Using the ARTMO toolbox for automated retrieval of biophysical parameters
through radiative transfer model inversion: Optimizing LUT-based inversion
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1. Introduction Conclusions == 8. ARTMO'’s inversion module

ARTMO’s most advanced module is the ‘Inversion’ module. This module enables automated mapping of biophysical parameters from mulitspectral or hyperspectral imagery based on pre-computed LUTSs.

. . I " i i i i i i i Several cost functions and optimization options are provided. Most importantly, inversion can be done class-based. This means that different land cover classes can be linked to different LUTs. For instance,
A RT M O g an A U tO m at ed Rad I at I V e Tr an S f er M O d el S O p e r a.t O r tO O I b O X AI?TI;/IO al(gLSJ I;Ot Imlrt))l i eAnt SR al m((i;jze)ls and mo? UC: ehs reqxlFl;ﬁ-cll\/lfOor ﬁlerresirr:al EO app lications in a grap hical user homogenous land covers such as agricultural fields can be interpreted by a turbid model (e.g. SAIL) while heterogeneous land covers such as forests can be interpreted by a 3D model (e.g. FLIGHT).
Interrace O0IDOX. A new version IS presente ere. allows tne user.
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instruments, and to test and apply inversion algorithms. In the scientific community a number of often highly specialized Il To choose between spectral band settings of various sensors, or to define own band settings. Note tha he image shoul have he e ST e e o o T

. . S - same band settings as the — SELECT PROJECT : ,
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ARTMO (Automated Radiative Transfer Models Operator ) is the first toolbox that brings a variety of leaf and canopy RT A ORIl SIILIEIER | sfatEc e Off mLjple inotiels 2nd Cempere (L willn mEssl iee S HEElEl, By clicking on ‘Select Project buton E e
models together in one GUI. Moreover, ARTMO encompasses essential tools for EO applications such as defining your V.. To evaluateioy e e e il R J ——
J Iotti g ' : ’ g P g 5 g del i PP ) th gy f VI. To run model inversion against airborne or spaceborne images given a chosen cost function, class-based LUTs, a | | |Hienngy 5 h By selectngla FOTjEe=- I
— o o (0-5)% | 1 optuion IS possibie 1o InClude only a | )
oyvn selnsor, plotting an exportmg_ outpu?s an automated LUT-based mo _e Inversion. With ARTMO, maps o best-evaluated cost function and accuracy estimates. ore thom 60, differert coct fah S e atlocrion of e it AL T —,
biophysical parameters can be rapidly derived from EO data. As the toolbox is constantly under development new _ _ _ _ provided. Several options have been it % | means of narrowing the siders. ime and o e
features are presented here In this version (V2), the following new features have been implemented.: '-n°|'§3eeiif§£Eﬁts'?ézénngcﬁﬁ;ﬁg;ofspectra
|.  To all models, the otpion to insert input distributions (e.g., Gaussian, uniform, Poisson) next to stepwise ranges. + Adding white noise P — e ey | | B
— . . . . . * Results as a mean of % best matches. . [iat Leat area imdex = This GUI will appear when the inversion is finalized. Here, the user
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: : lI. The ability to select a random sub-selection from all possible configured combinations. + The option to map standard deviation | = can choose which generated map to plot (preview). When clicking on —
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The aim of this study was to expand ARTMO by offering new advanced functions for improved retrieval performances The widely used RMSE was not evaluated as best performing cost function in LUT-based inversion when using the s o ot andlol & canoy parameter orhe prCHLIE LD T

: _ . . . . retrieve a leaf and/or a canopy parameter, or the product of both (e.g., Chl x LAl).
through model inversion. Specifically, the objective was to implement a new inversion module that provides a wide range fui’iﬁgnia;iier: giafggxe?%?\'/g)r'eﬁfgrzzgggrfe?r‘i sl?s?tlii Z?s?ttrisboultlig?lnszEf\irrii ttr(i)cl?g :s?rg&t)'fﬂ' '(A)‘(l)tf;?at";ﬁoi(:; - : :
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. : . [ : : .- robust. Taking the average of multiple best solutions in combination with added noise further improved the retrievals.
A secondary objective was to test these cost functions and regularization options against a validation dataset (SPARC, t t - :

