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ANNOTATION 

The produc t i on a n d avai labi l i ty of m u l t i t empora l ear th observat ion da ta have 
increased signi f icantly ma in l y due to the da ta d i s t r ibut i on pol ic ies a n d development i n 
the technology. New ways of hand l i ng b ig ear th observat ion da ta th rough da ta cubes and 
semant ic da ta cubes have come to l ight. V i sua l i za t i on c a n p lay a key role to get 
in format ion a n d eventual ly knowledge from the crude data. T h i s thes is a ims to develop a 
workf low for pre process ing the in format ion obta ined from semant ic ear th observat ion 
da ta cube a n d v i sua l i z ing that in format ion leveraging the potent ia l of different web 
technologies. The interactive components of the developed web app l i ca t ion w i l l facilitate 
users to man ipu la te the contents a n d explore the dynamics of the in format ion presented. 
The workf low developed as part of th i s thes is c a n be used to v isual ize any other s imi lar 
k i n d of m u l t i t empora l in format ion. 
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INTRODUCTION 
The p roduc t i on a n d avai labi l i ty of ear th observat ion da ta have surged i n the past two 

decades due to the in t roduc t i on of free a n d open da ta pol ic ies i n their d i s t r ibu t i on and 

technological advancements i n terms of da ta acquis i t ion , ana lys i s a n d storage. We have 

come a long way s ince the l a u n c h of Landsat -1 i n 1972. Humongous amount of (mult i -

temporal) E O da ta has been produced so far. The t rad i t iona l approaches of hand l i ng E O 

da ta i s be ing replaced by the use of 'data cubes' , a mu l t i - d imens i ona l array based concept 

that provides ana lys i s ready da ta to the users . The p ixe ls i n itsel f do not have any 

meanings on their own. Semant ic E O da ta cubes go one-step ahead of the da ta cube by 

assoc iat ing some mean ings from the rea l wor ld to each observat ion i n the data. 

H u m a n beings are more adaptable to recognize v i s u a l patterns. A good v i sua l i za t i on c a n 

convey complex in format ion to use rs i n a s impler way. It he lps use rs to unde r s t and the 

depth a n d nuances of the data. M a p s are the most c o m m o n form of represent ing spat ia l 

in format ion. Web technologies l ike H T M L , C S S a n d JavaSc r i p t are often combined w i th 

other technologies to create v i sua l i za t i on on the web. The t r end of v i sua l i z ing geospatial 

in format ion on the web i n the form of maps and/or other s imi la r v i sua l i za t ion is growing 

for some t ime now. In computer or other dig i ta l devices, R G B colour space is the most 

commonly u s e d colour model . Different co lours c a n be created by m i x ing three pr imary 

co lours Red, Green a n d B lue . W h e n rasters conta in ing in format ion i n mul t ip l e bands are 

represented i n softwares l ike QGIS a n d ArcG IS Pro, three p r imary co lours w i l l represent 

in format ion i n three bands a n d m ixed co lours w i l l represent in format ion c o m m o n to two 

or more bands . W i t h mul t i - t empora l E O data, u sua l l y there i s in format ion conta ined i n 

more t h a n three bands . Represent ing the complete tempora l in format ion i n th i s manner 

is a challenge. In regard to th i s problem, the thes is tr ies to explore the possibi l i t ies of 

combin ing bo th desktop a n d web based technologies to v isual i ze the mul t i - t empora l 

in format ion obta ined from semant ic E O da ta cube. Bu t , the mul t i - t empora l in format ion 

from any other source c a n be v i sua l i zed i n a s imi la r manner . 
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1 OBJECTIVES 
The m a i n a i m of the thes is i s to analyze the possibi l i t ies of v i sua l i z ing the tempora l data 

stored i n Sen2Cube a n d develop a l is t of recommendat ions on how to v isual ize these data. 

Sen2Cube .a t i s the first operat ional semant ic E a r t h Observat ion da ta cube, a l lowing the 

p roduc t i on of in format ion from satell ite imagery on a higher semant ic level. The m u l t i -

t empora l in format ion produced from the semant ic da ta cube w i l l pre processed i n a form 

from w h i c h v isua l i za t ions c a n be created. The resu l t s of the thes is w i l l be the workf low 

on opt imal ly v i sua l i z ing the tempora l in format ion a n d web based interactive 

v isual i zat ions. 

In the first part , the author w i l l investigate the relevant technologies for process ing a n d 
v i sua l i za t ion of the informat ion. That w i l l inc lude bo th web a n d desktop-based 
technologies. The workf low w i l l t h en be designed separately for pre processing, storage 
a n d v i sua l i za t i on methods a n d later integrated. The entire workf low w i l l enta i l automat ion 
(with codes) as m u c h as possible to ensure the reproducib i l i ty of the workf low for any 
s imi lar k i n d of da ta or geographical space. The workf low w i l l t h en be implemented i n two 
use cases for two different s tudy areas. The t echn ica l implementat ion c a n be summar i z ed 
i n three parts below: 

• Information pre-processing 

• Host ing the pre-processed in format ion 

• Development of the appl icat ion 

Lastly, user eva luat ion w i l l be performed to test the usab i l i t y of the appl icat ion. Overal l , 
the thes is w i l l present a reproducib le approach to v i sua l i z ing m u l t i tempora l in format ion 
leveraging the potent ia l of free and/or open-source technologies. 
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2 METHODOLOGY 
The chapter descr ibes the overview of the s tudy area, data, technology s tacks , methods 
a n d processes involved i n achiev ing the objectives of the research. A detai led descr ipt ion 
of the data, methods a n d procedures w i l l be descr ibed i n the chapters to come. 

2.1 Study areas 
The s tudy areas for the thes is are the state of Sa l zburg i n Aus t r i a , also k n o w n as L a n d 

Sa l zburg a n d the Syr ia -Turkey border region i n northwest Syr ia . 

L a n d Sa l zburg or the state of Sa l zburg i s one of the n ine states of Aus t r i a . It i s located i n 

the western part of the country w i t h some part border ing to the B a v a r i a region of 

Germany . Sa l zburg is famous for i ts A lps a n d other n a t u r a l landscapes. D a t a from G loba l 

Forest W a t c h shows that Sa l zburg h a d 70.9 k i lo hectare i n 2010. The base layer from 

OpenStree tMap (OSM) i n Figure 1 also shows h o w r i c h Sa l zburg is i n terms of vegetation. 

The area i s of Sa l zburg i s approximate ly 7160.5 square ki lometres. 

Land Salzburg, Austria 

Fig 1: Study area 1 
The second s tudy area is located i n the north-western region of Sy r i a border ing the 

southern part of Turkey . The area of th i s s tudy region is - 7 8 0 square ki lometres. 

Euphra tes , the longest river i n Sy r i a a n d i n the western A s i a r u n s th rough th is area. The 

water level i s decreasing i n m a n y parts of the pos ing threats to people depending on it. 

The northwest Sy r i a i s also prone to d isasters l ike floods a n d earthquakes. 

Northwestern region of Syria Study area in the national perspective 
I\irkcv 

Fig 2: Study area 2 
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2.2 Methods 
The state of the art of v i sua l i z ing m u l t i tempora l da ta was researched. A s the concept of 

semant ic ear th observat ion da ta cube a n d t h u s in format ion obta ined from it is 

comparat ively new, the approach for v isua l i z ing in format ion obta ined from it was 

conceptual ized. Two use cases, one re lated to vegetation a n d another related to water 

were defined a n d implemented u s i n g the latest front end technologies. B o t h qualitat ive 

a n d quantitat ive da ta based on the developed web app l i ca t ion were col lected for the user 

eva luat ion part. 

2.3 Data 
Sen2Cube .a t has a l l the Sent ine l 2 scenes i n i ts repository s ince the l a u n c h of Sent ine l -

2A i n 2015 (Semantic E a r t h Observat ion D a t a Cube Ana lys i s , 2023). The fol lowing two 

models were conf igured i n the web interface of Sen2Cube .a t to obta in in format ion from 

the da ta i n the semant ic da ta cube. 

0 Knowledgebase Edit model 
(#3774) #vegetation_per-cerila9eT 

Definitions 

Chans Refeisnces • VBrbs 
Documentation 

Slrang vegetation wllh high NIR 
Strong vegetalwri witl low NIR 
Average vĚgeatiůrt w«n nigři mír 
ftverage vegetation *i|ri low MIR 
Vítit. veg eta lion 
Sfiado* aiea with veofliabcm 
srirur> rargeiana wiin nign mir 
Sfiruofargelard •nWi low NIR 
ne-rnaeeous rangeiana 
Weak rangsland I 

Pit c Dag 

veaeiatwiijerc 

per.:en1ag? 

Fig 3: Model for Salzburg region (Source: Dirk Tiede) 

"| KlV.L. 5-Ü'JfeLiiid-j; -Ii I 'II 

Fig 4: Model for north-western Syria (Source: Dirk Tiede) 
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Approx imate ly 2178 Sent ine l 2 scenes for the Sa l zburg region a n d 140 different scenes 

for the north-western Sy r i a region were used . The percentage of vegetation observed per 

p ixe l per year f rom 2016 to 2021 for the Sa l zburg region was inferred from the first model . 

The month ly percentage of water occurrence per p ixe l i n the north-western Sy r i a for the 

year 2022 was obta ined from the second model . The in format ion generated from bo th 

models i s rasters i n GeoTIFF format. In total , there are 18 rasters, 6 (yearly) for the 

Sa l zburg region a n d 12 (monthly) for the Syr ia . These rasters are going to be u s e d for 

further processing, ana lys i s a n d v i sua l i za t i on i n the steps ahead. 

The administrat ive boundary for L a n d Sa l zburg was downloaded from OpenStreetMap, 

where the da ta i s freely avai lable under the Open D a t a C o m m o n s O p e n Database License 

(ODbL) by the OpenStree tMap Founda t i on (OSMF). 

2.4 Software 
QGIS (version: 3.28.0 Firenze), w h i c h i s the most popular Free a n d O p e n Source Software 

(FOSS) for GIS, was used . PyQGIS (version: 3.9.5), Py thon App l i ca t i on Program Interface 

(API) for QGIS was u s e d for automat ing the pre-process ing workf lows w i t h Py thon scr ipts 

rather t h a n u s i n g already establ ished s t andard operat ions i n QGIS. 

Geoserver i s another popular F O S S server wr i t t en i n J a v a that a l lows shar ing of 

geospatial da ta u s i n g O p e n Geospat ia l C o n s o r t i u m (OGC) s tandards . Geoserver (version: 

2.22.0) was u s e d for hos t ing the raster da ta i n the remote server at th i s U R L 

https: / /infoviz.sen2cube.at/geoserver/web/ . A Py thon package, geoserver-rest (version: 

1.5.1) was u s e d to man ipu la te the workspaces, up l oad the rasters a n d their 

corresponding style files to the server. Jupy t e r Notebook, a n open source web appl icat ion, 

was u s e d to document a n d execute the Py thon scr ipts . 

For bu i l d ing the web appl icat ion, c l ient side languages l ike HyperText M a r k u p Language 

5 (HTML5), Cascad ing Style Sheets (CSS) a n d JavaSc r ip t (JS) were used . Bootstrap 

(version: 5.3.0), a free a n d open source C S S framework was u s e d to leverage the reuse of 

C S S components a n d create responsive designs. Leaflet i s one of the most popu lar and 

F O S S JavaSc r ip t mapp ing l ibrar ies. Leaflet (version: 1.9.3) was u s e d for the mapp ing 

content i n the web appl icat ion. Jque ry (version: 3.6.4), w h i c h i s another F O S S JavaSc r ip t 

l ibrary, was used for event hand l i ng a n d m a n i p u l a t i n g H T M L contents. 

