to
analyze the major constraints of the production system (Kholova et al.,
2013) and design the appropriate Genotype x Management (GxM) in-
terventions to lift current yields closer to their potential (Soltani et al.,
2016; Pradhan et al., 2015; Chauhan and Rachaputi, 2014; Kholova
et al., 2014). Traditionally, multi-location field trials are used to eval-
uate cultivar, management, and environment interactions (GXxExM)
in-situ. However, field trials are time and resource-consuming and re-
sults are often difficult to extrapolate to other sites and seasons. In this
situation, validated crop modeling set-ups in conjunction with field data
can extrapolate the GXExM analyses across the spatio-temporal scales
and can be used to capture the system’s behavior and fluctuating GXExM
interactions. By doing so, this approach can complement in-vivo field
observations with in-silico predictions which could not be covered
experimentally (Jones et al., 2017). For sorghum, several crop models
have been implemented in simulation frameworks such as the Decision
Support System for Agrotechnology Transfer (DSSAT) (Jones et al.,
2003), Agricultural Production Systems sIMulator (APSIM) (Holzworth
et al., 2015) or Samara (Dingkuhn et al., 2011). These models differ in
the implementation of algorithms to capture the soil-crop-atmosphere
interactions.

In prior studies, we found that an APSIM based set-up can reliably
reflect the agronomy of post-rainy season sorghum production systems
(Kholova et al., 2013, 2014). Therefore, in our present work, we aim to
expand the existing post-rainy sorghum simulation set-up and deploy
the structure in order to identify the optimum Genotype x Management
options to improve/ stabilize sorghum production. This analysis is
intended to support crop improvement program decision making on
region-specific crop and management interventions that can potentially
improve/ stabilize production across the rabi sorghum tract in India.
This is presented in the form of an open-access interactive web-based
tool to ensure stakeholders access and use.

2. Materials and methods
2.1. Overview

The majority of the Indian rabi sorghum grain is produced in
Maharashtra, Karnataka, Andhra Pradesh, and Telangana (as per
Kholova et al. (2013) and is the unique production system prioritized for
this study. The parameters for three soil types characteristic of these
major production areas were collated from available databases (Na-
tional Bureau of Soil Survey and Land Use Planning, International Soil
Reference and Information Centre). The gridded meteorological infor-
mation was obtained from Agricultural Modern-Era Retrospective
Analysis for Research and Applications (AgMERRA) — National Aero-
nautics and Space Administration (NASA) and evaluated as most suit-
able when tested against the observed meteorological information (also
in Hajjarpoor et al., 2018). Crop simulations were developed using the
sorghum model in APSIM (see Holzworth et al., 2015; Keating et al.,
2003; Hammer et al., 2010). The rabi sorghum crop type M35-1 and its
validated genotypic coefficients were used as a base for the agri-system
evaluation (Hammer et al., 2010; Ravi Kumar et al., 2009; Kholova et al.,
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2013, 2014). This base was further expanded with system-relevant
combinations of management practices and rabi-sorghum relevant
cultivar parameters. The spatio-temporal information on optimum Ge-
notype x Environment and production parameters were finally used to
separate the region into clusters with higher levels of similarities in these
characteristics.

2.2. APSIM sorghum module

APSIM set-ups from previous work (Ravi Kumar et al., 2009; Kholova
et al., 2013, 2014) were used in this study to simulate sorghum growth
and development with a range of weather and soil information, man-
agement, and genetic coefficients representing the major post-rainy
sorghum production regions. Altogether, we ran 4,299,264 simula-
tions to analyze the post-rainy sorghum production system in India. A
detailed description of the APSIM model is available in Holzworth et al.
(2014, 2015) and Hammer et al. (2010). In short, the APSIM sorghum
module algorithms process the interactions between the daily weather
(rainfall, minimum and maximum temperature, solar radiation) and soil
inputs considering the crop management practices and crop genetic
coefficients to arbitrate the daily status of the soil-crop-atmosphere
continuum and integrates this information into comprehensive outputs
on crop development, growth and the production used for further
analysis in this study.

2.3. Model inputs

2.3.1. Soil information

Throughout the main rabi sorghum production tract in India
(Maharashtra, Karnataka, Andhra Pradesh, and Telangana), sorghum is
usually grown on vertisols (International Soil Reference and Information
Centre; Kumar et al., 2017). The variation in soil depth and water
holding capacity significantly influences crop production. Accordingly,
for each simulation unit, the Genotype x Management options were
tested in the context of the 3 vertisol composites (bulk density ~1.4 g
cm-3; ~0.7% organic carbon; C:N ~14.5) with varying soil depth and
plant available water (PAW); i.e. shallow (70 cm depth; 94 mm PAW);
medium (105 cm depth; 132 mm PAW); deep (150 cm depth; 144 mm
PAW). In all soils, the soil nitrogen content was set for 50 kg ha™! NO3
and 10 kg ha™! NH4. The soil conditions were automatically
re-initialized before each season’s simulation. These soil parameters
were compiled from the reports of measured soil parameters gathered by
the International Soil Reference and Information Centre (ISRIC) and the
National Bureau of Soil Survey and Land Use Planning (NBSS & LUP) in
Bangalore.

2.3.2. Weather information

As there is a general lack of quality weather information accessible in
India, we tested several commonly used synthetic weather data (daily
Tmin, Tmax, rainfall) from different sources (Agricultural Modern-Era
Retrospective Analysis for Research and Applications (AgMERRA;
https://data.giss.nasa.gov/impacts/agmipcf/agmerra/), NASA-POWER
(https://power.larc.nasa.gov) and MarkSim (MarkSim® GCM - DSSAT
weather file generator (cgiar.org)). To complement these datasets, solar
radiation was estimated using an algorithm based on sunshine hours and
extraterrestrial radiation (Soltani and Hoogenboom, 2003; Soltani and
Sinclair, 2012). The synthetic weather data was then compared with the
observed weather information according to i) their agreement with
observed Tmax and Tmin and sum of rainfall and ii) the agreement
between the mean simulated yields using observed weather data were
compared against yields using synthetic weather data from the same
locations. The distribution of meteorological stations and records used
for comparison with synthetic data is described in Supplementary Fig. 1.