In ARTMO about 60 different cost functions (also 1 INFORMATICN MEASURES As a first step eSS
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Barrax, Spain) for the benefit of simultaneous mapping of multiple biophysical parameters over large areas. T 5 A R | M O ‘ S cano _ I eye I mo d e I S known as metrics, distances, or divergence e e e e ettt s ot . it o s, LS s and by taking the mean of multiple
- meaSUI’eS) have been Implemented They can be R*(4,), 4, eAandfOI;J;j;j)SN wein;rf?:c;e The,satellite observ;;ions can berepresentédasfollows: I,.(ﬂk)=ﬁi(z,—m)e‘”‘ z' A €A beSt SOlutionS
- o o o . . . - ClaSIerd |nt0 three famllleS. Q= @5 %)= ZR* ’(\‘Aj)’ B RJ" :_Ru’iﬁ)""“‘j' _j:l """ n o Weapproxi_mate g()t).by_p‘;rametricfamily f,(2) and a minimum :
O n C e t a e S I n ARTMO incorporates the following canopy models: 4SAIL, FluorSAIL, FLIGHT and then the combined soil-leaf-canopy (SLC) model. Similar to the leaf models, for each parameter a single value, a range or 1 First family i ffered to inf fi =t BB ) where =0, randomndo:e,nfmeauss.:nl.nge:e;a., contrastestimator minimizes ¥ . f d
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. . . . . . . “ . ) . — . — i Function K(x) is called contrast function shou e a three times continuously
Further, in contrary to leaf models, canopy models need spectral inputs for their elements such as leafs, soil, bark and senescent leaves. Therefore, for each model spectral data can be inserted by clicking on the and describes distances between two probability P AL R ©u) = PRy =R(, 1)~ > min. cferntable on (0. andt hasa urke ik atx 3.7 hen alKe, NenCe o
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ARTMO is a toolbox written in Matlab that consists of a package of GUIs. ARTMO incorporates a variety of leaf and canopy radiative transfer models, which can be operated through the creation of’ ‘Projects’. Within | associated name in the top bar. An input window will appear. When also a leaf model has been configured then those simulated spectra will be used as leaf spectral input into the canopy model. Multiple spectra of functions. r,[p,olziq,f[ﬂ'} ot e [ ESRE(:é’rg;spmmmecasewhenp(x)_x, of cogt_functlon_s we chose one
a Project, Look Up Tables (LUT) can be created, which are then stored in a MySQL database (DB). These LUTs can then be called by various modules such as the Graphics module or the Inversion module for other elements can be inserted which then form part in building up the LUT. ‘ 2. Second family is called M-estimates, and =4, ’ 1. Let K (x) = log x-+1/ x, then prom|3|_ng function for further
further processing. LUT-based inversion against an EO image finally leads to the retrieval of biophysical parameters. B oy i === E—— Input Parameters SLC reflectance in this case is considered to be a vpovedargmes PESE 0 D(1,19) = 3 €01,/ 904+ 921 ,(2) eval‘lliatlon. ’ ,
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Proiect For each created Project a LUT is stored in a local MySQL server. ARTMO stores the data ( i m Layer dimaciation faciar O 01 LAl -10] Hot spot effect [0 - 1] (i == _ _ _  Sharma. Mittal - o1 e (1,100 = 3 0 1,(4) 109 92
: in 3 tables: : 0 G A v D Tane ( oot e | Ine = represents distances in the spectral domain. In . - 5. Trigonometric: () = xaretan@)— XD ) g
B un-ocbject-sensor geome Y <oil p f . . . — + S a_g _ _ atl i > 4. K (x) = xlog x — x, then .
Management T1: LUT Metadata (e.g. date, model). Ao st e 08 91— Sl ot e )80 T o o m— this case reflectance is considered as spectral nie.Ql [<b_1>,][[1 B -et-a-a | l] STuevtneton O 3 1,01)004) o0 £,¢3 a1 These functions were compared
T2: LUT input parameters (e.g. LUT) . ( SR ( d Do ®eo densitv function. 4-Renyi,a =01 n . T @B o), [xise 5 kG0~ € -7 then against the conventional RMSE
T3 LUT t td t TOC ﬂ t Diffuse/Direct radiation [0 - 100] , — Observer zenith angle (°) [-75 -75] Observer zenith angle {°) [0 - 90] y rip _ 1 )| /a)2 — _ _ 1 L c” -
: output data (e.g. reflectance) S This part will be e ( e o [ e S g [og@q.(p. a)"-a(p, -a) q.j+} < Ixlc 0(t,0) -3 W21 317 (see below).
Radiative Transfer — In ARTMO as many databases (DB) can be created. A DB can consist of as many projects fowe g p (‘ana’bled when the frmun O 10 ( o Elrene y -
Models Data storage e R ey 10. ARTMO’s cost functions evaluator
5 [20-30] 18 i [
- s e — — = ARTMO offers the possibility to evaluate the range of included cost functions against validation data. By inputting a The LUT-based inversion was evaluated using the relative RMSE as a function of %
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Gaussian noise (X-axis) and % multiple best solutions (Y-axis) for the 4 chosen cost
functions. The more bluish the better.