The web appl icat ion i s hosted o n a G i t H u b page. F inal ly , the user eva luat ion of the web 

app l i ca t ion was designed u s i n g Google Fo rms a n d d isseminated to the part ic ipants . 
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2.5 Processing procedures 
The process ing procedures c a n pr imar i l y be div ided into five steps: Pre-processing, da ta 

host ing, v isua l i za t ion , web app l i ca t ion hos t ing a n d user eva luat ion of the web appl icat ion. 

The waterfal l mode l of software development was adopted where each step needed to be 

completed for the next step to begin. The figure below summar i z es the steps involved a n d 

the technology s tacks u s e d for each step. 

QCIS 

QGIS and Python 

Ä geoserver-rest 

rfy GeoServer 

https:/,-'inťoviz.5eii2cube.aťgeoser\rer/web/ 

Geoserver 

s 

HTML, CSS and JS 

O l 
Pre processing Data hosting Visualization 

GitHub pages 

Web app hosting 

Google Forms 

User evaluation 

Fig 5: Workflow from data pre-processing to user evaluation of the web application 
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3 STATE OF THE ART 
(Semantic) Earth observation data cube 
Current ly , the ear th i s cont inuous ly be ing observed at global, regional , na t i ona l a n d 

subna t i ona l levels l ike never before. At the t ime of wr i t ing , 1662 spacecraft were l aunched 

to space as part of ' E a r t h Science ' appl icat ions (NASA - N S S D C A - Master Cata log -

Spacecraft Query, n.d.). W i t h a large n u m b e r of E a r t h Observat ion (EO) satel l i tes i n 

space, there i s a huge p roduc t i on of E O data. These da ta have been acquired by 

hyperspectra l , mul t i spec t ra l , Synthet ic Aperture Radar (SAR), passive microwave, and 

L i D A R sensors (Ban, 2016). The in t roduc t i on of free a n d open da ta pol icy for Landsat i n 

2008 (Zhu et a l . , 2019), for G M E S (later k n o w n as Copernicus) i n 2010 (Union, 2010) a n d 

other pol ic ies f rom several organizat ions have increased the accessibi l i ty of E O da ta a n d 

i ts use i n scientif ic a n d societal benefits (Harris & B a u m a n n , 2015). The enormous growth 

of ear th observat ion da ta i s also the product of rap id development i n computer a n d 

remote sens ing technologies (Ma et a l . , 2015). E O da ta has entered into the new parad igm 

of *big data ' (Guo et a l . , 2022) w i t h the p roduc t i on of humongous amounts of data, i n the 

range of Petabytes w h i c h i s expected to reach the Exabyte scale (Nativi et a l . , 2015). 

Vo lume, Velocity, Variety, Verac i ty a n d Va lue are the five character is t ics that define big 

da ta (Ka lbandi & A n u r a d h a , 2015). T h u s , new mechan i sms to store, manage, process 

a n d analyse them have also emerged to harness their fu l l potent ia l ( Sudmanns et a l . , 

2020). 

E O da ta cubes are the new approach to handle the b ig da ta a n d facil itates use rs w i th 

Ana lys i s Ready Da ta (ARD) for their wo rks (Rizvi et a l . , 2018). D a t a cubes are arrays of 

mul t ip l e d imens ions (Rono, 2020). E O da ta cubes are mu l t i - d imens i ona l representat ion 

of E O da ta w i th at least one n o n - spat ia l ax is (Strobl et a l . , 2017). D a t a are t aken from 

mul t ip l e sources, pre-processed, opt imized a n d t h e n d is t r ibuted i n a n organized manner 

to the end users th rough different platforms. E O da ta are arranged i n s u c h a way that 

they c a n be accessed u s i n g spat ia l and/or tempora l coordinates ins tead of u s i n g the 

names of the files (August in et a l . , 2019). 

E0 image collection E0 data cube Time series selection Image selection 

Fig 6: Concept of data cube (Source: Simoes et al., 2021) 

There are several E O da ta cubes imp lementa t ion a r o u n d the wor ld bo th i n g lobal as wel l 

as loca l level. Some of them are l is ted below: 

• Dig i ta l E a r t h A u s t r a l i a • Swiss D a t a Cube 

• Dig i ta l E a r t h A f r i ca • Ta iwan D a t a Cube 

• A u s t r i a n D a t a C u b e • Euro D a t a Cube 
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M a n y of these ex ist ing da ta cubes a n d the upcom ing ones are based on O p e n D a t a Cube 

(ODC) init iat ive. The O D C init iat ive i tsel f s t emmed out of the works of A u s t r a l i a n 

Geoscience D a t a C u b e projects. O D C a ims to harness the use of satell ite da ta for good of 

people, by offering free a n d open so lu t i on for accessing, organiz ing a n d manag ing large 

E O da ta (Ki l lough, 2018). 

In the n o r m a l E O da ta cube, pixels j u s t have Dig i ta l Number (DN) va lues or p ixe l va lues 

that are merely a number . The pixels do not own any phys i ca l interpretat ion. T h i s may 

impose t echn ica l const ra ints on some end use rs to uti l ize the E O data for their 

appl icat ions. Un l i k e the n o r m a l da ta cube, semant ic E O da ta cube conta ins da ta w i th 

semant ic enr ichment . Semant ic E O da ta cube refers to that da ta cube where each 

observat ion i s mapped to at least one categorical mean ing a n d c a n be quer ied 

s imul taneous ly . For imageries, each p ixe l has some mean ing associated w i t h it (August in 

et a l . , 2019). Semant ic concepts are formalized a n d the observat ions i n the da ta cube are 

mapped to those semant ic concepts a n d re la t ionsh ips are establ ished. The re lat ionship 

between the concepts a n d observat ions c a n be b inary , numer i c or o rd ina l (van der Meer 

et a l . , 2022). Users c a n query these formal ized semant ic concepts on h i s/her area of 

interest a n d get da ta i n r e tu rn that m a t c h those concepts. 

Sen2Cube.at 
Sen2Cube .a t i s the first implementat ion of semant ic E O da ta cube in f rastructure i n the 

wor ld a n d facil itates use rs w i th interactive g raph ica l interface to per form operat ions on 

the E O data. It al lows users to search a n d process E O da ta on a higher semant ic level. 

Sen2Cube .a t interface i s suppor ted by semant ic E O da ta cube in f ras t ructure of the same 

name (Sudmanns et a l . , 2021). Sen2Cube .a t uses semant ic content based image query 

a n d retr ieval m e c h a n i s m i n the web interface to get desired in format ion w i thout the need 

of any external softwares. The user gets access to the da ta cube v i a g raph ica l user 

interface w h i c h connects semant ic models to in format ion stored i n the cube (Tiede et a l . , 

2019). In add i t ion to the g raph ica l user interface, there i s also opportuni ty to access 

Sen2Cube .a t v i a C o m m a n d Line Interface (CLI) a n d ArcG IS Pro Toolbox. A semant ic E O 

da ta cube in f rastructure intents to direct ly integrate computer v i s i on at the level of E O 

da ta cube (Sudmanns et a l . , 2022). 

Data cube system 
(ODC Open Data 
Cube) storing images 
and image derived 
products for fast 
querying through time 
"on-the-fly" 

Optical satellite 
image and 
associated fully 
automatic data-
derived 
information layers 

Semantic content-based queries through time and space in 
user defined AOIs by a graphical inference engine 

Fig 7: Semantic EO data cube concept in Sen2Cube.at (Source: sen2cube.at) 
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Figure 7 shows how the concept of semant ic E O da ta cube i s integrated i n the 
Sen2Cube.at . Semant ic queries c a n be made based on space a n d t ime i n the area of 
interest defined by the users . C u s t o m graph ica l semant ic mode ls c a n be used to create 
queries based on the requirement of user , w i thout any h a r d code programming . The 
semant ic models u s e d to generate in format ion for th i s thes is work c a n be seen i n Figure 
3 a n d Figure 4 i n Chapter 2. A n inference engine converts these semant ic models to E O 
da ta cube fr iendly queries a n d the corresponding resul t i s re turned. The resul t c a n be 
downloaded i n different formats opt ima l to be used i n other GIS softwares for further 
works. 

Fig 8: Web interface of Sen2Cube.at 

At the t ime of th i s wr i t ing , the semant ic E O da ta cube i s implemented for the whole of 

Aus t r i a , some parts of S y r i a a n d A fghan is tan a n d some regions of Europe . A l l of these 

factbases c a n be accessed from one interface as s h o w n i n Figure 8. The first three 

factbases are powered by Sent inel-2 sensors a n d conta in a l l avai lable imageries from 

2015 to now. The last factbase, also k n o w n as Semant iX , i s powered by A V H R R and 

Sent inel-3 A / B a n d conta ins da ta f rom 1981 to now. B u t the in f rastructure c a n be 

implemented i n any other part of the wor ld or w i th any other sensors ( Sudmanns et a l . , 

2021). 

Sentinel-2 mission 
European Space Agency (ESA) operates the Sent inel-2 m i s s i o n under their Copern i cus 

Program. The m i s s i o n cons is ts of two satel l i tes Sent ine l -2A a n d Sent ine l -2B, l a u n c h e d i n 

2015 a n d 2017 respectively. The two satell ites are operated concurrent ly phased at 180 

degrees to each other a n d consist of a mul t i spec t ra l imager w i t h 13 spectra l bands (four 

bands at 10 m , s ix b a n d s at 20 m a n d three bands at 60 m spat ia l resolution). Sent ine l -

2 h a s three spat ia l reso lut ions of 10, 20 a n d 60 meters depending on the band . The 

tempora l reso lut ion i s 10 days at the equator w i t h a single satell ite a n d 5 days w i t h both. 

Some of the appl icat ions of p roduc ts from Sent ine l -2 m i s s i ons are i n the field of c l imate 

change, l a n d moni tor ing , emergency a n d c iv i l secur i ty (Sentinel-2 - M i s s i ons - Sent ine l 

Onl ine , n.d.). 
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Multi temporal data 
Tempora l da ta i s da ta associated w i t h t ime. The scale of the t ime cou ld be a n ins tant 

point or a longer per iod. T ime c a n be expressed at different scales l ike days, weeks, 

months , years, etc. Therefore, the da ta c a n also be represented at different levels. M u l t i 

t empora l da ta i s the da ta of the same area col lected over some t ime. Accord ing to 

(Peuquet, 1994), spat io- temporal da ta i s a func t ion of three components ; locat ion (where), 

t ime (when) a n d da ta i tsel f (what). Three bas ic quest ions c a n be formed based on the t r i ad 

framework proposed by Peuquet. Data(what) i s descr ibed by when(time) and 

location(where). Time(when) i s descr ibed by location(where) a n d data(what) and 

location(where) i s descr ibed by data(what) a n d time(when). T ime c a n be used to t rack 

changes i n the data, f ind ing causes of events i n the past a n d predict ing the ones i n future. 