We used standard metrics to indicate the goodness of fit; i.e. corre-
lation coefficient (R2), root mean square error (RMSE - Eq. 1), and index
of agreement (p-index). The p-index was proposed by Willmott et al.
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(1985) specifically for modeling studies. D-index value range is —1-1
(Eq. 2) and, accordingly, a p-index value closer to one indicates closer
agreement between the two variables compared.

Equations are listed below:

5705
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SL((Pil o)

where n is the number of observations, Pi is the predicted observation,
Oi is a measured observation, and P;= Pi - M and O; = Oi - M (M is the
mean of the observed variable).

2.3.3. Crop specific coefficients used in the APSIM model

Crop coefficients need to be specified in APSIM-sorghum to reflect
the growth and developmental characteristics of a crop cultivar. In our
case, we used rabi sorghum — Maldandi, M35-1 (Kholova et al., 2013;
Ravi Kumar et al., 2009; tt_endjuv_to_ini = 250; TPLA max = 2.8; VPD
responsiveness 0.95) crop coefficients to define a rabi sorghum
“template”. The synthetic cultivars were created by altering the M35-1
genotypic coefficients (Kholova et al., 2014) which had previously been
found relevant for the development of improved rabi-sorghum cultivars,
extensively studied, quantified, and tested in-vivo and in-silico using the
APSIM platform (Kholova et al., 2013, 2014; Ronanki et al., 2018; Vadez
et al., 2011). These include 1) “tt_endjuv_to_ini” which corresponds to a
duration of end-of-juvenile to panicle-initiation developmental phase
[thermal time units; TT] and specify the crop cycle duration; 2) coeffi-
cient of “TPLAmax” function which specifies the growth of total plant
leaf area during the plant development, and 3) “VPD responsiveness”
which defines the crop transpiration responsiveness to vapor pressure

Table 1

Overview of the variation in crop management (M) practices and in crop genetic
(G) coefficients (representing a range of biologically relevant crop variants)
tested by the crop growth model in the context of different soils. These resulted
in 13,824 GxM combinations that were simulated within 311 grids to evaluate
the optimum GxM supporting crops production/ resilience across post-rainy
sorghum production systems in India. Here the tt_endjuv_to_ini corresponds to
the duration of the end of juvenile to panicle initiation phase [thermal time
units]; TPLA stands for total plant leaf area and corresponds to the power co-
efficient of the TPLAmax function, VPD stands for vapor pressure deficit of two
crop types (VPD responsive and non-responsive crop types were created as
detailed in Kholova et al., 2014).

M/ G/M/soil variation (APSIM coefficient/  Range of variation in G/M/soil
G/ module used) (varied unit)
soil
soil Soil Shallow soil (70 cm); Medium
soil (105 cm); Deep soil (150 cm)
M Sowing window 16th September — 23rd
September;
23rd September — 30th
September;
30th September — 7th October;
7th October - 14th October;
14th October — 21st October;
21st October — 28th October
M Planting density 6; 8; 10; 12; 14; 16 plants m2
M Nitrogen fertilization (Urea application 0-0; 20-20; 50-50;
schedule) 100-100 kg ha™!
G Crop duration Very Early (150); Early (200);
(tt_endjuv_to_ini; [TT]) Medium (250); Late (300)
G Rate of canopy growth, vigor [power Low (2.4); Medium (2.6); High
coefficient for TPLA max function in (2.8); Very high (3.0)
APSIM]
G Transpiration responsiveness Low (0.95); High (0.80)

[Capacity of the canopy to limit
transpiration in high VPD]
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deficit (Hammer et al., 2010; https://www.apsim.info/documenta
tion/model-documentation/crop-module-documentation/sorghum/).
The parameters and their ranges used in this study are reported in
Table 1.

2.4. Simulations setup

APSIM is a process-based cropping systems simulation tool capable
of reproducing the range of agronomic interventions and the base of
several commercial applications; e.g. YieldProphet ® (Yield Prophet)
(Hochman et al., 2009), WhopperCropper (The Regional Institute - J.
Managing Climate Variability - Crops), CropARM (Decision support
tools and modeling | Tasmanian Institute of Agriculture (utas.edu.au)
(Richter et al., 2017). The APSIM sorghum module v. 7.6, with incor-
porated algorithms enabling simulations of crop transpiration respon-
siveness to atmospheric drought (details in Kholova et al., 2014), was
set-up for each of the 311 gridded weather time-series (31 seasons;
AgMERRA-NASA series), soils typically sown to rabi sorghum in the
region (shallow, medium and deep vertisol; Trivedi, 2009; Jirali et al.,
2010; https://www.millets.res.in/farmer/Recommended_pack-
ages_of practices_Rabi_sorghum.pdf), 3 cultivar-specific parameters
representing the biological variation in sorghum crops (G) and a range of
management practices (M) relevant for the region. This resulted in 4,
299,264 simulations (Table 1). The baseline for the simulations was
inspired by the recommended management practices for growing
post-rainy season sorghum documented by Rooney et al. (2007), Trivedi
(2009), and Olson (2012). The range of variation in the crop manage-
ment practices (Ravi Kumar et al., 2009) relevant for the region was
used as per the discussion with experts from the Indian Institute of
Millets Research (IIMR), and International Crops Research Institute for
Semi-Arid Tropics (ICRISAT) crop improvement teams and farmers
(Table 1). Dimes and Revanuru (2004) previously tested the suitability
of APSIM to reproduce these M interventions (Nitrogen), Turner and Rao
(2013) looked at plant density and cultivar duration and Akinseye et al.
(2020) sowing dates. The sowing within each of the specified sowing
windows (Table 1) was triggered by a minimum of 9 mm of rainfall
within 5 days. Upon meeting these requirements, APSIM initiated the
sowing with the specified combination of inputs. The soil carbon and
nitrogen were re-initialized before each sorghum season. The soil
moisture profile at sowing was assumed to be fully saturated after the
rainy season in all grids and, in addition, farmers often use irrigation
after sowing to ensure germination (Trivedi, 2009). After setting up the
simulation runs, all the Genotype x Management combinations were
evaluated in-silico in all grids covering the rabi sorghum production
regions.