validation dataset (SPARC, Barrax, 2003) into ARTMO'’s cost function evaluator, the performance of all cost functions were
compared when LUT-based inverting against simulated Sentinel-2 data (4 bands at 10 m resolution).
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rx 1r rx ange
. Once selected, the name Cost Functions Evaluator data (parameters and
, , , : : _ : turns red. Green leaf spectra _ Step 1: Validation dataset | assoma_ted spectral) &
When having multiple classes defined, then class-based model inversion can be applied. This Class 1 - ith f tral If FluorMODleaf is P— can be imported. =
4 > ) y ass 2 Class 3 Class 1 eltner comes 1rom spectra . o .
means that pixels for each land cover class can be inverted against a corresponding LUT class. (Forest) (Shrubs) (fields) (Forest) measurements or from a leaf not configured, one idation data Select Options to convert or to =
model can select their own exclude validation
input files. points are provided.
, |
Project _ — _ — ___
3. ARTMO’s main module ;
= . . . _ . : isuali hen selecting them. g
One or various spectra can be selected as input in the canopy models. Any text file with columnar spectra can be read. Header lines can be removed and spectra can be converted to other units. B EsEiecting the go
« Choose stored project form MySQL « Import, export project - Selection of classes from a classified map, or: Also different wavelength units can be chosen. The selected spectra can also be visualized by enabling the ‘Graphics’ button. As such it can be quickly viewed whether the right spectra is imported. .g
» Possibility to change DB » Delete class, project or DB » Defining own user classes Control Settings As a second step, the to be evaluated cost | ©
] -~ - . ' Export Import
_ § Path PROSPE CT Model (ver. 4) S functions can be selected. For some cost i
7] ARTMC [ —— = = A NUMber of sensors | e Browser 6 L l | I aC C e S S an d m et ad at a functions a parameter value is needed. A |[[SNSS" Parameter
Provide a name of your Load Project Mew Project DB Administration — are already iIncluded:  |Ee Srowser . GUI will appear where a value can be E—— 8
roiect. and option to add Project Description Sensor Informati * CHRIS mode 1,2, | ey R S : , y : i - £ , _ ‘ provided. We are currently working on : e
project, b Sensermormaton 3,4,5 D anmor_JpFLIGHTIONS3 exe Browser In ARTMO s ‘Project Overview’ window an overview of all created projects and classes within the current DB are displayed. This ‘Project Overview' can be accessed from ARTMO s main module (click on ‘Load automated optimizing this. g
a comment Project Name: [BARRAX PROECT T - Sentinel-2 path asai. Woder: Project’) or via the ‘Graphics’ or ‘Inversion’ modules. The top panel shows all Projects from the current DB along with its metadata such as date of creation, sensor, number of bands, classes and simulations. By S
SEASON 15/06/2008 jand details . Diartmof_jp\PROSAIL_5B_MATLAB\PRO4SAILSE_jp.m Browser . " . . . . . . . . . . . i i i
et SEASON 15/06 | e — - Sentinel-3 e = clicking on one of the projects then in the middle panel its included classes are shown along with its metadata such as date of creation, used models, class name and number of simulations. Each class consists of As a third step, options are provided to S
or: |CHRIS MODE 1 - . MODIS oot i Etaor Srowser - ] : . , calculate the inversion on the derivatives, = —5
] 2 oana 2 : : : a LUT. By clicking on a class then in the down panels then both at leaf level as at canopy level the complete LUT configurations and fixed parameters appear. 10 add white noi ¢ luate th = % N
Included leaf-level ; 2:3;::;3::npllngto SENSOR: _ } e / 0 a ( wnite noise or 1o eV-a uate the
d | Resample input spectra to SENSOR before model runs (PROSPECT-4 -5, 45AIL, FLIGHT) = ; s Emmmsaasse e sss s s == s — = 2 LEI;‘—ILJ By Clleing On ‘Change DB’ then thIS WindOW appearS Where funCtlonS nOt Only for the Slngle bESt
Models _ _ . MySOL database selestiiol : : : : solution but for an average of multiple best
Leaf Model RunPanel — —Tools Panel ————————— i ia— Overview of projects the an overview of all created DBs are shown. By selecting colutions ! -
PROSPECT 4 * Pathsto the one of them then all the projects will be loaded into the Also bands can be removed from the  AS a result, an overview table is provided that that lists the best performances of the cost O
= — models ‘Project Overview’ window. i i 2 = o