W h a t 

W h e r e •<— > W h e n 

Fig 9: Triad framework of spatio-temporal data (Source: Peuquet, 1994) 

The technological advancements a n d the open da ta pol icy f rom several b ig ins t i tu t ions 

have faci l i tated i n the access of increas ing amount of E O data. One of the active field of 

remote sens ing for some t ime now is the process ing of mu l t i - t empora l da ta (J ianya et a l . , 

2008). M u l t i t empora l images i n E O have been u s e d for s tudy ing different app l icat ion of 

vegetation moni tor ing , t rends of d isasters, l a n d surface change, etc. Remote sens ing data, 

par t i cu lar l y m u l t i t empora l k i n d , gives u s the opportuni ty to observe, moni tor a n d predict 

the dynamics of n a t u r a l a n d anthropogenic processes (Ban, 2016). Unders tand ing the 

context i n the past c a n help u s unde r s t and the possib i l i t ies i n the future. The tempora l 

re la t ionship i n the da ta ass is ts users to l ea rn from the past, unde r s t and the current 

scenario a n d make predict ions for future. Exp lo ra t i on a n d ana lys i s of spat io- temporal 

da ta i s chal leng ing due to the need for reveal ing tempora l dynamics i n it. V i sua l l y 

represent ing th i s k i n d of da ta i s he lp fu l to unde r s t and it (Wu et a l . , 2018). 

M a p s a n d s imi la r v i sua l i za t ions are the most c o m m o n forms of represent ing spat ia l data. 

A good cartographic product or a v i sua l i za t i on c a n present complex da ta i n a s impler way 

to the map users . The h u m a n perceptua l system i s advanced a n d specif ical ly su i t ed to 

spot v i s u a l patterns. V i sua l i za t i on str ives to exploit these capabi l i t ies a n d a ids i n seeing 

a n d comprehend ing abstract a n d arcane data. Unseen re la t ionships between da ta and 

their t rends c a n be seen th rough effective v isua l i za t ion . Interact ion is considered to be 

a n impor tant parameter for v i sua l i z ing t ime or iented da ta (Aigner et a l . , 2007). Stat ic 

maps , dynamic m a p s (with cer ta in level of dynamicity) or series of t hem have also been 

used to v isual ize spat io- temporal data. Interactive m a p s a n d other v i s u a l methods have 

also ga ined h i gh popular i ty to v isual ize them (Andrienko et a l . , 2010). 
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Web mapping 
Web mapp ing technologies have been gett ing popular as a m e d i u m to v isual ize the 

geospatial data. N e u m a n n (2008) defines web mapp ing as the process of designing, 

implement ing , generat ing a n d del ivering m a p s on the Wor ld Wide Web (WWW). The three 

bas ic elements i n web mapp ing are geodata a n d their v isua l i za t ion , software a n d the web 

(Bert et a l . , 2017). The advancement i n technologies have drast ica l ly improved the 

development of web mapp ing technologies. Some of the key events for web mapp ing 

inc ludes the creat ion of Wor ld Wide Web (WWW) i n 1989, H T M L i n 1993, MapQues t i n 

1996, Geoserver i n 2001 , l a u n c h of Google M a p s a n d Google E a r t h i n 2005 a n d ArcGIS 

On l ine i n 2012 . The t rend of web cartography h a s changed the way i n w h i c h geospatial 

da ta are commun ica t ed (Cartwright, 2003). 

The key d i s t inc t i on between designing m a p s for p r in t med ia a n d for the web i s that, the 

first one is designed for the map readers whi le the latter one is for map users 

(Muehlenhaus , 2013). Even the m a p s i n the web c a n be bo th stat ic a n d dynamic types. 

B o t h these types c a n be further categorized to interactive m a p s or v iew only maps . The 

static v iew only m a p s are the ones that are up loaded to the web after s cann ing the 

phys i ca l copies. Interactive stat ic m a p s al lows use rs to c l i ck on the map a n d redirect to 

some other in format ion. V i ew only dynamic m a p s are the s imple an imated m a p s w i t h no 

poss ib i l i ty of interact ions from users . Interactive dynamic m a p s have more poss ib i l i ty of 

man ipu la t i ng the content i n them (Kraak & B r o w n , 2001). They give more privilege to the 

users to customize the content i n the maps . However, the level of interact ion between 

h u m a n - m a p varies for each case. The mode rn cartography i s character ized by 

interact iv i ty a n d dynamic i ty of the elements present i n it (MacEachren & Kraak , 2001). 

The cartographic p roduc ts on the web are more interactive t h a n stat ic products . There 

are three elements of cartographic interact ion; h u m a n s , map a n d technology. Users and 

map interact w i t h each other th rough the m e d i u m of some technology. B o t h m a p users 

a n d cartographic p roduc ts possess the capacity to induce change i n one another (R. E. 

Roth, 2012). 

C A R T O G R A P H I C I N T E R A C T I O N 

human(s) computing device map 

user-centered technology-centered interface-centered 

Fig 10: Elements of cartographic interaction (Source: R. Roth, 2011) 
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User evaluation 
The use of web map appl icat ions is not always s imple. A l though the m a p is the dominant 

component, there are m a n y other components involved to b u i l d a web map appl icat ion. 

The m i x of a l l these components might make the overal l web app complex for the users 

to use a n d unde r s t and the contents i n it. Accord ing to the Internat ional S tandard 

Organizat ion (ISO) 9 2 4 1 , Usabi l i ty i s defined as "the effectiveness, efficiency and 

sat is fact ion w i t h w h i c h specif ied use rs achieve specif ied goals i n par t i cu lar 

environments" . A n eva luat ion m e c h a n i s m is required to test the usab i l i t y of the map(s) 

a n d other components of the web map appl icat ion. Web map appl icat ions or any other 

v i s u a l analyt ic tools have to be evaluated by the users to test their design, interact iv ity 

a n d the v i sua l i za t i on aspect (Popelka et a l . , 2019). Subjective user eva luat ion is one of 

the s implest ways to evaluate a product . The qual i ty of th i s k i n d of method is h ighly 

correlated to the use rs par t i c ipat ing i n the evaluat ion. The resul t might not a lways be 

suitable for further interpretat ion due to i ts subjective nature (Sterba et a l . , 2014). 

Methods l ike surveys (online a n d offline) are a qu i ck way to assess the cartographic works 

a n d are less costly. Aga in , i t i s h igh ly dependent on the select ion of the users . The 

semant ic differential approach measures people's at t i tudes v i a semant ics . Users might 

be asked i f they l ike or d is l ike someth ing i f they f ound something attractive or d u l l or 

s imi lar (Bláha, 2009). The L ikert scale i s a popu lar psychometr ic technique to measure 

the att i tude of par t i c ipants towards the quest ion (Joshi et a l . , 2015). There are other 

sophist icated methods l ike eye t rack ing a n d appl icat ion-based methods for user 

eva luat ion that provides very accurate resul ts . 
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4 DEVELOPMENT PROCESS OF WEB APPLICATION 
The chapter expla ins a l l the processes involved i n the development of the web appl icat ion 

star t ing from the pre-process ing of the in format ion obta ined from Sen2Cube.a t to host ing 

the web app l i ca t ion on a G i t H u b page i n detail . 

4.1 Information pre processing 
Six i nd i v i dua l rasters, one for each year f rom 2016 to 2021 were obta ined from the first 

mode l i n Sen2Cube.at . E a c h raster conta ined a percentage of vegetation observed per 

p ixe l for L a n d Sa l zburg i n that par t i cu lar year. The vegetation d i s t r ibut i on for 2016 looked 

as follows: 

Vegetation observed in Land Salzburg, 2016 

Fig 11: Percentage of vegetation observed for Land Salzburg in 2016 

As ment ioned i n the last chapter, each p ixe l i n the semant ic E O da ta cube i s mapped to 

at least one categorical interpretat ion. The interpretat ion cou ld be any th ing l ike water, 

vegetation, etc. Percentage i n th i s case represents the occurrence of 'vegetation' i n that 

par t i cu lar p ixe l per 100 avai lable imageries d u r i n g the year. The range of percentage 

varies f rom year to year as s h o w n i n the figure below. 

Range of vegetation % per pixel in Land Salzburg 

2016 2017 2018 2019 2020 2021 
Years 

Fig 12: Variation of vegetation percentage observed in different years 
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F r o m the second model , a single raster w i th 12 bands , each conta in ing the month ly 

percentage of water occurrence per p ixe l for the s tudy area i n the north-western Sy r i a 

region for 2022 was obtained. The single m u l t i b a n d raster was converted to mul t ip l e 

single bands rasters i n Py thon u s i n g the gdal_translate p rogram of the Geospat ia l Da ta 

Abs t rac t i on L ibrary (GDAL). Subsequent ly , 12 rasters were obtained, one for each m o n t h 

of 2022 . The month l y d i s t r ibu t i on c a n be i l lus t ra ted i n the figure below. 

Range of water % per pixel in Syria-Turkey border region 
1 0 0 1 0 0 1 0 0 1 0 0 

M o n t h s i n 2 0 2 2 

Fig 13: Variation of water percentage observed in different months of 2022 

The col lect ion of rasters for the use case i n Sa l zburg a n d the Sy r i a were loaded separately 

i n QGIS for the next steps. 

4.1.1 Raster thresholding 
The first step was to create b inary rasters based on cer ta in thresho ld percentages. The 

thresho ld percentages for vegetation i n Sa l zburg were set to 10, 20, 30, 40 a n d 50 

cons ider ing the range of vegetation percentage over the s tud ied years. For each thresho ld , 

a Py thon scr ipt generated s ix b inary rasters, one for each year from 2016 to 2021 . The 

b inary rasters created for that thresho ld conta ined only those p ixe ls w i t h va lue equal to 

or greater t h a n the thresho ld value. The tota l n u m b e r of rasters created was 30. The 

b inary va lues i n r esu l t ing rasters were programmed i n a geometric sequence of two as 

shown i n the table below. 

Table 1 Years and their corresponding values in resulting raster after raster thresholding 

Years Binary values in resulting raster 

2016 0 or 64 

2017 0 or 32 

2018 0 or 16 

2019 0 or 8 

2020 0 or 4 
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2021 0 or 2 

S imi lar ly , the scr ipt was r u n for the percentage of water occurrence. The thresho ld 

percentage, i n th i s case, was set to 10, 20, 30, 40, 50, 60 a n d 70, aga in cons ider ing the 

range of month ly water percentage i n 2022 . For the case of water i n Syr ia , 12 b inary 

rasters were created for each thresho ld percentage w h i c h i n tota l adds to 84 rasters. The 

va lues i n the b inary rasters were programmed i n the same way as i n the vegetation case 

of Sa l zburg but w i t h 12 orders. 

Table 2 Months and their corresponding values in resulting raster after raster thresholding 

Months Binary values in resulting raster 

J a n u a r y 0 or 4096 

February 0 or 2048 

M a r c h 0 or 1024 

A p r i l 0 or 512 

May 0 or 256 

J u n e 0 or 128 

J u l y 0 or 64 

Augus t 0 or 32 

September 0 or 16 

October 0 or 8 

November 0 or 4 

December 0 or 2 

The reason for u s i n g different b inary va lues for each year or m o n t h i s to ass ist i n the 

ident i f icat ion of w h i c h month(s) or year(s) the p ixe l va lues correspond to, i n further steps. 

4.1.2 Raster addit ion 
A l l the newly created b inary rasters for each thresho ld percentage were added us ing 

another Py thon scr ipt , w h i c h c a n be f ound i n the at tachment. It i s to be noted that the 

add i t ion operat ion was performed on a p ixe l level. The p ixe l va lues of corresponding pixels 

i n different rasters were added. So, five rasters for five thresho ld va lues were obta ined for 

the Sa l zburg region a n d seven rasters for seven thresho ld va lues were obta ined for Syr ia . 

