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ANNOTATION 

Automated process ing of G N S S t rack da ta provides opportuni t ies for effective 

quantitat ive v i sua l i sa t i on of mobi l i ty data. Presented process ing tool a n d i ts sett ings for 

ma t ch ing G N S S t rack records to a road network for v i sua l i z ing passage frequency. 

Op t ima l tool parameter izat ion a n d correctness rate are purposed for three case s tudies 

i n u r b a n a n d r u r a l environments. The pub l i shed work a ims to help cartographers to 

effectively man ipu la te G N S S data. The funct ional i ty of the tool i s demonstrated by 

designing web a n d paper intens i ty maps , i.e. graduated-colour a n d graduated-symbol 

maps. 
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INTRODUCTION 

Technologies for pos i t ion ing services play a prominent role i n in f rastructure 

development a n d periodic " smart " moni tor ing . Nowadays po l i cymakers oversee u r b a n 

development th rough the lenses of smar t city models. R a u b a l et a l . (2017) consider 

the integrat ion of G N S S da ta to be the game-changing aspect for increas ing 

the sus ta inab i l i t y of travel behaviour. Locat ion-based sensors provide a network of da ta 

sources ready to analyse. The network may be r i c h i n mul t i - t empora l or mul t i -user 

layers. In th i s thesis, the focus i s on the automated process ing of trajectory data. 

The trajectory da ta is a p r imary source for h u m a n mobi l i ty da ta m i n i n g (Crivel lari 

et a l . , 2022). The mul t i - t empora l layers of mot i on da ta are a so l id base for further 

trajectory predic t ions (Chen 8s L i u 8s Y u , 2014), trajectory c lass i f icat ion (Dabir i 8& 

Heasl ip , 2018), mot i on flow mode l l ing (Song et a l . , 2014) or activity recognit ion (Gao 8s 

S u n , 2012). T h o u g h Feng a n d Z h u (2016) exp la in that the first s igni f icant step i s to 

store the vast-volume of da ta w h i c h c a n rap id ly accumulate . Secondly, whi le integrat ing 

different da ta sources one needs to define a c o m m o n metr ic reso lut ion to compare data 

w i th different sampl ing frequencies. Th i rd ly , the spat io- temporal queries r u n a complex 

computat ion . Therefore, one m u s t adapt appropr iate techniques to per form s u c h 

a n analys is . 

Map ma tch ing (MM) i s a fundamenta l approach for G N S S da ta consol idat ion. 

The process ass igns the pos i t ion derived from the G N S S receiver to the target d ig i ta l 

mode l of a street network u t i l i z ing poly l ines that approx imate the edges of the network 

(Jensen 8s T rad i sauskas , 2009). The M M approaches improve w i t h the growing 

measur ing prec i s ion of the receivers a n d differ i n implement ing determinist ic or 

stochast ic approaches. A stochast ic method based on a H idden Markov Mode l (HMM) 

w i th non-emi t t ing states i s used i n the thesis . The mode l c a n deal w i t h m i s s ing 

posi t ions, a n d one c a n specify probabi l i ty d i s t r ibut ions of parameters related to s igna l 

recept ion (Meert 8s Verbeke, 2018). 

The resu l ts of mu l t i - t empora l da ta m i n i n g are benef ic ial for i nd i v i dua l c i t izens to 

inspect the spat ia l d i s t r i bu t i on of their movement behav iour over t ime (Feng 8s Z h u , 

2016). Cont ras t ing s ingle-user data, mu l t i -use r da ta provide more objective in format ion 

about c i t i zen mobi l i ty (Avila C a l l a u et a l . , 2020). S u c h in format ion has the potent ia l to 

develop in f ras t ructure susta inably . 

A n y G N S S da ta referred to a road network c a n be quanti f ied a n d v isua l i zed i n maps 

of intensity. Not only i nd i v i dua l c i t izens bu t also ind i v idua ls responsib le for the loca l 

development of a par t i cu lar mode of t ranspor t or recreat ional activity may benefit from 

the v i s u a l outcomes. Therefore, the thes is resu l ts of the automated process ing of G N S S 

da ta is d i s t r ibuted i n a n open, user-fr iendly, sel f-explanatory env ironment and 

integrates w i t h free a n d open-source so lut ions. 
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1 OBJECTIVES 

The a i m of the thes is i s to f ind a n automated way of process ing G N S S t rack da ta 

into a l inear georeferenced layer sui table for methods of quanti tat ive v isual i zat ion. 