2.5. Automation of APSIM runs with C#

The APSIM sorghum model was run using environmental data
spanning 31 years with a total of 13,824 Genotype x Management
combinations in 311 grids. In total 4,299,264 simulations were per-
formed to generate the complete set of output files. This is a time-
consuming task and a single commodity computer would take years to
run this amount of simulations (Jarolimek et al., 2019). Additionally,
the system requires huge storage capacities to hold the generated output
files. Despite the fact that APSIM is designed to perform intended runs,
the number of simulations exceeded the capacity of its in-built features.
Therefore, we used supporting software tools for automation and
scheduling of the designed factorial runs to tackle the large number of
simulations. Simulations were generated by a custom software solution
developed using the.NET framework and C# programming language.
This resulted in a special software application that scheduled and
generated simulation runs in batches as per the computational capacity
of the available high-performance computing facility at the Czech Uni-
versity of Life Sciences Prague (128 GB RAM, 16 core AMD EPYC 7281
2.7 GHz CPUs). Therefore, the batches were run in parallel on 7
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Table 2

The table shows the weightage of simulated production quantity (grain yield,
stover yield) and production stability (biomass deviation, years with grain yield
failure) indicators for the construction of the simulation weighting index. The
value of each of the indicators was weighted (%) for the construction of a single
simulation index (Eqgs. 3-7). This was used to evaluate a particular GxM com-
bination across 31 seasons of simulations within a particular grid and separately
for both scenarios.

Scenario/ Grain Yield, Stover Biomass Frequency of
parameter Eq. (3) Yield,Eq. (3) deviation;Eq. years with
weightage (average of 31 (average of (3) (across 31 grain yield
simulated 31 simulated failure;Eq. (4)
years) simulated years) (across 31
years) simulated
years)
Production 70% 30%
40% 30% 15% 15%
Stability 30% 70%
17.14% 12.86% 35% 35%

high-performance computers. Further technical details on this process
are documented in Jarolimek et al. (2019).

2.6. Output analysis and visualization using interactive online tools and
maps

Each of the simulation output files containing a particular Genotype
x Management scenario generated for 31 seasons within each grid was
evaluated for the main agronomically important parameters linked to

simulation failure score

the production quantity (mean of grain yield, stover yield, Eq. 3), and
production stability (frequency of years with yield failure, Eqs. 4-6 and
standard deviation of total biomass - grain and stover, Eq. 3). This was
achieved by creating the index to weigh each of these outputs according
to its anticipated importance of the farmers’ demands on sorghum
production in two scenarios: “production” and “stability” scenarios
(Table 2, Eqs. 3-7; similarly in Thornton et al., 2018). The range of
approaches to quantify agri-system production and stability were
comprehensively reviewed in Zampieri et al. (2020) (used in e.g. Des-
camps et al., 2018, Thornton et al., 2018). In this work, we adapted some
of these simple concepts to evaluate production and stability based on
the available crop model outputs.

The “production scenario” intended to reflect the likely demand of
the more economically secure sorghum farmers and increased the
weightage of production indicators (mean of grain yield, stover yield,
Eq. 3, Table 2). The “stability scenario” was designed to reflect the likely
needs of economically vulnerable sorghum farmers and so the propor-
tionally higher weightage was introduced to production stability in-
dicators, minimizing the probability of grain yield failure and year-to-
year total biomass fluctuations, (Eqs. 4-6, Eq. 3; Table 2). Accord-
ingly, in the production scenario, the index considered the production
factor weight of 70% (grain and stover yield; 40%; 30%) and 30%
weightage of stability indicators that penalized production fluctuations
and yield failure, i.e. frequency of years where crops failed to reach the
grain filling stage with grain yield 0 and biomass deviation; 15%, 15%
respectively (Table 2, Eqs. 3-7). @iin the “stability” scenario, the
higher weightage was introduced ©8itos; the stability indicatorsiosz,csi i
weightage of production factors was only 30% (grain and stover yield;
17.14%; 12.86% respectively) with 70% weightage on stability in-

max(((0.8 — ratio of successful simulation years)*10), 0)
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The simulation index was calculated for each grid and combination
of GxM and is an aggregated value of several features representing the
simulation’s time series. A simulation index consisted of grain yield,
stover yield, and biomass deviation scores which were calculated as
differences from the mean normalized by dividing by standard devia-
tion, which is often referred to as “standard score” or “z-score” in sta-
tistics. The simulation average was calculated from the 31 years of
simulation data for each particular GxM combination, while the overall
average and standard deviation was calculated from all simulations
within the same soil group in the given grid (Eq. 3).

Grain yield, stover, and biomass deviation scores were calculated as
standard score (calculated as difference from the mean divided by
standard deviation):

average value of X — average value of ALL

3
standard deviation of ALL 3

standard score of X =

where X is a currently evaluated simulation and ALL are all simulations
within the same soil group in that particular grid.

Production failure score was calculated to penalize simulations that
contained the years with grain yield failure (Eq. 4) or simulations where
the ratio of successful growth years to ALL years was below 80% (Eq. 5).
The final failure score (Eq. 6) considered the higher of the two values
(which increase quadratically):

yield failure score = (ratio of yield failure *10)* 4
5)
total failure score = max(yield failure score, simulation failure score)  (6)

The final simulation index (production and stability) was then
calculated by multiplying the scores above (Egs. 3, 6) by weights
depending on the scenario (see Table 2). For example, the calculation of
simulation weighting index for the production scenario was:

simulation index = 0.4*grain score + 0.3*stover score

)

— 0.15*biomass score — 0.15*total failure score

For each grid, the simulation index for production and stability
scenarios was generated and the 10 simulations resulting in the highest
index within each scenario selected. Within each scenario, 10 simula-
tions with the maximum simulation index score were evaluated for the
occurrence of particular Genotype x Management combinations. These
were then stored in a database and can be use for visualization using an
interactive web application available at https://1s40.pef.czu.cz/maps/;
Source code is available at https://github.com/culs-fem-dit/APSIM-
maps). The frontend uses React JavaScript framework and Google
Maps API and the backend Nette PHP framework. Users can choose four
parameters to be shown in the map - main variable, soil type, cultivation
scenario, and cultivar (optimal G combinations or M35-1 representing
Maldandi crop). Results for an entire grid are visualized in the form of a
discrete heatmap. Additionally, users can show a second map for the
comparison of different interventions and scenarios. In this way, the user
can easily visualize the maximum attainable agronomically important
parameters (grain and stover yield) with optimized Genotype and
Management (or optimized M for currently grown M35-1 crop type)
while understanding which Genotype and Management combinations
lead to this outcome within specific geographic units.
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Table 3

Statistical metrics used for evaluation of agreement between the three sources of
gridded meteorological characteristics (AgMERRA-NASA, NASA-POWER,
MarkSIM) with observed meteorological characteristics; R2 (Pearson’s correla-
tion coefficient), RMSE (root mean squared error), p-index. The actual correla-
tions are visualized for AQMERRA-NASA data on Fig. 1a, b and Fig. 2a, b.