4.1.3 Generation of unique values' rasters 
U s i n g the rasters obta ined i n the last step as input , new rasters were created w i t h the 

help of another Python scr ipt that generates i nd i v i dua l rasters based on the un ique 

va lues present i n the input . 

t h r e s h o l d = 50 
i n r a s t e r = f p a t h t o d i r e c t o r y / f i n a l o u t p u t 5 0 . t i f 
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w i t h r a s t e r i o . o p e n ( i n r a s t e r ) as s r c : 
r a s t e r d a t a = s r c . r e a d ( l ) 
u nique v a l u e s = n p . u n i q u e ( r a s t e r data) 

f o r v a l i n u n i q u e v a l u e s : 
out r a s t e r = f p a t h t o d i r e c t o r y / r a s t e r { i n t ( v a l ) } { t h r e s h o l d } . t i f ' 
out ds = g d a l . G e t D r i v e r B y N a m e ( ' G T i f f ' ) . C r e a t e ( o u t r a s t e r , 
i n d s . R a s t e r X S i z e , i n d s . R a s t e r Y S i z e , 1, d a t a t y p e , 
options=['COMPRESS=DEFLATE']) 

out d s . S e t P r o j e c t i o n ( i n d s . G e t P r o j e c t i o n ( ) ) 
out d s . S e t G e o T r a n s f o r m ( i n d s . G e t G e o T r a n s f o r m ( ) ) 

d a t a = i n band.ReadAsArray() 
d a t a [ d a t a != v a l ] = 0 
out band = out d s . G e t R a s t e r B a n d ( 1 ) 
out b a n d . W r i t e A r r a y ( d a t a ) 

The snippet of the scr ipt above shows how a raster i s t aken as input , the un ique va lues 

i n i t are read a n d then new rasters are n a m e d a n d created w i t h that un ique va lue w i th 

same propert ies as i npu t raster. The n u m b e r of rasters created i n th i s step were equal to 

the n u m b e r of un ique p ixe l va lues present i n the i npu t rasters. A r o u n d 300 un ique 

rasters for vegetation a n d 10300 un ique rasters for water occurrence were generated i n 

total. The va lues i n these rasters are b inary. They either consist of the un ique va lue or 

zero as their p ixe l va lues. These newly created rasters are going to be quer ied u s i n g front-

end languages a n d v i sua l i zed i n the web app l i ca t ion i n the further steps. 

The rasters created were n a m e d i n s u c h a way that it wou ld be easier to identify a n d 

query them i n the subsequent stages. For the vegetation case, rasters were n a m e d as 

raster_{unique_values}_{threshold} as seen i n the code above. 'Unique_va lues ' i n the name 

corresponds to the b inary va lues of one single year or s u m of mul t ip l e years. T h r e s h o l d ' 

corresponds the thresho ld percentage u s e d for b inary encoding i n 4.1.1. For example: 

raster_4_30 represents the pixels that were vegetated only i n 2020 bu t not i n rest of the 

years a n d w i t h 3 0 % thresho ld . raster_38_10 represents pixels that were vegetated only 

i n 2017 ,2020 a n d 2021 bu t not i n the r ema in ing years a n d w i t h 1 0 % threshold . For the 

water occurrence, rasters were n a m e d as water_{unique_values}_{threshold} . T h r e s h o l d ' 

corresponds aga in to the thresho ld percentage used for b inary encoding i n 4.1.1 a n d 

'unique_va lues ' corresponds to the b inary va lues of one single m o n t h or s u m of mul t ip le 

mon ths as s h o w n i n Table 2. These un ique va lues rasters represent only exclusive pixels 

for the selected years i n Sa l zburg or mon ths i n Syr ia . 
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4.1.4 Generation of style files 
Styled Layer Descr iptor (SLD) i s a n O G C s tandard that controls the appearance of 

geospatial da ta ("Styled Layer Descr iptor , " n.d.). It i s the p r imary sty l ing language used 

by Geoserver. S L D style files were generated w i t h Python scr ip t ing ins ide QGIS. Red ( 

HEX code: #ffOOOO) a n d b lue (HEX code: # OOOOfJ) co lours were used for s ty l ing the pixels 

for bo th vegetation a n d water occurrence based on their h i gh v i s u a l impact or strong 

v i s u a l presence nature . Two set of S L D files for the a l l rasters were generated for each 

s tudy area based on the requirement i n next steps. B l a ck (HEX code: # 000000) a n d white 

(HEX code: ttfffffj) co lours were used for s ty l ing the boundar i es i n bo th cases. The vers ion 

of S L D s exported by QGIS were 1.0 a n d 1.1 for raster a n d vector respectively. 

The ind i v i dua l style file wou ld be associated w i t h the corresponding raster i n Geoserver 

i n the next steps to come. The schemat ic below summar i z es the overal l wo rks involved i n 

the pre process ing of in format ion obta ined from Sen2Cube.at . The complet ion of these 

processes makes our raster ready to be hosted a n d v isua l i zed i n the next steps. 

Input raster 

Raster 1 
Raster 2 
Raster 3 
Raster 4 
Raster 5 
Raster 6 

Threshold. 

py 

Resulting raster value 

0and2 
• Oand 4 

Oand 8 
Oand 16 
Oand 32 
0 and 64 

Addition.p 

y • raster_threshold.tiff 

Uniquev 
alues.py 

N number of StD files 
generate_ 
SLD.py 

-N number of rasters 

Fig 14: Illustration of overall raster pre-processing workflow 

4.2 Hosting data in Geoserver 
The raster a n d vector da ta were hosted i n Geoserver. It i s a n open source server to p u b l i s h 

da ta to serve i n web appl icat ions (Iacovella, 2014). Workspaces , Stores, a n d Layers, w h i c h 

are three of the fundamenta l da ta types i n Geoserver, were used for hos t ing the data. A 

layer i s a vector or raster da ta that i s stored i n Geoserver. A store i s a m e d i u m to connect 

da ta to i t s source. F inal ly , workspaces are conta iners to group i t ems together. For 

example: Layers a n d style files c a n together be i n a workspace. 

4.2.1 Creation of workspace 
Four workspaces were set u p i n Geoserver, two for vegetation i n Sa l zburg a n d another 

two for water i n the Sy r i a region. The workspaces were n a m e d as veg_salzburg, 

veg_salzburg2, water a n d water2 as shown below. The first two were set u p for the 

vegetation i n Sa l zburg a n d the other two were set u p for water occurrence i n no r th 

western Syr ia . 
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Workspaces 

+ [i>jt of i items; 

Fig 15: Screenshot of the Geoserver displaying workspaces 

The reason for creat ing two workspaces for the same region was to be able to style the 

same rasters w i t h two different co lours (red a n d blue) i n the next steps a n d be able to 

use it for compar i son map i n the web appl icat ion developed i n the later stage. 

4.2.2 Upload of data and styles 
The rasters pre processed for vegetation i n Sa l zburg were up loaded to two workspaces 

veg_salzburg a n d veg_salzburg2. Two different sets of the same rasters organized i n two 

different folders i n the local directory were up loaded to these two workspaces. S L D files 

conta in ing red colour were up loaded to the first workspace a n d the ones w i t h b lue colour 

were up loaded to the second workspace. B o u n d a r y files as wel l as the S L D files to be used 

w i th them were also up loaded to the workspace. Cons ider ing the large vo lume of bo th 

rasters a n d style files, a Python package cal led "geoserver-rest" was used to automate the 

entire process from the creat ion of the workspace to the up l oad of da ta a n d S L D files to 

Geoserver. The geoserver-rest i s a n open source Python package to manage da ta i n 

Geoserver (Kshetr i et a l . , 2021). A s imi la r process was repeated for another two 

workspaces Svater' a n d Svater2' for the case of water occurrence i n nor th-western Syr ia . 

4.2.3 Linking of data and styles 
Fina l ly , the S L D files i n the workspace were associated w i t h the corresponding files (both 

raster a n d vector) i n the same workspace. The snippet of the Python scr ipt below shows 

the up load ing of style files to one workspace a n d assoc iat ing them w i t h the rasters already 

i n that same workspace w i th the help of 'geoserver-rest'. 

i m p o r t g l o b 
i m p o r t os 
from geo.Geoserver i m p o r t G e o s e r v e r 
geo = G e o s e r v e r ( ' h t t p s : / / i n f o v i z . s e n 2 c u b e . a t / g e o s e r v e r ' , 
username='rabin-admin', password= 
s l d d i r e c t o r y = " p ath t o d i r e c t o r y / s l d f o l d e r " 

# U p l o a d i n g SLD f i l e s 
f o r f i l e n a m e i n o s . l i s t d i r ( s l d d i r e c t o r y ) : 

i f f i l e n a m e . e n d s w i t h ( ' . s l d ' ) : 
f i l e p a t h = o s . p a t h . j o i n ( s l d d i r e c t o r y , f i l e n a m e ) 
g e o . u p l o a d s t y l e ( p a t h = f i l e p a t h , workspace='veg s a l z b u r g ' ) 

# A s s o c i a t i n g t h e u p l o a d e d SLD f i l e s w i t h r a s t e r s i n t h e workspace 
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f o r f i l e n a m e i n o s . l i s t d i r ( s l d d i r e c t o r y ) : 
i f f i l e n a m e . e n d s w i t h ( ' . s l d ' ) : 

f i l e p a t h = o s . p a t h . j o i n ( s l d d i r e c t o r y , f i l e n a m e ) 
l a y e r name = o s . p a t h . s p l i t e x t ( f i l e n a m e ) [ 0 ] 
s t y l e name = o s . p a t h . s p l i t e x t ( f i l e n a m e ) [ 0 ] 
g e o . p u b l i s h s t y l e ( l a y e r name=layer name, s t y l e name=style name, 

workspace='veg s a l z b u r g ' ) 

The code impor ts necessary packages i n c lud ing geoserver-rest, log into Geoserver w i th 

credent ia ls a n d sets the directory for style files i n the first block. The second b lock 

up loads the style files w i t h . SLD extension from the loca l directory to the Veg_salzburg ' 

workspace. F ina l ly , the up loaded S L D files are matched w i t h the rasters of the same name 

i n the workspace. F ina l ly , i nd i v i dua l S L D files are associated w i t h ind i v i dua l raster layers, 

w h i c h already exist i n the same workspace , i n the last b lock of the code. It i s to be noted 

that the interrelated raster layer a n d S L D file share the same name, w h i c h is what he lps 

to m a t c h them together. The same phenomenon was repeated for three other workspaces 

but w i t h a different set of S L D files. 

4.2.4 Publishing of Web Map Service (WMS) images 
Geoserver suppor ts different O G C s tandards l ike Web M a p Service (WMS), Web Feature 

Service (WFS), Web Coverage Service (WCS), etc. for serving the data. The type of da ta to 

be served is one of the factors to define the k i n d of s t andard to be u s e d for serving. W M S 

produce m a p s of spat ia l da ta i n image formats l ike J P E G , P N G , GIF , etc (de l a 

Beaujardiere, 2006). W M S also r e turns images i n other formats l ike PDF , K M L , GeoRSS, 

etc. The other formats that W M S c a n r e tu rn images are P D F , K M L , etc. (WMS Outpu t 

Formats — GeoServer 2.24.x User M a n u a l , n.d.). The W M S service for a l l four workspaces 

was enabled. W M S was chosen over W C S to serve the rasters because no operat ions were 

to be needed for the rasters. A l l of the rasters were already pre-processed i n the last step 

a n d only needed to be d isp layed as a n image. The Ge tMap operat ion of W M S wou ld be 

used i n the next steps to request the Geoserver to generate the map image i n Portable 

Network G raph i c s (PNG) format. 