] PROSPECT 5 : inversion. functions. They can ranked per chosen parameter for each evaluation measure (e.g. RMSE, R?). S
Included - * MySQL settings Results can be exported to a text file or can be plotted, e.g. as a function of % noise and % o
canopy-level 7] FluorMODleaf — : = 3l | Overview of classes from multiple best solutions in 2D matrices.
models : A Easily new sensor settings can be added, or existing ones | selected project In ARTMO’s main module, in ‘DB Administration’ a new
Canopy Model O FueTH modified. | DB can be created or deleted. Here the GUI appears for .
. 11. Final maps
Combined soil, leaf s Setlings models. The following _ _ _ Also in ARTMO’s main module, the option is .
and canopy (SLC) ——_— . Save all inputs tabular window will LUT configuration and fixed parameters provided to make modifications in the MySQL
model : ) . Load earlier saved inputs appear where per-class of models that generated the class LUT. tables through ‘Patch’ The cost function ‘K(x)=-log(x)+x performed most consistent over leaf chlorophyll content (Leaf Chl), leaf area index (LAI) and canopy chlorophyll content (Canopy Chl), and would therefore be an adequate
combined Model— gggiorr:afj‘f'se'ec“on candidate for realizing simultaneous retrieval of these biophysical parameters. Optimized accuracies were obtained by introducing 17% Gaussian noise and taking the mean of the 1% best solutions in the LUT-
' based inversion against a simulated Sentinel image at a spatial resolution of 10 m (4 bands). Along with the mean () prediction, also its standard deviation (o) and the coefficient of variation (CV: o /i) was
. : —— : —— : _ _ _ _ p = mapped on a pixel-by-pixel basis. The CV maps allow comparison of the inversion performance of all three biophysical parameters. A lower CV means a greater uniformity across the 1% best solutions.
When selecting a sensor, all input data will be automatically resampled to the spectral settings of the selected sensor. This means that any type of spectra (e.g. from field spectrometer or from satellite observations) . S g ra p I CS m o u e Most spatial variation in the mean prediction maps (Top) was obtained in the combined parameter Canopy Chl. The independent parameters Leaf Chl and LAI provided accurate results over the irrigated parcels
can be fed into the models (e.g. soil spectra). Awarning message appears when ARTMO detects that spectral resampling is required. Any spectral settings can be defined by the user. This is helpful for simulations but the dried-out areas were somewhat overestimated. Also the CV maps (Bottom) show that the inversion process had least difficulty with resolving Canopy Chl over the whole image. For Leaf Chl and LAI the
studies of new or L RELITEN SIETETrs SU_Ch as F'—EX- Output data is then provided according to chosen sensor. By default spectral resampling will take place before running the models. In ‘Settings’ it can also be In ARTMO s ‘Graphics’ module simulated LUTs can be plotted and exported to a text file for further use. Multiple groups of output spectra, e.g. originating from different LUTs, can be plotted within the same plotting | inversion was better resolved over the irrigated areas than the dried-out areas. It should hereby be noted that the used LUT was not primary configured for these land cover types, but that can be easily done in
chosen to do the resampling after the simulations. window. Options are provided to plot in color tones as a function of the input parameters. As such the output spectra from different models can be directly compared. ARTMO.
: 1B ouv_orerics —per—s— Moreover, ARTMO also enables to configure the inversion class-based, e.g. with different LUTs for different land cover types. These LUTs can be parameterized with different optical properties (e.g. for soil types )
- . 0 q 3 5 . o . . .- . g2l gui_graficaz _— = } ) ’ )
When a modell has been configured it tgrqs active in the ‘Run Panel Any conflguregl leaf model can bg coupled with any configured canopy mo_del. However note that FluorMODIleaf needs to be coupled with B?]/ cI|ck|Ir31gI;3on tlhus button one c;m | T T B T G T S T T T 0 T T T T e e = and structural features (e.g. coming from different models).
FluorSAIL to simulate fluorescence emission at canopy level. When clicking on ‘Run’ then all combinations of the leaf and canopy LUTs will be simulated. change DB, select a project and a class. table. By clicking on the properties of a parameter a subselection of spectra