Weather Source ~ Meteorological/ agronomic R2 RMSE  bp-
characteristic index
AgMERRA- Maximum Temperature (monthly 0.88 1.06 0.96
NASA means)
Minimum Temperature (monthly 0.83 2.03 0.89
means)
Rainfall (monthly in-season mean) 0.86 0.61 0.96
Grain Yield (site average) 0.88 691 0.96
Biomass (site average) 0.88 1857 0.74
NASA-POWER Maximum Temperature (monthly 0.68 1.74 0.89
means)
Minimum Temperature (monthly 0.79 1.46 0.94
means)
Rainfall (monthly in-season mean) 0.96 0.34 0.98
Grain Yield (site average) 0.36 1520 0.27
Biomass (site average) 0.27 2708 0.36
MARKSIM Maximum Temperature (monthly 0.48 236 0.81
means)
Minimum Temperature (monthly 0.71 1.85 0.90
means)
Rainfall (monthly in-season mean) 0.74 0.85 0.95
Grain Yield (site average) 0.25 1988 0.19
Biomass (site average) 0.32 3047 0.19

2.7. APSIM output file analysis

2.7.1. Identification of GxExM for optimal production and resilience
scenarios

Within each grid and soil type (representing a particular E) the
output files representing particular Genotype x Management combina-
tions were evaluated using the production and stability scenario index
(see Section 2.6). For each simulation grid, the obtained scenario-
specific indexes were sorted and the resulting distribution evaluated
using interquartile range and z-score to detect possible outliers (details
in Suppl. Fig. 2). This approach revealed that the top-end of the distri-
bution does not contain any obvious outliers and that the approach of
penalizing simulations with high yield failure or simulation failure rates
(Egs. 4 and 5) was sufficient to disqualify many of the simulations that
appeared on the lower tail of the distribution. Additionally, the k-means
clustering method was applied to visually inspect the proportion of the
data that should be utilized for further analyses (Suppl. Fig. 2). After
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several manual iterations, we decided that the 10 simulations attaining
the highest index for each scenario would be a sufficiently large sample
to provide insight on the main characteristics of the sorghum system for
a particular grid (Suppl. Fig. 2; Table 4a, b); These “10 best” simulations
would now include the particular combinations of Genotype
x Management leading to superior agronomic performance of the sys-
tem (E in the particular grid) in the “production” and “stability” sce-
narios. The analysis outputs within the “10 best” simulations are
summarized in Suppl. Fig. 3a, b, and 4 - further grid details can be
visualized and dissected using the web application.

2.8. Identification of geographically homogeneous system units

For this task, the Principal Components Analysis (PCA) was run for
each combination of grid, soil, and scenario (production, stability) for
the characteristics that define the 10 simulations attaining the highest
scenario-related index (see above). The loadings for 3 Principal Com-
ponents (explaining altogether >80% of dataset variation) of each sce-
nario and soil have been averaged across each grid. Resulted average
loadings of 311 grid items were initially separated into 3, 4 and 5
clusters (R package; https://www.r-project.org/, Table 4), visualized
and the cluster-specific production and stability characteristics calcu-
lated. Considering the 3-4-5 cluster characteristics and after consulta-
tion with experts (ICRISAT and IIMR sorghum breeding teams), 4
clusters appeared the most sensible to be effectively used in crop
improvement programs (discussed in 4.3). Subsequently, geographical
distribution of the cluster associated with each grid item was visualized
using ArcGIS software v.1.0 and the main characteristics within each
cluster summarized (Fig. 3; optimal Genotype x Management and
agronomic characteristics of cropping system). This approach allowed
us to separate the geographies with relatively similar responses to the
cultivars and management interventions (i.e. “homogeneous system
units”).

3. Results
3.1. Selection of an appropriate source of meteorological input

To identify the most reliable source of meteorological input, three
data sources were obtained and tested (AgMERRA-NASA, NASA-
POWER, MarkSIM (these are described in detail in Ruane et al., 2015;
Thornton et al., 2018; Jones et al., 2002; Rienecker et al., 2011). In all
three datasets, there was a good agreement with the observed monthly
temperature averages (Tmin, Tmax; Table 3). The monthly in-season

b) Rainfall (mm)
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Fig. 1. a, b. Comparison of minimum (red circles) and maximum (blue circles) temperature from the gridded AgMERRA weather dataset with observed temperature
(a) and comparison of in-season rainfall (October - March) from the gridded AgMERRA weather dataset with observed rainfall of the same period (b). In each graph,
the middle (red) line represents 1:1 relation and the other (blue) lines represent the 30% divergence percentile of the 1:1 line. (For interpretation of the references to

colour in this figure, the reader is referred to the web version of this article.)
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Fig. 2. a, b. Comparison of (a) grain yield and (b) total biomass simulation output from the APSIM model with observed weather data versus running APSIM with the
synthetic data of A§MERRA (from Fig. 1a, b). Middle (red) lines represent a 1:1 line and the other (blue) lines denote a 30% divergence percentile of the 1:1 line. (For
interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

rainfall averages were still in good agreement for AQMERRA-NASA and
NASA-POWER datasets but the statistical metrics were notably lower for
the MarkSIM data (Table 3). Consequently, the statistical metrics
describing the relation between agronomic parameters simulated with
the observed meteorological datasets and the three tested sources of
gridded meteorological information were considerably better for
AgMERRA-NASA (Table 3; visualized in Fig. 1a, b, Fig. 2a, b). Based on
these results, gridded AgMERRA-NASA data was used to expand the
spatio-temporal dimensions of simulations. Consequently, 311 gridded
meteorological records (each grid size 0.5°x 0.5° encompassing 31 years
of weather records (1980-2010)) were used to cover the major rabi
sorghum production tract in India.