A typ ica l W M S request for layer Veg_sa lzburg :raster_100_10 ' i n Coordinate Reference 

System (CRS) of E P S G : 3 0 3 5 i n P N G format w i t h default style looks l ike the following. The 

height, w i d th a n d the bound ing box of the request image are also specified. 

h t t p s : / / i n f o v i z . s e n 2 c u b e . a t / g e o s e r v e r / v e g s a l z b u r g / w m s ? 
service=WMS 
S v e r s i o n = l . 1 . 0 
Srequest=GetMap 
S l a y e r s = v e g _ s a l z b u r g % 3 A r a s t e r _ 1 0 0 _ 1 0 
&bbox=4470000.0%2C2650000.0%2C4630000.0%2C2780010.0 
&width=768 
&height=624 
&srs=EPSG%3A3035 
&format=image%2Fpng 

Fig 16: Example for GetMap operation of WMS 
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In summary , rasters, vectors a n d style files were up loaded to Geoserver, a n d geospat ia l 
da ta a n d their corresponding styles were l i nked to each other. A n d they were prepared to 
be served w i t h W M S as images a n d t h u s v i sua l i zed i n web app l i ca t ion i n successive 
stages. 

W ' 

Fig 17: Schematic representation of overall workflow of preparing data for next step 

4.3 Visualization 
Cons ider ing interact iv i ty as the m a i n factor a n d t h u s prov id ing use rs w i t h more r ights to 

the map products , the dec is ion to create a n interactive web appl icat ion was made. The 

cl ient-side web appl i ca t ion to v isual ize the rasters created i n prev ious steps was 

developed u s i n g H T M L , C S S a n d J S . T h i s sect ion deals w i th the processes, pr inc ip le 

concepts, l ibrar ies a n d other components used to develop the web appl icat ion. Th i s step 

was in i t ia ted after the complet ion of host ing da ta i n the server. 

Landing page 
[Vegetation in 

Salzburg) 

r I i 

I Ksmcivic LCJ I I L-om|jr.-i:-ij*i I 
I data cube | | Map | 

Map 2 MoL-iiKi-; ijuv Semant c EC 

Switch to Syria-
Turkey region 

SHirisiriiii: FO Comparison | About Switch to 
Section I Salzburg region ] 

Month(s) frhreähb d %| I ZOOrtl h f Zoom to 

selection I selection Zoom out I Home 

Fig 18: Architecture of the client-side visualization 

The web app l i ca t ion pr imar i l y consist of nav igat ion bar a n d cartographic v isua l i za t ion . 

The v i sua l i za t ion covers the signif icant por t ion of the layout a n d i s the m a i n component 

of the appl icat ion. The nav igat ion bar i s to ass ist the readers w i t h add i t iona l in format ion 

a n d swi tch ing s tudy areas. The 'Methodology', 'Semant ic E O da ta cube' , a n d A b o u t ' 

sect ion conta ins in format ion about da ta cube, pre process ing a n d v i sua l i za t i on approach 

that complements the map users a n d enhance their unde rs tand ing of the 
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map/cartographic p roduc ts i n the appl icat ion. The vegetation case i n Sa l zburg was set 

as the m a i n l and ing page of the web appl icat ion. Add i t i ona l web pages for other sections 

of the appl icat ion were set up . Th i s i n c luded bo th H T M L a n d C S S files for each of the web 

pages. The assets for the web appl icat ion a n d web pages for another s tudy area, no r th 

western Syr ia , were set u p i n two separate sub-director ies ins ide the m a i n directory for 

organiz ing the web pages systematical ly . The i l lus t ra t i on above shows the detai led 

schemat ic representat ion of the archi tecture of the v i sua l i za t i on side of the appl icat ion. 

The contents a n d their appearance were contro l led by H T M L a n d C S S . Va r i ous pre bu i l t 

components l ike containers, modals , but tons , tooltip, nav igat ion bar, etc. of Bootstrap, a 

popular C S S framework was leveraged ins tead of manua l l y sett ing u p the styles. 

Advantages of u s i n g Bootstrap over cus t om styles were the consistency of contents across 

different browser, t ime efficiency, etc. The l ight co lours were u s e d for background , navbar 

a n d other elements of the app whi le the m a i n v i sua l i za t ion i n mapp ing contents were 

co loured w i th sharp co lours l ike red a n d b lue to create v i s u a l interest a n d dominance i n 

the cartographic product . 'Roboto' i s a sans ser i f font, developed by Google for dig i ta l 

med i a specif ical ly for Andro id . The font i s l icensed under Apache License, vers ion 2.0 

w h i c h makes it free to use. The same font, w i t h different weights a n d sizes were the only 

ones to be u s e d i n the entire app l i ca t ion to keep it s imple. 

v multijemporaljnfoviz 

> assets 

> python_scripts 
v syriajurkey 

<> index st.html 

J5 leaflet.zoomhome.js 

JS leaflet.zoomhome.min.js 

J5 main.js 

# map_compare.css 

JS map_comparejs 

<> map_comparison.html 

# stylestcBS 
# data_cube.css 

data_cube.html 

index.html 

# leafletzoonnhome.css 

JS leafletzoomhome.js 

•is leafle1.zoomhorrie.min.js 

•is main.js 

# map_compare.css 

JS map_compare.js 

<> map_connparison,htnnl 

<> methodology.html 

© README.md 
# style,ess 

Fig 19: Code structure as seen in Visual Studio Code 

JavaSc r ip t was u s e d to add interact iv i ty to the web pages. Leaflet, w h i c h i s a popular 

open source mapp ing l ibrary based i n J S was u s e d for the m a i n v isua l i za t ion . Leaflet has 

l imi ted features by default to m a i n t a i n i ts l ightweight nature . However, there are a lot of 
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p lug ins that c a n be added to Leaflet to extend i ts capabi l i t ies. Two p lug ins i n part icu lar , 

Leaflet.zoomhome a n d Leaflet. Sync, were used i n our appl icat ion to create cus tom zoom 

home bu t t on a n d synchronize two m a p s du r ing compar i son respectively. The native zoom 

contro l was d isab led a n d the p lug in was u s e d because of i t s better aesthetics. In addi t ion 

to Leaflet, jQuery , another J S l ibrary, was used to hand le events a n d man ipu la t e H T M L 

content. 

v a r s l i d e r = d o c u m e n t . g e t E l e m e n t B y l d ( " t h r e s h o l d r a n g e " ) ; 
v a r v a l u e s D i v = d o c u m e n t . g e t E l e m e n t B y l d ( " s l i d e r - v a l u e s " ) ; 
v a r t h r e s h o l d range = $ ( " # t h r e s h o l d r a n g e " ) . v a l ( ) ; 
$ ( " # t h r e s h o l d r a n g e " ) . o n ( " c h a n g e " , f u n c t i o n ( ) { 

t h r e s h o l d range = $ ( t h i s ) . v a l ( ) ; 
} ) ; 
f o r ( var i = 10; i <= 50; i += 10) { 

v a r span = d o c u m e n t . c r e a t e E l e m e n t ( " s p a n " ) ; 
s p a n . i n n e r T e x t = i ; 
v a l u e s D i v . a p p e n d C h i l d ( s p a n ) ; 

} 

s l i d e r . a d d E v e n t L i s t e n e r ( " i n p u t " , f u n c t i o n ( ) { 
v a r v a l u e = s l i d e r . v a l u e ; 
v a r spans = v a l u e s D i v . g e t E l e m e n t s B y T a g N a m e ( " s p a n " ) ; 
f o r ( var i = 0; i < s p a n s . l e n g t h ; i++) { 

i f ( s p a n s [ i ] . i n n e r T e x t == v a l u e ) { 
s p a n s [ i ] . c l a s s L i s t . a d d ( " a c t i v e " ) ; 

} e l s e { 
s p a n s [ i ] . c l a s s L i s t . r e m o v e ( " a c t i v e " ) ; 

} 

} 

}) ; 

The code snippet above changes the value of thresho ld percentage i n the backend on the 

change of s l ider i n the front end by map reader a n d stores that value. 

v a r yearSum = 0; 
y e a r s . m a p ( f u n c t i o n ( y e a r ) { 

i f (year == 2021) { 
yearCode = 2 

} e l s e i f (year == 2020) { 
yearCode = 4 

} e l s e i f (year == 2019) { 
yearCode = 8 

} e l s e i f (year == 2018) { 
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yearCode = 16 
} e l s e i f (year == 2017) { 

yearCode = 32 
} e l s e i f (year == 2016) { 

yearCode = 64 
} e l s e { 

yearCode = 0 
} 

yearSum = yearSum + yearCode 
} ) 

The funct ion w i t h year a n d yearCode i s the core logic of our appl icat ion. It shows how 

user queries par t i cu lar years i n the frontend. T h i s code comes from Table 1 i n the raster 

thresho ld ing stage. A new variable i s ass igned based on y e a r S u m ' a n d ' threshold_range' , 

w h i c h comes from the funct ion descr ibed previously. The same var iable name is t aken by 

Leaflet a n d matched w i t h the raster of the same name i n the server. F inal ly , w h e n it f inds 

it, Leaflet adds the W M S image of the raster to the map. 

v a r r a s t e r L a y e r N a m e = " r a s t e r ${yearSum} $ { t h r e s h o l d r a n g e ) 1 

v a r wmsLayer = 
L . t i l e L a y e r . w m s ( ' h t t p s : / / i n f o v i z . s e n 2 c u b e . a t / g e o s e r v e r / v e g salzburg/wms' 
, { 
l a y e r s : "veg s a l z b u r g : $ { r a s t e r L a y e r N a m e } " , 
f o r m a t : 'image/png', 
v e r s i o n : '1.1.0', 
t r a n s p a r e n t : t r u e , 
z l n d e x : 1000 
} ) ; 

wmsLayer.addTo(map); 

For the water occurrence i n Sy r i a region, the thresho ld va lues ranged from 10 to 70. The 

12 mon ths were encoded as follows i n J S based o n Table 2. 

i f (month ==1) { 
monthCode = 4 096 

} e l s e i f (month == 2) { 
monthCode = 2 04 8 

} e l s e i f (month == 3) { 
monthCode = 1024 

} e l s e i f (month == 4) { 
monthCode = 512 

} e l s e i f (month == 5) { 
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monthCode = 256 
} e l s e i f (month == 6) { 

monthCode = 12 8 
} e l s e i f (month == 7) { 

monthCode = 64 
} e l s e i f (month == 8) { 

monthCode = 32 
} e l s e i f (month == 9) { 

monthCode = 16 
} e l s e i f (month == 10) { 

monthCode = 8 
} e l s e i f (month == 11) { 

monthCode = 4 
} e l s e i f (month == 12) { 

monthCode = 2 
} e l s e { 

monthCode = 0 

monthSum = monthSum + monthCode 
} ) 

A var iable i s ass igned based on ' threshold_range ' a n d 'mon thSum ' . Leaflet matches the 

name of that variable to the raster name i n the server a n d then d isp lays it as a W M S 

image i n the map i n P N G format. 

v a r r a s t e r L a y e r N a m e = "water ${monthSum} $ { t h r e s h o l d r a n g e ) 1 

v a r wmsLayer = 
L . t i l e L a y e r . w m s ( ' h t t p s : / / i n f o v i z . s e n 2 c u b e . a t / g e o s e r v e r / w a t e r / w m s ' , { 

l a y e r s : " w a t e r : $ { r a s t e r L a y e r N a m e } " , 
fo r m a t : 'image/png', 
v e r s i o n : '1.1.0', 
t r a n s p a r e n t : t r u e , 
z l n d e x : 1000 
} ) ; 

wmsLayer.addTo(map); 

For the compar i son m a p s i n each case, the s im i la r logic was appl ied bu t w i t h two different 
maps , workspaces a n d layers. 