The presented approach a n d i ts sett ings for ma t ch ing G N S S t rack records to a road 

network for v i sua l i z ing passage frequency. E x a m i n i n g the correctness rate of 

the process suppor ts the best workf low for integrat ing G P X files for automated da ta 

processing. The work is pub l i shed a im ing to help cartographers w i th the effective 

man ipu l a t i on of mobi l i ty da ta for quanti tat ive v i sua l i sa t ion . The funct ional i ty w i l l be 

demonstrated by designing graduated-co lour or g raduated-symbol maps . The 

methodological goals for the thes is s tudy are following: 

(1) au tomat ion of spat ia l analyses of G N S S trajectory da ta on a street network, 

(2) implementat ion of possible appropr iate quantitat ive geovisual izat ion, 

(3) assessment of resu l ts (1) a n d (2) a n d possib i l i t ies for further use. 

10 



2 STATE OF ART 

Th i s chapter out l ines the relevant research frontiers concern ing the thesis 

objectives. The first area is the g lobal perspective on G N S S a n d i ts impact o n large-scale 

spat ia l studies. Secondly, the development of map ma tch ing for feasible pa th 

approx imat ions is d iscussed . F ina l ly , the consecutive re la t ionship of da ta m i n i n g and 

dynamic geovisual izat ion is emphas ized by the descr ibed Py thon packages. 

2.1 Global Navigation Satellite System 

Globa l Navigat ion Satell ite Sys tem (GNSS) c a n be a t t r ibuted to two conceptua l 

systems, namely Radio Navigat ion Satell ite Services (RNSS) represent ing the t echn ica l 

archi tecture (EU Agency for Space Programme, 2022) a n d Locat ion-Based Services 

(LBS) represent ing the app l i ca t ion in f ras t ructure (Huang & Gao, 2018). 

R N S S in f ras t ructure provides satell ite s ignals for pos i t ion ing th rough G N S S 

(American GPS, R u s s i a n GLONASS, Eu ropean Galileo, Ch inese BeiDou, etc.), reg ional 

conste l lat ions (Japanese QZSS, Ind ian NavIC, etc.) a n d th rough Sate l l i te-Based 

Augmenta t i on Systems (SBAS) for accuracy improvement (WAAS, EGNOS, MSAS, etc.) 

(EU Agency for Space Programme, 2022). F igure 1 i l lustrates the G N S S conste l lat ions i n 

their prescr ibed orbits, the majority at a n a l t i tude of approximate ly 20 000 k m (Borealis 

Precis ion, 2023). 

Figure 1: Satellite constellations of global GNSS, ©ESA. 
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GALILEO AND EGNOS 

Galileo i s the first G N S S that un l i k e other G N S S i s not under mi l i tary contro l 

(fig. 2). The E u r o p e a n player provides E u r o p e a n c i t izens independence a n d sovereignty 

from other g lobal powers. The system provides g lobal navigat ion, pos i t ioning, and 

t im ing in format ion together w i t h several high-per formance services. T h i s G N S S has 

been i n operat ion s ince 2016 prov id ing i ts services fully, freely a n d openly world-wide. 

Most pos i t ion ing devices work w i th mul t ip l e G N S S constel lat ions; thus , Galileo provides 

seamless interoperabi l i ty w i t h GPS, GLONASS a n d BeiDou. S u c h G N S S compat ib i l i ty 

grants accurate operat ional domain . User appl icat ions c a n relay on the pos i t ion ing da ta 

l ike never before a n d generate va lue for the economy a n d improve the qual i ty of life (EU 

Agency for Space Programme, 2022). 

EGNOS, Eu ropean Geostat ionary Navigat ion Overlay Service, i s not a g lobal 

pos i t ion ing service, bu t rather it i s the augmentat ion service to improve the accuracy 

a n d re l iabi l i ty of the satell ite pos i t ion ing services i n Europe . EGNOS h a s been fully 

operat ional s ince 2009. a n d openly serves the European pub l i c especial ly th rough 

safety of life service i n c iv i l av iat ion, mar i t ime, r a i l a n d road t ranspor ta t ion (EU Agency 

for Space Programme, 2022). 

GALILEO 
Figure 2: Logo of Galileo GNSS, ©ESA. 

LOCATION-BASED SERVICES 

L B S i s a mobi le app l i ca t ion w h i c h interconnects th rough commun i ca t i on networks 

prov id ing a service a n d content based on pos i t ion ing a n d spat ia l mode l l ing (Huang 8& 

Gao, 2018). In most cases, these user app l i ca t ion services harness the current locat ion 

of a user (Huang 8s Gao, 2018). However, locat ion h is tory may also serve as a da ta 

source for case-specif ic studies, s u c h as mobi l i ty behav iour (Jonietz 8s Buche r , 2018). 