3.2. Genotype x Management runs across the grid; main characteristics
of the processes, generated data and maps

The APSIM sorghum model was run across the Indian rabi sorghum
production tract (311 grid items) producing a total of 4,299,264 simu-
lations. Computation took approximately 14 days including several
downtime periods and generated 14.6 TB of output data. APSIM is
natively set to generate the data in raw text format. Therefore, specif-
ically for our study, follow-up processing was necessary to extract and
parse the relevant pieces of information. This text information was
transformed into.csv file format to ease the calculations required for the
study (a program was written in C# language to select only the relevant
data. All this data is available at DOI:10.5281/zenodo.5256068

Table 4a

(https://zenodo.org/record/5256068#.

YSYy_SORpf0).  Statistical

The overview of crop production parameters (grain, stover and total biomass yield [kg ha~1) and parameters linked to crop stability (proportion of seasons with grain
yield failure and standard deviation in total biomass production) averaged across “10 best” simulations attaining highest scenario-weighting index within each
scenario and for each of the 3 soils. These parameters were evaluated for site-specific optimal G combinations with optimized M practices (Table 4a) and Maldandi-

specific G parameters with optimized M practices (M35-1; Table 4b).

Scenario Soil Grain yield [kg ha™'] Stover yield [kg ha™'] Proportion of seasons with grain yield failure [%] Deviation in total biomass production
[kg ha ]

Production All soils 2690 4911 16 986
Shallow 2166 4185 35 1146
Medium 2819 5279 14 1104
Deep 3085 5270 0 707

Stability All soils 2455 4318 0 551
Shallow 2032 3459 1 556
Medium 2718 4667 0 644
Deep 2615 4827 0 452

Table 4b

The overview of crop production parameters (grain, stover and total biomass yield [kg ha~']) and parameters linked to crop stability (proportion of seasons with grain
yield failure and standard deviation in total biomass production) averaged across “10 best” simulations attaining highest scenario-weighting index within each
scenario and for each of the 3 soils. These parameters were evaluated for site-specific optimal G combinations with optimized M practices (Table 4a) and Maldandi-

specific G parameters with optimized M practices (M35-1; Table 4b).

Scenario Soil Grain yield [kgha ']  Stover yield [kgha™']  Proportion of seasons with grain yield failure [%]  Deviation in total biomass production [kg ha=']
Production  All soils 2298 4607 22 830

Shallow 1753 3927 50 982

Medium 2445 4895 14 914

Deep 2695 5000 0 595
Stability All soils 2136 4217 5 570

Shallow 1649 3479 12 638

Medium 2368 4543 2 644

Deep 2391 4630 0 429
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Fig. 3. The visualization of the APSIM simulations outputs via the web application (https://1s40.pef.czu.cz/maps). Each of the panels shows the target post-rainy
sorghum growing region in the peninsular part of the Indian sub-continent. The coloured grids (0.5°x 0.5°) signify the geographical variation in management
(M) practices and crop characters (G) expected to contribute to the improvement of post-rainy sorghum production/ stability. The user can choose to visualize the
grain and stover yield (under “variable”) potentially achievable for the currently grown maldandi crop type (by choosing “M 35-1") or optimized cultivar (“All”) for a
particular soil type (“Deep”/”Medium”/”Shallow”) and scenario (“Production”/”Stability”). Furthermore, users can visualize which level of M (density, sowing
window, fertilization) and G (vigour, crop duration, transpiration responsiveness) contributes towards optimal production for the particular cultivar, soil, and
scenario and in which region. The actual level of the chosen variable can be visualized by clicking on the grid of interest. The tool has a feature to visualize two maps
at the time (green box “Add map”) for comparison. (For interpretation of the references to colour in this figure, the reader is referred to the web version of

this article.)

analysis was done using the MS Excel environment in combination with
basic tools provided by excel and specialized macros written in Visual
Basic specifically for this task.

3.3. Production gains achievable by optimizing crop management and
cultivar choice

Table 3a, b summarize the agronomic performance indicators of the
top 10 best-simulated scenarios (i.e. attaining the highest index under
production and stability scenario) for optimal cultivar (i.e. optimal
combination of G-factors for each environment (grid Table 4a) and
M35-1 (i.e. G-factors specific for the M35-1 maldandi crop type;
Table 4b) across and within each of the tested soils and across all tested
geographies (i.e. simulation units; environments represented by grids).
As expected, crop production was predicted to be higher on deeper soils
for optimal cultivars and M35-1. Furthermore, the simulations revealed
that the site-specific optimization of the cultivar is expected to enhance
the grain yields by around 10% (~350 kg ha™!) and stover yields
around 5% (~200 kg ha1). The optimal cultivar was further expected
to minimize the proportion of years with grain yield failure compared to
M35-1 across the tested conditions. On the other hand, site-specific
cultivar optimization was predicted to cause more fluctuations in pro-
duction across the years (higher biomass deviation indicating lower
system stability) compared to M35-1 in the production scenario
(compare Table 4a, b).

3.4. Identification of “homogeneous system units” based on the
geographical distribution of optimal Genotype x management

The Genotype x Management interventions leading to maximum
index of system production and stability are summarized in Table 4a (for
optimal G combinations, i.e. optimal cultivars) and 4b (for the G com-
bination specifying the maldandi M 35-1 cultivar). The spatial vari-
ability in the optimum G and M intervention can be found in Suppl. Fig.
3a (for optimal cultivars in certain production scenarios), Suppl. Fig. 3b
(for the optimal cultivar in the “stability” scenario), and could be further
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geo-spatially explored using the web application (Fig. 2). Here it was
apparent that the optimum Genotype x Management would be location
and soil specific. Nevertheless, from Suppl. Fig. 3a, b, and the web
application (Fig. 3), we could visually observe distinct geographical
North-West to South-East patterns that changed with the soil depths and
scenarios. Generally, there was a trend favoring interventions with high
doses of N-fertilizer and earlier planting windows (except in the North-
West regions, which were predicted to benefit from later sowing win-
dows). In the most stringent scenarios (i.e. stability, shallow soils, North-
West geographies), the optimal M tended to favor combinations with
lower planting densities. Across all of the investigated geographies and
scenarios, the optimal cultivars most frequently involved combinations
of short-duration and high vigor characters. The North-Western regions
would specifically benefit from the introduction of crops with tight
canopy transpiration control (transpiration responsiveness 0.85, Suppl.
Fig. 3a, b).