4.4 Hosting the application 
The entire source code a n d the resources u s e d i n the web app l i ca t ion was managed u s i n g 

G i t H u b a n d the appl icat ion was hosted i n a G i t H u b page at th i s l i nk 

h t tps ://rabeno iha .g i thub. io/mul t i tempora l info viz/ . 
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5 USER EVALUATION 
The m a i n focus of the user eva luat ion of the web app l i ca t ion were the m a p s a n d the 

content i n them. Hav ing sa id that, other components of the web app l i ca t ion were also 

evaluated. The objective was to assess the comprehens ion of m a p in format ion by map 

users a n d also to collect qual i tat ive feedbacks about the cartographic elements as we l l as 

other aspects of the web appl icat ion. 

A set of 25 quest ions, w h i c h inc luded bo th subjective a n d objective types, were designed. 

Google F o r m was chosen to host the quest ionnaires because of i t s user- fr iendly interface 

to des ign a n d due to i t s popular i ty . The h ierarchy of the quest ions were ordered from 

complex to s imple. The complex to s imple h ie rarchy al lows par t i c ipants to engage w i th 

more cognitive effort i n the beg inning a n d gradual ly phase out the cognitive l oad w i th 

bas ic quest ions. T h i s he lps par t i c ipants from getting fatigued at the end of the survey. 

The quest ionnaires was designed i n s u c h a way that use rs h a d to navigate to a lmost a l l 

part of the web appl icat ion. The possible answers for bo th subjective a n d objective 

quest ions were based on text a n d mul t ip l e choices. Some of the answers were based on 

five po ints L ikert Scale. 

Table 3 Survey questionnaires and their probable answers 

Ques t i on 
n u m b e r 

Ques t i on Possible answers 

1,2,6 
Wha t does 'red' color i n the map below represents? What 
in format ion i s be ing shown? (Please be as specific as you 
can) 

Text 

3,4 
Wha t does 'blue' color i n the map below represents? What 
in format ion i s be ing shown? (Please be as specific as you 
can) 

Text 

5 Wha t does the map i n the left a n d right below represents? 
Wha t in format ion i s be ing shown? Text 

7 
'In semant ic E O da ta cube, at least two categorical 
interpretat ions are available. ' True or False? 

True or False 

8 
Wha t in format ion a n d year i s the map i n Sy r i a - Turkey 
region showing? 

Text 
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9 
A m o n g J a n u a r y a n d February, w h i c h m o n t h has more pixe ls 
w i t h water for 2 0 % thresho ld i n Syr ia -Turkey border region? 

J a n u a r y , 
February or Not 
sure 

10 
A m o n g February a n d M a r c h , w h i c h m o n t h has fewer pixels 
w i t h water for 3 0 % thresho ld i n Syr ia -Turkey border region? 

February, M a r c h 
or Not sure 

11 
How easy i s it to navigate the overal l plat form? 

O n a scale of 1 -5 

1- Easy 

5- Diff icult 

12 
C a n y o u describe the pr inc ip le u s e d i n 'About' sect ion of the 
appl icat ion, i n very short? 

Text 

13 
Were y o u able to unde r s t and the mul t i - t empora l in format ion 
better th i s way? 

Text 

14 
Wha t do y o u feel about the fonts used i n the appl icat ion? 

O n a scale of 1-5 
1- Worst 
5- Best 

15 
Wha t do y o u feel about the colors used i n the appl icat ion? 

O n a scale of 1-5 
2- Worst 
5- Best 

16 
Wha t do y o u feel about the m a p s a n d basemaps used i n the 
appl icat ion? 

O n a scale of 1 -5 
1- Worst 
5- Best 

17 
Do y o u want to add any comments on the fonts, colors, a n d 
m a p s u s e d i n the appl icat ion? 

Text 

18 
Wha t do y o u l ike about the appl icat ion? Text 

19 
Wha t do y o u d is l ike about the appl icat ion? Text 
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20 
How famil iar are y o u w i t h the concept of 'Remote Sens ing? 

Beginner, 
Intermediate, 
Expert , 

Never hea rd of i t 

21 
How famil iar are y o u w i t h the concept of ' E a r t h observat ion 
da ta cubes and/or Semant ic da ta c u b e s ? 

Beginner, 
Intermediate, 
Expert , 

Never hea rd of i t 

22 
Wha t i s your age? 

15-20, 21-24, 25 -
30, 31-40, 41 a n d 
above 

23 
Wha t i s your gender? 

Male, Female, 

Non b inary , Prefer 

not to say, Other 

24 
Highest Level of E d u c a t i o n 

No formal 
educat ion, H i gh 
school , Bachelor 's 
Degree, Master 's 
Degree, PhD , 
Other 

25 
E d u c a t i o n B a c k g r o u n d 

Text 

The context of the survey a long w i t h a short message, l i nk to the web app l i ca t ion a n d 

screenshot of the l and ing page of the app l i ca t ion expla in ing different components was 

i nc luded on top of the form. The respondents were also requested to go th rough the 

app l i ca t ion a n d be fami l iar ised w i t h it before answer ing the survey questions. 

Screenshots of the web app l i ca t ion were at tached to the quest ion n u m b e r 1, 2, 3, 4, 5 

a n d 6. The form was d isseminated to the par t i c ipants th rough soc ia l med i a a n d responses 

were col lected remotely. The resu l ts of the user eva luat ion are presented i n the next 

chapter. 
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6 RESULTS 
Th i s chapter presents a comprehensive overview of the resul ts obta ined from the overal l 

works performed i n the prev ious two chapters. The resu l ts presented here in contr ibute 

to the overal l objective of the thesis defined at the start. The chapter i s d iv ided into three 

sections. The first sect ion deals w i t h the m a i n output , w h i c h i s the web map appl icat ion 

itself. The second sect ion focuses on some of the ins ights about the data. F ina l ly , the last 

sect ion presents the f indings from the user eva luat ion of the appl icat ion. 

6.1 Web application 
The pr imary output of the workf low descr ibed i n chapter three a n d the overal l thes is i s 

the web m a p appl icat ion. The l i n k for the web appl icat ion is 

h t tps ://rabeno iha .g i thub. io/mul t i t empora l info viz/ . The web m a p app l i ca t ion presents 

v i sua l i za t ion of mu l t i - t empora l in format ion processed from Sen2Cube .a t w i t h two uses 

focused on Sa lzburg , A u s t r i a a n d northwest Syr ia . 

Fig 20: Landing page of the web application 

The appl icat ion welcomes the user w i t h a dialogue box g iv ing them some context of the 

work as shown i n the figure above. The key components of the web app l i ca t ion are: 

a. Navigation bar: The nav igat ion bar i s located at the top of each web page of the 

app l i ca t ion a n d extends hor izonta l ly across the entire container. The home page 

cons is ts of s ix nav igat ion i tems l is ted below. The vegetation case i n Sa l zburg is the 

default map i n the home page bu t use rs c a n sw i t ch to the second case of water 

occurrence by c l i ck ing a n i t em on the nav igat ion bar. 

• Home: The 'Home' i t em redirects user to the m a i n web page of the respective 

use cases. 
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Methodology: T h i s i t em expla ins the process of v i sua l i z ing m u l t i tempora l 

in format ion from Sen2Cube .a t briefly. T h i s c a n be thought of as a gist of 

chapter four of th i s document . 

Semant ic E O D a t a Cube : The i t em presents the concept of da ta cube a n d 

semant ic da ta cube i n very short . It was i nc luded i n the navigat ion bar to 

famil iar ize use rs w i t h the in t roduc t i on of th i s 'new concept'. 

Compar i s on Map : T h i s i t em redirects users to another page where use r s c a n 

compare two or more years i n two maps side by side. More about the 

compar i son map w i l l be d i s cussed i n the later sect ion of th i s chapter. 

Sw i t ch to Syr ia -Turkey region: Swi tch ing to another s tudy area i s very 

straightforward w i t h a cl ick. O n c l i ck ing th i s i tem, the user w i l l be navigated 

to another web page w i t h a s imi la r interface for water occurrence case. B u t if 

the user i s a lready i n the Syr ia-Turkey region, the i t em w i l l change to 'Swi tch 

to Sa l zburg reg ion ' a n d c l i ck ing on i t w i l l redirect to the interface for the 

vegetation case. 

About : 'About ' sect ion out l ines the approach used for v i sua l i za t i on i n the web 

map appl icat ion a n d also gives some context of the work. The v i sua l i za t ion 

approach w i l l also be descr ibed i n th is chapter later on. 

Zoom controls -

> Home Methodology Semantic EO Data Cuba Comparison Map 
9w*rtMSyne-Turtey region J About O 

• Vegetation observed per pixel in Salzburg region 
Se «"»"-«•>"-»*• * Threshold, slider 

• Vegetation observed per pixel in Salzburg region 

10 20 w 40 » 

Fig 21: Home page of the application 

Title: A s the name suggests, the T i t l e ' represents concise head ing about the 

in format ion current ly be ing represented on the map . In the appl icat ion, the title of 

the map for the vegetation case s tudy i n Sa l zburg is 'Vegetation observed per pixel in 

Salzburg region' a n d for the water occurrence case s tudy i s 'Water occurrence per pixel 

in Syria-Turkey border region for 2022'. 

Threshold slider: T h i s component al lows the use rs to select predefined thresho ld 

percentage. Users c a n move the sl ider to the desired va lue a n d that va lue w i l l be 

selected automat ica l ly as a thresho ld percentage. Pixels w i t h va lues above that 

thresho ld percentage w i l l only be d isp layed o n the map . For the vegetation case study, 

the thresho lds were pre-defined as 10, 20, 30, 40 a n d 50 a n d for the water occurrence 

case study, they were establ ished at va lues of 10, 20, 30 , 40 , 50, 60 a n d 70. A s 

ment ioned i n chapter four, the range of percentage va lues i n the da ta was t aken into 

cons iderat ion to determine the predefined va lues for the thresho ld i n the sl ider. There 
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i s also a symbo l (question mark) w h i c h w h e n hovered to, d isp lays a brief exp lanat ion 

of the thresho ld percentage. 

d. Temporal controller: Users c a n select one or mul t ip l e years from 2016 to 2021 i n 

Sa l zburg or one or more mon ths from J a n u a r y to December i n Syr ia -Turkey by 

toggling on a n d off that par t i cu lar t imeframe. There are the ' Submi t ' a n d 'Clear ' 

but tons , w h i c h on c l ick, send requests to the server to add m a p s to the d isplay a n d 

clear the display respectively. The Temporal controller a n d Threshold slider are the two 

key components that make the map interactive. Map use rs c a n man ipu la te the 

content d isp layed i n the map by contro l l ing these two components. 

e. Map: M a p is the most impor tant component of the web app l i ca t ion a n d covers the 

signif icant por t ion of the layout. The v i sua l i za t ion i n the map is control led ma in l y by 

Threshold slider a n d Temporal controller components i n the appl icat ion. Users select 

one thresho ld percentage a n d one or more years or mon ths depending o n the s tudy 

area. W h e n the Submit bu t t on i s c l icked, a l l the pixels corresponding to that par t i cu lar 

selection w i l l be d isp layed i n the map . The fol lowing map elements are present i n the 

map a n d enhance the interact iv i ty of it. 

• Zoom controls • Base m a p s selector 

• Home bu t t on • Legend 

• Scale 

Visualization approach in the map 

The map d isp lays p ixe ls that were present i n the 'selected years bu t not i n unselected 

years' . So, only exclusive pixels present i n the selected years w i l l be displayed. The 

approach is i l lus t ra ted w i t h a n example below. 