H u a n g a n d Gao (2018) differentiate L B S based o n outdoor pos i t ion ing - G N S S , cel lular 

networks a n d W i - F i , a n d indoor - W L A N , B luetooth , RFID. The services have a wide 

range of app l i ca t ion f rom sport t rack ing , market ing , emergency management, 

healthcare, enterta inment etc. (Huang 8s Gao, 2018). Fur thermore , specific examples of 

L B S for mobi l i ty are traffic s imu la t i on a n d travel forecasting ( Jan et a l . , 2000), as we l l 

as changes of mobi l i ty behaviour for sus ta inab i l i t y (Jonietz 8s Buche r , 2018). 
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G N S S i s the key component for pos i t ion ing a n d i ts further services (fig. 3). The E U 

Agency for the Space Programme (2022) forecasted that road nav igat ion together w i th 

customer so lut ions enab l ing L B S w i l l dominate 90 % of the G N S S marke t for the per iod 

2 0 2 1 - 2 0 3 1 . Furthermore , it i s est imated that the revenues f rom the added-value 

services u t i l i s ing G N S S w i l l account for 72 % of tota l G N S S revenues i n 2031 . Therefore, 

pos i t ion-based so lut ions have a wide potent ia l for expans ion, especial ly i n the segments 

of Road 8s Automot ive a n d Cus tomer So lut ions , T o u r i s m 8s Hea l th (EU Agency for Space 

Programme, 2022). 

Figure 3: Components responsible for location recording - positioning. 

POSITIONING ACCURACY 

Nowadays, the u t i l i z ing of outdoor G N S S locat ion da ta i s affected by the qual i ty of 

the s igna l coming from the satell ites. Natural ly , there are c o m m o n geometric errors 

s u c h as ionospher ic a n d atmospher ic delays, these c a n be corrected by the S B A S . 

Par t i cu lar ly i n u rban i s ed areas are c o m m o n m u l t i p a t h effect errors or generally 

different de lus ions of prec is ion due to the co ld start prob lem (Avila C a l l a u et a l . , 2020). 

Moreover, A v i l a C a l l a u et a l . (2020) ca l l at tent ion to the user-made d is tor t ions 

i n the case of VGI on c i t i zen mobi l i ty . The s tudy focuses on the detect ion a n d f i l tering 

of G N S S trace out l iers whose geometric character is t ics differ s igni f icantly from 

the character is t ics of other coordinates that compose the complete trace. In conc lus ion , 

Av i l a C a l l a u et a l . (2020) state that f i l tering al lows the sc ient ist to divide the users 

accord ing to their level of re l iabi l i ty a n d pr inc ipa l l y the ca lcu lated error rate may 

indicate the qual i ty of the VGI source. Another me thod to hand le the errors a n d gaps i n 

records due to var ious reasons i s map ma tch ing (Jonietz 8s Bucher , 2018). A l though, 

the performance of M M i s h igh ly dependent o n its ca l cu la t i on technique a n d 

parametr izat ion. 
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2.2 Map Matching 

Map Ma tch ing i s a process that ass igns the coordinates of a trajectory to the target 

dig i ta l mode l of a street network ut i l i z ing poly l ines that approx imate the edges of 

the network (Jensen 8s T rad i sauskas , 2009). Accord ing to Feng a n d Z h u (2016), 

the trajectory of a mov ing object expressed by a tuple of geographic coordinates i s cal led 

a geographical trajectory or a r a w trajectory. In contrast , a semant ic trajectory 

is a sequence of meaning fu l places w i t h a geotagged locat ion. The street network is 

a directed g raph compr i s ing nodes: r oad j unc t i ons a n d road ends, a n d edges: directed 

road segments (Feng 8s Z h u , 2016). The poly l ines also cal led routes or matched paths 

are sequences of edges i n the street network where consecutive edges share a vertex 

(Feng 8s Z h u , 2016). 

In general, there are two types of M M : onl ine a n d offline (Jensen 8s T rad i sauskas , 

2009). In the case of onl ine M M , the locat ion o n the street network is ca lculated i n rea l 

t ime, for instance i n navigat ion systems. Whereas the offline M M works w i t h static 

h is tor ic or model led datasets. The methods a n d parametr i sa t ion are tai lored for the use 

case, t h u s resu l t ing i n a better ma t ch ing result . S u c h offline M M scenar ios cou ld be for 

insurance or road pr i c ing i n pay-per-use pr i c ing (Jensen 8s T rad i sauskas , 2009). 