Similarly, we visualized the geographical distribution of optimum
management practices for the maldandi crop type (M35-1; Suppl. Fig. 4,
the web application). Output highlighted that there was an apparent
North-West to South-East gradient in optimal M combinations. Most of
the optimal M combinations generally favoured much lower planting
densities and lower fertilizer inputs compared to the optimized crop type
(i.e. compared to site-specific G combinations, compare optimal M from
Suppl. Fig. 3a, b with Suppl. Fig. 4). Also, similarly to the site-specific
optimized crop types analysis, the North-West part of the investigated
region would benefit from later planting windows more than the rest of
the production region (compare Suppl. Fig. 3a, b with Suppl. Fig. 4).

Using PCA, the outputs from each of the simulation units (“grids”)
were clustered into the four geographical units based on their similar-
ities in production/ stability system characteristics as well as optimized
combinations of G and M parameters. Such analysis, in principle,
seperated the grids into the geographical regions with the similarities in
system response to G and M interventions (Fig. 4). When visualized,
these four geographical units formed the pattern of concentric layers
around the “core” of the North-Western part of the sorghum production
area (HSU_1; light blue, Fig. 3). The main system characteristics along
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Fig. 4. The map of India over-layed with the four identified “homogeneous system units” (HSU, highlighted in different colors; summary system characteristics of the
HSU clusters are in Table 5). Each of the grids (0.5°x 0.5°) is expected to respond more homogeneously to particular GxM interventions than the remaining grids
within one HSU compared to the grids from a different HSU. The discrete black circles on the map highlight the current post-rainy sorghum testing sites within an All
India Coordinated Research Project (AICRP; http://www.millets.res.in/aicrp.php).

with the optimal Genotype x Management combinations within these
geographical units were summarized in Table 5. Generally, Table 5 il-
lustrates that with the increasing distance from this core (HSU_1) the
production potential and system stability would increase in the direction
towards HSU_4 (stover and grain yield production as well as system
stability indicators). This was also well-reflected in optimmalized G and
M parameters within each HSU; i.e. planting density, crop duration, and
plant vigor. A parameter indicating plant responsiveness to VPD also
increased with increasing distance from the production core (from
HSU_1 towards HSU_4). Across all HSUs, most of the optimal Genotype
x Management combinations leaned towards the early sowing windows
and stable fertilizer doses ~ 70-70 kg ha™! (basal dose - top-dressing).
Table 5.
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4. Discussion

4.1. Deployment of high-performance computations for effective APSIM-
runs

The technical details and challenges involved in this computational
exercise were described in Jarolimek et al. (2019). In principle, we used
a cluster of seven high-performance computers and tested several op-
tions to distribute the computations across the cluster effectively. This
involved separation of the simulation set-ups into batches, which were
consequently scheduled and run manually. This exercise enabled us to
design the structure of the software tools for the computational facility
used. This allows for further process automation should similar exercises
be required with the cluster in the future. Alternative software resources
available in the public domain, specialized for computational distribu-
tion such as HTCondor (https://research.cs.wisc.edu/htcondor/) might
be also considered. Another option to be tested would include running
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The summary statistics of the system production and stability indicators resulting from optimized management (M) and genetic crop characters (G) within the
identified Homogeneous System Unit (HSU) clusters as spatially defined in Fig. 4.

Cluster number (color in Figure 4) HSU 1 (light

blue)
(M) Sowing window 16 - 23sep
(M) Plant density (plant m™) 12.54
(M) Nitrogen fertilization (kg ha™ 74-74
Urea)
(G) Crop duration (tt_endjuv_to_ini) 181
(G) Rate of canopy growth, vigor 2.88
(power coefficient for TPLA max)
(G) Transpiration responsiveness 0.9065
(Capacity of canopy to limit
transpiration in high VPD)
Grain yield [kg~ha'l] 2231
Stover yield [kg-ha™| 4026
Proportion of seasons with grain 24
yield failure [%]
Deviation in total biomass 767

production [kg ha™]

HSU 2 (dar
blue),

"B

23 - 30sep 16 - 23sep 16 - 23sep
12.58 13.18 13.66
72.8-72.8 71-71 71.3-71.3
178 197 220
2.882 2.926 2.96
0.893 0.941 0.9485
2182 2675 3308
3982 4692 5986
12 2 1
747 740 854

the simulations using commercial cloud services, such as Azure or
Amazon Web Services.

It is important to note that the new version of APSIM is being
developed (NextGen APSIM; https://apsimnextgeneration.netlify.app).
NextGen APSIM modules are already capable of running multiple sim-
ulations much more efficiently compared to classic APSIM software
(https://www.apsim.info). However, transiting this massive work to the
NextGen APSIM-based framework would require rigorous cross-
validation of the model functions that are key for the presented study
as well as the model set-up. Nonetheless, the necessity of transitioning to
the NextGen system must be seriously considered, especially in the
context of rising demand for a similar types of analysis (e.g. in the
context of CGIAR crop improvement program modernizations; https://
excellenceinbreeding.org/;  https://bigdata.cgiar.org/event/webinar-
target-population-of-environments-tpe-beyond-helping-make-better-
crop-improvement-practice/).

4.2. Cultivar x Management effects and their optimal combinations for
higher and stable sorghum production

APSIM has been used to model management and genetic in-
terventions for various cropping systems (e.g. wheat, chickpea, maize,
potato; Chenu et al., 2011, 2013; Chapman et al., 2000a, 2000b, 2000c;
Lobell et al., 2015, Chauhan et al., 2008; Chauhan et al., 2013; Beah
et al., 2021; De Silva et al., 2021; Ojeda et al., 2020, 2021). Currently,
APSIM is a base for several commercial applications used by different
stakeholders such as farmers or breeders (YieldProphet ® (Yield
Prophet), WhopperCropper (The Regional Institute - J.Managing
Climate Variability - Crops), CropARM (Decision support tools and
modeling | Tasmanian Institute of Agriculture (utas.edu.au)). In the case
of sorghum, the APSIM model has been used to evaluate the production
regions assessed in this study and the effect of management and crop
genetic interventions (Ravi Kumar et al., 2009 - maldandi sorghum
parameterization; Kholova et al., 2013 - rabi sorghum systems charac-
terization; Kholova et al., 2014 - evaluation of genetic interventions;
Dimes and Revanuru, 2004 - nitrogen application; Turner and Rao, 2013
- effect of planting density & duration of cultivars; Akinseye et al., 2020 -
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effect of sowing dates).