Cons ider vegetation only for three years 2016, 2017 a n d 2018 , as s h o w n i n the V e n n 

diagram. If the user selects a l l three years 2016, 17 a n d 18, those p ixe ls that were 

vegetated i n a l l three years a n d the selected thresho ld percentage w i l l be displayed. B u t 

i f the user selects only 2016, only p ixe ls vegetated i n 2016 bu t not i n 2017 a n d 2018 (red) 

w i l l be displayed. 

201B but not 
2017 and 2018 

2017 but not 
2016 and 2018 

2018 but not 
2016 and 2017 

Fig 22: Illustration of visualization approach 
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The pixe ls that were vegetated commonly i n 2016, 17 a n d 18 or i n 2016 a n d 17 or i n 

2016 a n d 18 w i l l not be displayed. So, three years are v i sua l i zed i n one layer. Though 

only three bands are s h o w n i n the F ig 17 for s impl ic i ty , the web app l i ca t ion has 

v i sua l i za t ion based on the same approach for s ix bands a n d 12 bands . Therefore, any 

k i n d of m u l t i b a n d da ta c a n be v isua l i zed i n s im i la r manner . It i s s imi la r to how R G B 

composites are created i n GIS softwares where i nd i v i dua l co lours represent i nd i v i dua l 

da ta a n d m i x co lours represent m ixed data. B u t there i s a l im i ta t i on of represent ing 

complete in format ion (6 years or 12 mon ths of da ta l ike i n th i s thesis) i n s imi la r manner 

i n GIS softwares. Therefore, the web appl icat ion attempts to v isual ize m u l t i bands data 

treat ing them as one layer a n d u s i n g a single color. 

Comparison map 

There are two m a i n maps , one for each use case i n Sa l zburg a n d Syr ia -Turkey region. In 

addi t ion to the m a i n maps , there i s also a n opportuni ty for the use rs to compare two 

different da ta for the same s tudy area w i t h two maps side by side i n bo th cases. The 

compar i son map i s expected to he lp the map users analyze the s imi lar i ty , differences or 

any patterns i n the data. The compar i son m a p s also have s imi la r map elements a n d 

layout l ike the m a i n map. Users c a n select one set of t ime per iods for the map on the left 

a n d another for the m a p on the right. The m a p s use two different co lours i n two m a p s to 

differentiate the da ta be ing represented. The m a p s on the left a n d r ight are synced to one 

another for zoom controls. 

Home Methodology Semantic E0 Data Cube Switch to Salzburg region AboutO 

Comparison map 

+ 

Select the months: © 

O January 

February 

March 

April 

May 

June 

Jury 

August 

September 

October 

November 

December 

1 Submit Clear J 

• Leaflet | © OpenStreetMac 

Select the threshold percentage O 

10 20 30 40 50 60 70 

Select the months: O ^ 

C ) January 

C O February f 
C D March I 
« April 

m May y. 
» June \ 
« 0 Jury 

\ 
O August " v 
WD September 
C D October 

C D November 

1 December 

• Leaflet | G OpenStreeiMap contnbutors© CARTO 

Fig 23: Interface for comparison map in Syria-Turkey region 

6.2 Insights from the information 
The n u m b e r of un ique pixe ls for each year was also ca lculated. In th i s work, un ique pixels 

are considered to be those w h i c h were present only i n that selected t ime period. These 

n u m b e r s give ins ights about vegetation dynamics of the region. The t r end of vegetation 

growth or loss c a n be inferred. Vegetat ion is one of the most impor tant elements of the 
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ecosystem. The in format ion about vegetation dynamics of any place c a n be used to 

unde r s t and the ecosystem process (Huo & S u n , 2021). 

Year-wise count of unique pixels for vegetat ion in Salzburg 

Threshold %: 10 Threshold %: 20 Threshold %: 30 

r 
r~~~i 

2 0 1 7 2 0 1 8 2 0 1 9 2 0 2 0 2 0 2 1 
Years 

Threshold %: 40 

2 0 1 6 2 0 1 7 2 0 1 8 2 0 1 9 2 0 2 0 2 0 2 1 
T e a r s 

Threshold %: 50 

2 0 L 6 2 0 1 7 2 0 1 8 2 0 1 9 2 0 2 0 2 0 2 1 
r e a r s 

r 
1 4 0 0 

; 1 2 0 0 

\ 1 0 0 0 

• 3 0 0 

j 6 0 0 

; 4 0 0 

2 0 0 

2 0 1 7 2 0 1 8 2 0 1 9 2 0 2 0 2 0 2 1 
Years 

2 0 1 6 2 0 1 7 2 0 1 8 2 0 1 9 2 0 2 0 2 0 2 1 
Years 

Fig 24: Unique pixels for different years and different threshold percentage 

In the web appl icat ion, w h e n the user selects only 2021 a n d not the rest of the years for 

vegetation i n Sa lzburg , the resu l t ing p ixe ls are the ones that appeared only i n 2021 . It 

means these pixels were not present i n the prev ious five years. So, these p ixe ls c a n be 

considered as vegetation ga in i n 2021 . The n u m b e r of p ixe ls differs for different thresho ld 

percentage. In a s imi la r manner , i f the user selects a l l years from 2016 to 2020 bu t not 

2021 , the resu l t ing p ixe ls are those w h i c h were present i n a l l four years but not i n the 

last year. So, these p ixe ls c a n be considered as vegetation loss i n 2021 . E a c h of the pixels 

has a 100 square meter area. Therefore, the vegetation loss and/or vegetation ga in i n 

2021 c a n be expressed i n terms of area as s h o w n i n Table 4. 

Table 4 Vegetation gain and loss for different threshold percentage in 2021 

Thresho ld % Vegetat ion ga in 

(km 2) 

Vegetation loss 

(km 2) 

Cumu la t i v e 

area (km 2) 

Ga in/Loss 

10 3.6299 59.894 56.2641 Loss 

20 10.8897 42.7571 31 .8674 Loss 

30 26 .6555 69 .0865 42.431 Loss 

40 33.9781 1.5586 -32 .4195 G a i n 

50 3.3371 0 -3.3371 G a i n 

There i s very less n u m b e r of un ique pixe ls for 2017 , 2019 a n d 2021 for thresho ld 

percentages 40 a n d 50 as seen i n Figure 24. The pat tern i s also not so different for the 

other three thresholds . The bar g raph conveys the not ion of less vegetation dynamic s i n 

the Sa l zburg region d u r i n g these three years compared to the other three years 2016, 
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2018 a n d 2020. The s tudy of the reasons for the change i n vegetation dynamics i s beyond 

the scope of the thesis. 

Unique pixels for water occurrence in Syria-Turkey region, 2022 for 10% threshold 
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Fig 25: Unique pixels containing water in Syria-Turkey region with 10% threshold 

The water occurrence i n Syr ia -Turkey region was also projected to a graph. The f inding 

states that the area conta ined more un ique pixels du r ing the mon ths of February, M a r c h 

a n d December. There were very less un ique pixe ls d u r i n g the m o n t h of J u n e , J u l y a n d 

August , a lmost close to zero a n d there was a s u d d e n sp ike i n September. The fu l l t rend 

of the water dynamics c a n be perceived from the Figure 25. S imi la r pat terns were 

observed w i t h other thresho ld percentage. 

6.3 Findings from user evaluation 
The web appl icat ion was designed w i t h a very specific purpose a n d i ts user group i s very 

l imited. The expected use rs are most ly people w i t h some backg round i n GIS, Remote 

Sens ing a n d Cartography. Cons ider ing th is , the survey was c i rcu la ted to people w i th 

some techn ica l backg round of these topics. 

The goal was to unde r s t and i f the in format ion i n the map c a n be interpreted by the map 

users as we l l as get the overal l feedback on the cartographic a n d other components of the 

web appl icat ion. The first part of the survey i n c luded quest ionnaires related to the user 's 

unde rs tand ing of the v i sua l i za t i on approach u s e d i n the appl icat ion. The second segment 

focused on the other components of the web appl icat ion i n c lud ing co lours , fonts and 

basemaps used. The last part was about unders tand ing the respondent 's backg round 

i n c lud ing their famil iar i ty w i t h the topics. The order of the quest ions was arranged i n 

complex to s imple h ie rarchy as ment ioned i n Chapter 5. 
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Sixteen par t i c ipants responded to the survey out of w h i c h 10 were males a n d the rest of 

the others were female. The respondents were from the backg round of Geomat ics 

Engineer ing, Geoinformatics, GIS, Geoscience, Geography, Geodesy, Env i r onmenta l 

Science a n d C i v i l Engineer ing. Most of t h e m h a d fami l iar i ty w i th Remote Sens ing a n d 

related concepts. Two of the respondents never hea rd about earth observat ion da ta cubes 

before whi le the r ema in ing others h a d some level of unders tand ing about it. A l l of them 

except for one were i n the age category of 21-24 a n d 25-30. The r ema in ing one was i n the 

age category of 31-40 . A l l of the respondents h a d at least completed undergraduate 

studies. 

The first s ix quest ions asked respondents to answer what red or b lue color corresponds 

to i n the map . Screenshots from the appl icat ion were pu t i n each quest ion. About 6 5 % of 

the responses were correct for these quest ions. 

Home Methodology Semantic EO Data Cube Comparison Map Switch to Syria-Turkey region About O 

Select the threshold percentage: © 
Vegetation observed per pixel in Salzburg region f 

111 20 JO 40 M 

Fig 26: Pixels vegetated in 2016-2020 but not in 2021 with 10% threshold 

About 6 5 % of the responses were correct for these quest ions. S ince the responses to these 

quest ions were text-based, the author considered those answers to be the correct ones 

where bo th the selected a n d unse lected years/months were ment ioned logically. For 

example: If the quest ion was 'What does 'red' colour in the map below represents? What 

information is being shown? (Please be as specific as you can)' i n reference to F igure 26, 

the probable correct answers w o u l d be: i . Vegetation observed in 2016, 2017, 2018, 2019, 

2020 but not in 2021; i i . Vegetated pixels with 10% threshold from 2016-2020 but not in 

2021; or something s imi lar . B u t i f the respondents j u s t answered 'vegetated pixels from 

2016 to 2020' or 'vegetated pixels from 2016, 2017, 2018, 2019, 2020 with 10% threshold', 

that wou ld be cons idered incorrect . Five po ints L ikert scale was used to 
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Fig 27: Perception of respondents towards fonts, colours and basemaps 

enquire the user percept ion on fonts, co lours a n d basemaps. Majority of the par t i c ipants 

expressed positive percept ion towards a l l three elements. One of the par t ic ipant was 

neu t ra l about the fonts used a n d two of them were neu t ra l about the colours. The fu l l 

in format ion is presented i n F igure 27. W h e n asked about what they l i ked about the 

appl icat ion, the c o m m o n answers were way of v i sua l i z ing m u l t i t empora l in format ion, 

side wise compar ison, etc. B u t the respondents also felt the necessary of more 

comprehensive documenta t i on about the approach w i t h interest ing examples, 

improvement i n the interface a n d speed, etc. 
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7 DISCUSSION 
Interactive web app l i ca t ion w i t h a focus on v i sua l i za t i on of m u l t i t empora l in format ion 

was created w i t h the workf low devised as part of th i s thesis . In th i s chapter, the overal l 

works done to achieve the objectives of the thes is are summar i zed . In add i t i on to that, a 

cr i t i ca l eva luat ion is carr ied out on the entire process r ight f rom data, formulat ing the 

workflow, select ion of technology s tacks , pre-process ing steps, development cycle, the 

product to the m e c h a n i s m of user evaluat ion. The prob lems encountered du r ing each 

phase w i l l also be d iscussed. 