See also panel 6. Mean

__estimation

can be made by means of sliders.

Seleci f nloft leaf leaf-level ] Another way of subselection is setting a step (e.g. 3) so that only each another
election of plottings at leaf leaf-leve oramoton 1 g | spectra is plotted.

(e.g. reflectance, transmittance, L T N
Parameter 2 (Saturation})

fluorescence). 3_Cw: Leal water content 0.0020  0.0400 (B Figure 1 == In FluorSAIL also TOA radiance data can

Input, output and meta data are directly stored in a MySQL data server.

On time-consuming tasks, such as forward simulations and inversion calculations, ARTMO provides progress bars of processing time and executed simulations or inverted
pixels, respectively. ._ E— )
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ARTMO incorporates the following leaf RT models: PROSPECT4, PROSPECTS5 and FluorMODIeaf. For each model parameter, a single value, a range of values or an array of user-defined input values can be be added to a plotting
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i : — ' different models. In FluorSAIL also TOA radiance data can be plotted, here as a i Coefficient of
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Loy function of Chl, LAl and the colors present different MEP files (SZAs) : variation (CV)
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INPUT PROSPECT 5 to Hue (color), and another parameter can be

assigned to Saturation (intensity). If both Hue
and Saturation are assigned then the effects of

63 6797

Generic

Leaf Stucture (M) [1-4] When activating a ‘range’ then this window appears. It can

( s e be chosen to insert a min, max and step or it can be chosen | "€ Selected these two parameters on reflectance can be
eyt to insert a distribution (e.g. Normal, Uniform, Poisson, dlstr!buthns can V|suaI|ze_d When no color. is chosen then
( 0| [lrenge [Tabie Extreme value, lognormal) for a given number of points . be visualized. automatically a color table will be used.
OOy (Hlelmess (Sro-en) [IMOTe)y | — By metior (8 - gfenr) [Ty, One can select one or many atmospheric files for feeding the

( — Range [lTape ( Default values are given. FluorMODleaf model. It will loop over all selected files. The
ARTMO identifies and highlights impossible input =N same atmospheric files will then be applied at canopy level for
values, such as negative values. e FluorSAIL. Example:

With FluorMODIleaf simulations of upwards leaf
ARTMO can read in text files with model input values, e.g. coming from field measurements. Data in all kinds of formats can be read. Data columns can be linked to a corresponding parameter. Options to select the required column, to convert data, to fluorescence are plotted as a function of z T R R T L SETEE D o .

600 T00 800 70873 603442 498153 392865

skip header and to identify the delimiter character are provided. When a model parameter is being fed by data then this parameter is disabled in the main input window. This parameter can then be combined with inputs of the remaining parameters J;vglengm Imfﬂ - A chlorophyll content (Cab) and temperature (Tc). SHEEE BT ) -
(single value, range or user-defined values). —

Wavelength (nm}) LAl

CV Leaf Chl (ug/cm?) CV LAI (m?/m?) CV Canopy Chl (cg/m?)