In the context of this study, where accessing observed meteorological
information is problematic, we transited the entire modeling framework
into the AgMERRA-NASA-based gridded framework (Ruane et al., 2015)
to allow for more geographically precise and spatially balanced analysis.
Out of the tested options (NASA-POWER, MarkSIM, AgMERRA-NASA),
the AgMERRA-NASA-based set-up (31 years of daily weather records)
was found sufficient to represent the historical weather variability
across the rabi-sorghum production region. The sorghum simulation
outputs were, additionally, cross-compared with the ranges of agro-
nomic parameters reported from multi-year, multi-location agronomic
trials conducted in post-rainy seasons within the Indian national sor-
ghum evaluation network (AICRIP project; http://www.millets.res.in/
aicrp.php). Information from these trials could not be closely
compared with our simulations, as, for example, the tested genotypes
are usually Maldandi types but not exactly M35-1 and the management
practices in these trials usually involve “life-saving irrigation’” or other
agronomic practices that are rarely sufficiently documented to allow
strict comparison. However, the crop production ranges and responses
to the management practices (fertilization, planting density) reported
from AICRIP sorghum testing trials (http://www.millets.res.in/aic-
sip13.php) were in reasonable agreement with the model outputs.
Therefore, the AICRIP trials would be an interesting data source to
further emulate the presented modeling framework.

The modelling approach is one of the very few options that allows us
to disentangle, quantify and optimize the effects of cultivar and crop
management interventions (Jeuffroy et al., 2014; Lecomte et al., 2010;
Chapman et al., 2002). This information is critical to guide any efforts
for agri-system improvement and breeding. The vast amount of infor-
mation generated in this simulation exercise (14.6 TB) allowed us just
this - i.e. to separate and quantify the effects of particular cultivar X
management interventions on the important characteristics of the
post-rainy sorghum cropping system. We found that the magnitude of
any GxM intervention effect depended on the soil properties. Our find-
ings further indicated that, in general, site-specific fine-tuning the crop
and crop agronomic practices within the breeder- and farmer- relevant
ranges would have an important effect on crop production/ stability in
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the rain-fed rabi sorghum belt of India. Despite the fact that we did not
investigate the specific factors leading to production constraints, as in
Kholova et al. (2013), our study emphasizes that crop products
(accompanied by well-designed agronomic practices) for rain-fed sys-
tems have to be carefully tailored to the variability of production en-
vironments. We showed that the commonly occurring genetic variability
in sorghum species is sufficient to enhance rabi-systems (i.e. duration,
vigor and canopy conductance; Kholova et al., 2014; Bodner et al.,
2015). Significant improvements can be achieved by fitting existing
cultivars with suitable management to the particular context of the
rabi-production system or by generating new crop products using the
resources generated in this study as a guideline.

For this purpose, we provide the data generated along with the tool
designed for further exploration by any stakeholders for free (e.g. post-
rainy sorghum breeding programs, policy-makers or on-ground farmer
advisory services). This tool is now ready to explore the spatial distri-
butions of optimal management practices for the Maldandi crop type
(M35-1) as well as the production potentially achievable with other
crop types (details in Fig. 2). As the map shows, these are dependent on
the location, soil type, and scenarios considered. The estimated site-
specific genetic enhancement of Maldandi has the potential to increase
~10% ( & 7%) grain and 5% ( + 2%) stover production across all lo-
cations. The same intervention would stabilize grain production across
seasons. We envision that a similar type of IT tool, could complement the
recommendation packages (e.g. https://www.millets.res.in/farmer/
Recommended_packages_of_practices_Rabi_sorghum.pdf; periodically
released by the Indian government) in order to enable the site-specific
recommendations through on-ground agencies who can operate the
simple interactive map. This framework should also serve as a base upon
which further enhancements required by the different users can be built,
such as crop improvement teams, policy makers, and farmer advisory
services, which would enable its broader deployment and impact.
Similar principles have been reflected in CropArm (http://www.
armonline.com.au/#/wc), an APSIM-based tool developed to support
decisions in Australian farming systems. To our knowledge, the pre-
sented online tool is the first of this kind that is able to support effective
system design for climate risk-prone agri-systems in developing coun-
tries. The tool’s development demonstrates a diligent approach on how
to condense the vast amount of data typically produced by crop mod-
elers into digestible information for non-experts. This approach will be
further expanded for other regions and crops, evolved and sensitized to
the indigenous agri-system requirements and contexts.

4.3. Identification of homogeneous system units (HSUs)

The primary beneficiaries in mind while developing the study were
crop breeders. Breeders typically require crop modelers to identify ge-
ographies for which a particular crop product and agronomic manage-
ment can be developed and where it is best tested (e.g. BPAT review;
https://plantbreedingassessment.org/bpat-project/bpatmission/)
(Kholova et al., 2021). This kind of analysis required the further strati-
fication of the information held by the generated dataset. Firstly, we
reduced the data dimensionality using principal component analysis
(PCA) and consequently deployed the clustering approach to form
geo-spatially distinct classes - the “homogeneous system units” (HSUs).
This allowed us to separate the tested geographies (grids) into four HSUs
based on similarities in optimum production characteristics and system
responses to GxM interventions. Such novel assessments considerably
extended the previously used approaches (environmental characteriza-
tion/ target population of environments) e.g. in Kholova et al. (2013),
Hajjarpoor et al., (2018, 2021), Chauhan et al. (2013), Chenu et al.
(2011), and Chapman et al. (2000a, 2000b). The “HSU” analysis allowed
us to differentiate the geographies with maximum similarities within a
geographic group and dissimilarities between the groups not only based
on the modeled interactions of crop, environment, and management but
also on system responsiveness to the Genotype x Management
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interventions. We suggest that such geospatial classification enable
breeding programs to, for instance, optimize the distribution of the
multi-location testing sites, improve the statistical treatment of the data
generated in different geographies and precisely design and target crop
product development efforts. For instance, in typical crop improvement
programs, the crop is tested with very limited management options or
the management is adapted only “post-mortem” when the genotype is
already fixed. These circumstances inevitably stagnate the crop pro-
duction improvement in these complex systems. To overcome this gap,
we provided a unique tool that allows for the simultaneous prediction of
optimal crop management along with the suitable crop cultivar, which is
otherwise impossible. We conclude that the presented APSIM-powered
framework enables the improvement of breeding targets, empowering
breeding programs to design region-specific Genotype x Management
options ex-ante that could significantly accelerate efforts to improve
productivity/ resilience of dry-season sorghum cultivation.