Data and study area 
The objective of the thes is was to v isual ize the in format ion obta ined f rom the semant ic 

E O da ta cube, Sen2Cube .a t i n par t i cu lar . A s ment ioned i n Chapter 3, at the t ime of 

wr i t ing , Sen2Cube.a t i s implemented for the whole of Aus t r i a , some par ts of A fghanis tan 

a n d Sy r i a a n d some regions i n Europe . The select ion of some regions of A u s t r i a a n d Sy r i a 

as s tudy areas was solely based on th i s fact. The accuracy of the v i sua l i za t i on is h ighly 

dependent on the qual i ty of mul t i - t empora l in format ion used . Whi le i n th i s case, the 

in format ion obta ined f rom Sen2Cube .a t h a s the highest s tandard , cons iderat ion shou ld 

be given to the credibi l i ty of the da ta w h e n th i s approach i s rep l icated w i t h other da ta 

sources. 

Selection of technology stacks 
B r o a d range of tools were u s e d to accomp l i sh the objectives of the thesis . QGIS , Python, 

Geoserver, H T M L , C S S a n d J S (Leaflet, jQuery) were some of them. The fu l l l ist c a n be 

found i n Figure 5. A l l of the tools u s e d were free and/or open source. These tools were 

powerful enough to automate the process ing steps a n d integrate the mapp ing and 

interactive elements to the web appl icat ion. 

Information pre-processing and hosting 
The process ing part was done manua l l y i n QGIS at first. Cons ider ing the vo lume of data, 

py thon scr ip ts u s i n g PyQGIS were developed eventual ly a n d u s e d to automate the rout ine 

t asks i n QGIS y ie ld ing greater efficiency. T h i s i s par t i cu lar ly relevant w h e n deal ing w i th 

large vo lumes of data. C l i ent to server connect ion was not establ ished w h e n rasters were 

stored i n GeoServer hosted w i thout encrypt ion. So, another Geoserver encrypted w i th 

Secure Sockets Layer (SSL) was set u p a n d da ta was hosted w h i c h solved the issue. 

Web application 
The interactive map is the pr imary component of the web appl icat ion. The map conta ins 

features l ike zoom i n , zoom out, zoom to home, base m a p change, etc. The spat io-

tempora l na ture of the v isua l i zed in format ion c a n be explored w i t h the interactive 

elements present i n the app. The v i sua l i za t i on may not be intui t ive to some users i n the 

sense about how in format ion i s be ing shown. T h i s prob lem was also discovered dur ing 

user evaluat ion. For that purpose, the A b o u t ' a n d 'Methodology' sect ion briefly presents 

the approach of how in format ion i s be ing represented a n d the methodology b eh ind it. 
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S m a l l pop u p box was added to some of the components ( threshold sl ider a n d year/ m o n t h 

selector) to ass ist users on their funct ions. The goal of add ing a l l these components to 

the appl icat ion was to ass is t use rs i n getting better user experience a n d unde r s t and the 

message i n the map. The author believes that incorporat ing add i t i ona l v i sua l i za t ions l ike 

g raphs or char ts a long w i t h the m a i n map c a n communica te the in format ion more 

effectively. Br ight co lours l ike Red a n d B lue were used to represent p ixe ls i n the map 

because of their s m a l l size a n d to create v i s u a l dominance . T h i s may not a lways be a 

r ight approach cartographical ly . 

User evaluation 
Survey based on Google forms was d isseminated to people to test the usab i l i t y of the 

appl icat ion. 16 use rs part ic ipated i n the evaluat ion. More user par t i c ipat ion a n d t h u s 

increased responses provides more credibi l i ty to the resul ts . It was also diff icult to 

quantify some of the subjective answers of the survey. Remote methods l ike onl ine 

surveys c a n be a qu i ck way to check the usab i l i t y of a product bu t quanti tat ive methods 

have been proven to give more accurate resul ts . 
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CONCLUSION 
The vo lume of earth observat ion da ta be ing p roduced is increas ing day by day. Ext rac t ing 

relevant in format ion from the mul t i tude of da ta i s a challenge. V i sua l i za t i ons c a n play a 

b ig role i n t rans forming da ta to in format ion a n d eventual ly to knowledge (MacEachren & 

Kraak , 2001). A long that l ine, the thes is was developed to process the m u l t i t empora l 

in format ion obta ined from semant ic ear th observat ion da ta cube, develop workf low for 

v i sua l i z ing that in format ion a n d create v isua l i za t ions based on the developed workflow. 

Th i s document descr ibes the aforementioned processes i n detail . 

The raster in format ion obta ined from the semant ic da ta cube was pre processed i n QGIS 

software u s i n g Python for automat ion. Subsequent ly , they were hosted i n GeoServer 

remotely a n d a n interactive web map app l i ca t ion was developed to present the 

v i sua l i za t ion on the web. The appl icat ion was pr imar i l y developed w i t h front-end 

technologies l ike H T M L , C S S a n d J S along w i t h their l ibrar ies a n d hosted o n G i t H u b 

pages. The web app l i ca t ion c a n be accessed at 

h t tps ://rabeno iha .g i thub. io/mul t i t empora l info viz/ index, h t m l . Two use cases of 

vegetation i n Sa lzburg , A u s t r i a a n d water occurrence i n nor thwestern Sy r i a were 

demonstrated i n the appl icat ion. In add i t i on to the web app, some other ins ights obtained 

from the da ta are also presented i n th is document . Lastly, a n onl ine survey was performed 

to test the usab i l i t y of the web appl icat ion. Some of the feedback were incorporated into 

the appl icat ion. 

Overal l , the thes is ut i l i zes the capacity of GIS software a n d mode rn web technologies to 

offer interactive ways to present m u l t i t empora l in format ion to the users . S imi la r k i n d of 

m u l t i t empora l in format ion from any sources c a n be v i sua l i zed w i th the workf low 

developed i n the thesis. 
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ATTACHMENTS 

1. Combined script for raster thresholding and raster addition 

# T h i s s c r i p t s h o u l d be run i n QGIS Python C o n s o l e . To run i t o t h e r w i s e , 
you need t o s e t up the QGIS environment f i r s t . 
# The s c r i p t reads a l l t h e r a s t e r l a y e r s i n t h e c u r r e n t QGIS p r o j e c t , 
and c r e a t e s a new b i n a r y r a s t e r l a y e r f o r each i n p u t r a s t e r l a y e r and 
then c r e a t e a f i n a l o u t p u t r a s t e r l a y e r by a d d i n g a l l t h e b i n a r y r a s t e r 
l a y e r s t o g e t h e r . 

# i m p o r t n e c e s s a r y l i b r a r i e s 
from q g i s . a n a l y s i s i m p o r t Q g s R a s t e r C a l c u l a t o r , Q g s R a s t e r C a l c u l a t o r E n t r y 
from q g i s . c o r e i m p o r t Q g s P r o j e c t , Q g s R a s t e r L a y e r 

# s e t t h e t h r e s h o l d v a l u e 
t h r e s h o l d = 20 

# get a l i s t o f a l l r a s t e r l a y e r s i n t h e c u r r e n t QGIS p r o j e c t 
l a y e r s = l i s t ( Q g s P r o j e c t . i n s t a n c e ( ) . m a p L a y e r s ( ) . v a l u e s ( ) ) 
l a y e r s . s o r t ( k e y = l a m b d a x: i n t ( x . n a m e ( ) . s p l i t ( ' ' ) [ 1 ] ) ) 

# i n i t i a l i z e a l i s t t o h o l d t h e o u t p u t l a y e r s 
o u t p u t l a y e r s = [] 

f o r i , l a y e r i n e n u m e r a t e ( l a y e r s ) : 
# check i f t h e l a y e r i s a r a s t e r l a y e r 
i f i s i n s t a n c e ( l a y e r , Q g s R a s t e r L a y e r ) : 

# a s s i g n t h e m u l t i p l i c a t i o n f a c t o r based on t h e l a y e r o r d e r 
f a c t o r = 2 ( l e n ( l a y e r s ) - i ) 

e n t r i e s = [] 
ra s = Q g s R a s t e r C a l c u l a t o r E n t r y ( ) 
r a s = Q g s R a s t e r C a l c u l a t o r E n t r y ( ) 
r a s . r e f = layer.name() + '@11 

r a s . r a s t e r = l a y e r 
ras.bandNumber = 1 
e n t r i e s . a p p e n d ( r a s ) 
f o r m u l a = f ( ( { r a s . r e f } > { t h r e s h o l d } ) * { f a c t o r } ) ' 
# s e t t h e o u t p u t p a t h 
o u t p u t p a t h = 

f ' p a t h t o o u t p u t d i r e c t o r y / o u t p u t / { l a y e r . n a m e ( ) } { t h r e s h o l d } b i n a r y . t i f 
c a l c = Q g s R a s t e r C a l c u l a t o r ( f o r m u l a , o u t p u t p a t h , ' G T i f f , 

l a y e r . e x t e n t ( ) , l a y e r . w i d t h ( ) , l a y e r . h e i g h t ( ) , e n t r i e s ) 
c a l c . p r o c e s s C a l c u l a t i o n ( ) 



# add t h e o u t p u t l a y e r t o t h e o u t p u t l a y e r s l i s t 
o u t p u t l a y e r = Q g s R a s t e r L a y e r ( o u t p u t p a t h , 

f ' { l a y e r . n a m e ( ) } { t h r e s h o l d } { f a c t o r } b i n a r y ' ) 
o u t p u t l a y e r s . a p p e n d ( o u t p u t l a y e r ) 

p r i n t ( ' h a l f w a y ! ! ' ) 

# s e t up t h e r a s t e r c a l c u l a t o r t o add t h e o u t p u t l a y e r s t o g e t h e r 
e n t r i e s = [] 
f o r l a y e r i n o u t p u t l a y e r s : 

r a s = Q g s R a s t e r C a l c u l a t o r E n t r y ( ) 
r a s . r e f = layer.name() + '@11 

r a s . r a s t e r = l a y e r 
ras.bandNumber = 1 
e n t r i e s . a p p e n d ( r a s ) 

f o r m u l a = ' + ' , j o i n ( [ f 1 ( { r a s . r e f } ) 1 f o r r a s i n e n t r i e s ] ) 
# s e t t h e o u t p u t p a t h 
o u t p u t p a t h = 
'path t o o u t p u t d i r e c t o r y / o u t p u t / f i n a l o u t p u t { } . t i f ' . f o r m a t ( t h r e s h o l d ) 
c a l c = Q g s R a s t e r C a l c u l a t o r ( f o r m u l a , o u t p u t p a t h , ' G T i f f , 
l a y e r s [ 0 ] . e x t e n t ( ) , l a y e r s [ 0 ] . w i d t h ( ) , l a y e r s [ 0 ] . h e i g h t ( ) , e n t r i e s ) 
c a l c . p r o c e s s C a l c u l a t i o n ( ) 

# add t h e f i n a l o u t p u t l a y e r t o t h e l a y e r p a n e l 
f i n a l o u t p u t l a y e r = Q g s R a s t e r L a y e r ( o u t p u t p a t h , 
f f i n a l o u t p u t { t h r e s h o l d } ' ) 
Q g s P r o j e c t . i n s t a n c e ( ) . a d d M a p L a y e r ( f i n a l o u t p u t l a y e r ) 
p r i n t ( ' T h e p r o c e s s i s completed') 
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