4.4. Possible limitations of the study and continuous improvement of the
framework

Models are reflections of our imperfect knowledge, which is why it’s
important to acknowledge the assumptions and other possible limita-
tions of the acquired modeling outputs. In our case, we need to mention
the use of a gridded data source (AgMERRA-NASA) instead of the actual
meteorological observations that may have been preferable. Although
meteorological information is becoming more available as standard
across the globe, many countries, like India, are still not well covered
with accessible, high-quality, and up-to-date information. Since our
study required homogeneous coverage of key regions, we chose to use
NASA-generated information that has supported modeling of agri-
systems similar to ours (Table 3, Fig. 1a, b, 2 a, b). In the ideal case,
we would have had detailed agronomic evaluations of sorghum pro-
duction across locations to cross-validate the simulation set-up respon-
siveness to major system limitations (e.g. agronomic practices). As
mentioned above, these datasets are very rare in the local context and
their generation is cost- and time-intensive. While we work on such
dataset generation, we do have numerous studies and even commercial
products based on the APSIM sorghum module responsiveness to a range
of M and G contexts (e.g. Akinseye et al., 2020; Dimes and Revanuru,
2004; Turner and Rao, 2013).

In future, we plan to use this sorghum modeling framework to sup-
port broader socio-economic modeling studies. Here we presented our
attempt to demonstrate the generic approach, i.e. the scenario weighting
index which is based on an educated guess founded on literature surveys
(e.g. Bliimmel and Rao, 2006, Tesfaye, 1998, Ravi et al., 2003, Reddy
etal., 2005, Rao et al., 2017, Bliimmel et al., 2015) and discussions with
experts. Such estimates are to be improved as we progress in under-
standing and interlinking this work with socio-economic studies of the
target population of stakeholders in particular regions. The under-
standing of community demands or particular user cases should, in
principle, guide further simulation exercises and, among others, the
resolution of simulations, the GxM scenarios tested, further assumptions
made, tool co-creation, and design.

5. Conclusion

The presented work aims to translate current advances in crop
modeling science into a quantitative understanding of crop production
systems for the key pool of beneficiaries (e.g. breeding programs, farmer
advisories, decision-makers, etc.) via a simple visualization tool. The
presented framework simplifies the complex modeling data (~0.5
million simulations, ~14 TB) and utilizes them to understand the
context-dependencies of post-rainy sorghum agricultural systems even
by a community of non-experts. Although numerous on-line tools have
been developed, primarily to provide advice to large-scale agricultural
producers in developed countries, these might not fit the requirements
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of stakeholders in countries like India. We argue that to enable an
effective understanding of the diversity of small-scale agriculture sys-
tems, the tool has to be tailored: (i) to be easily accessible (possibly free
of cost) (ii) simple enough and sufficiently interactive, and (iii)
encompass a valid range of the farming scenarios. We have developed
draft tool and analytics with the example of post-rainy sorghum pro-
duction systems in India and will continue the customization and evo-
lution of the presented tool to serve the particular needs of various end-
users. A similar approach can be now adapted to other agricultural
production systems, especially those that are small-scale and low input.
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6 Zavér

Vysledky dosazené v ramci autorovy védecké a publikacni ¢innosti dokladaji existenci
vyznamnych prekazek automatizace pii zpracovani velkého objemu dat v rdmci jejich
zivotniho cyklu. Diserta¢ni prace byla konkrétné zamétena na problematiku prechodti mezi
jednotlivymi fazemi zpracovani a na rozhrani mezi jednotlivymi integrovanymi
softwarovymi systémy.

Oblast simulaci zemédélské produkce byla zvolena vzhledem k probihajicimu vyzkumu
katedry, aby vysledky disertacni prace prakticky prispély a obohatily stavajici védeckou
¢innost. Na zdklad¢ analyzy védecké literatury byl specifikovan vychozi scénatr bézného
pouzivani softwarovych nastrojii pro zpracovani simulaci a byly identifikovany konkrétni
nedostatky procesu automatizace zpracovani dat. Metodika PlaGroSim byla navrzena tak,
aby postihla kritické ptrekazky automatizace, pfispéla k publikacni ¢innosti zaplnénim
informac¢ni mezery, a zaroven aby jeji aplikace zefektivnila vypocetni procesy pii zpracovani
dat v soucasnych a budoucich vyzkumnych projektech.

Pro konkrétni aplikaci navrzené metodiky a jeji experimentdlni ovéfeni byl vyvinut
modularni softwarovy nastroj PlaGroSim. Jeho pouziti vyrazné zvysilo efektivitu
vynalozeného Usili na proces automatizace. Tento software je aktudlné intenzivné vyuzivan
pro vyzkumnou ¢innost v ramci Katedry informacénich technologii a jeji spoluprace se
zahrani¢nimi partnery.

V soucasné dobé¢ vznikaji dalsi publikace, které se vénuji nejnovéjsimu vyzkumu, pro
ktery jiz byla navrzena metodika pln¢ implementovana. Probihd i vylepSovani softwaru
PlaGroSim zapojenim novych modult. Je pldnovano vylepsit modul SSM tak, aby bylo
mozné vyvinuté programoveé nastroje pouzit pro $irsi Skalu vyzkumnych projektl. Zvyseni
miry automatizace v oblasti simulaci zemédélské produkce je velmi kladn€ vnimano v ramci

stavajici expertni védecké komunity.
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