The challenge for the M M a lgor i thm a n d heur i s t i cs i s the trade-off between 

the possible roads by the locat ion measurements a n d the feasibil ity of the p a t h (Newson 

8s K r u m m , 2009). S imple ma t ch ing to the nearest road produces unrea l i s t i c so lut ions 

as d isp layed i n figure 4. Therefore, sophist icated a lgor i thms employ the sequence of 

measurements to ensure not only pa th prox imi ty to the measurement , bu t also pa th 

cont inui ty , d i rect ion s imi lar i ty (White et a l . , 2000), topology (Greenfeld, 2002). However, 

the geometric methods ment ioned here are s t i l l not satisfactory for no isy da ta i n 

the dense street network of a n u rban i s ed area. 

Figure 4: Map matching of measured locations (black dots) to the road network. Merely matching to 
the nearest road is prone to make mistakes (left: Newson & Krumm, 2009; right: Jensen & 

Tradisauskas, 2009). 
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Newson 8s K r u m m (2009) purpose a method to deal w i t h mul t ip l e possible pa th 

hypotheses th rough s imul taneous probabi l i s t i c model l ing - H idden Markov Models 

(HMM). The models c a n approx imate the possible states a n d ass ign them probabi l i t ies. 

The states are represented i n the street segments a n d the t rans i t i ons between the states 

are governed by the connectiv i ty of the street network (Newson 8s K r u m m , 2009). 

The M M a lgor i thm i n th i s thes is tool follows the H M M theory to ensure a higher 

performance i n var ious environments. The authors of the a lgor i thm refer to n o n -

emit t ing states challenge, segments w i t h m i s s ing measurement posi t ions, that c a n be 

resolved by the H M M (Meert 8s Verbeke, 2018). 

Map Ma t ch ing is the c r i t i ca l par t of query process ing i n the trajectory da ta m i n i n g 

framework (fig. 5). The framework expla ins the phases for hand l i ng trajectory data, e.g. 

G P X records, to create a va lue-added product to unde r s t and the da ta hol ist ica l ly . Feng 

a n d Z h u (2016) describe the workf low as follows, f irstly, i n pre-process ing phase one 

a ims to improve the qual i ty of the r aw da ta th rough ca l ibrat ion, sampl ing , c leaning, 

segmentat ion etc. The fol lowing da ta management step hand les the vo lume of da ta i n 

a n efficient a n d scalable manner . Query process ing retrieves new appropr iate resul ts 

s u c h as a new map-matched p a t h f rom a G P X dataset. Lastly, the trajectory da ta 

m i n i n g t asks summar i z e knowledge i n spat ia l analyses. T h r o u g h a l l these phases one 

needs to protect the pr ivacy of sensit ive in format ion represented i n the da ta (Feng 8s 

Z h u , 2016). 
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2.3 Geo visualization in Jupyter 

The interactive aspect of Jupyter Notebooks i s developed through 

the implementat ion of widgets. These elements enable b id i rec t iona l c ommun i ca t i on 

between the front-end a n d backend , the widgets l i n k the capabi l i t ies of JavaSc r ip t 

mapp ing l ibrar ies to Jupy t e r (Corlay & Renou, 2019). The interactive geovisual izat ion of 

the resu l ts close the circle of GIS funct ional i ty i n Jupyter. 

The Leafmap package (Wu, 2021) for interactive v i sua l i za t i on is bu i l t u p o n F O S S 

packages i.e., ipyleaflet responsible for interactive mapp ing (Renou et a l . , 2021), folium 

disp lays da ta enabl ing LeafletJS extensions (Filipe et a l . , 2021), WhiteboxTools 

for geoprocessing toolbox (Lindsay, 2018) a n d ipywidgets responsible for map 

interact iv i ty (Grout et a l . , 2021). Therefore, the added value of the Leafmap package is 

the integrat ion of the most popu lar v i sua l i za t i on packages together i n a manner that 

requires m i n i m a l cod ing sk i l l s i n the Jupyter Notebook (Wu, 2021). The tool developed 

for the thes is imp lements the foliumap module of the Leafmap package (Wu, 2021). 

The package d isp lays the pre l iminary resul t i n map preview a n d facil itates the dec is ions 

for changes i n parametr izat ion; or a l lows the f ina l web map to be saved as a H T M L file 

for the s imple presentat ion of the results . 
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3 METHODOLOGY 

The potent ia l for G N S S t rack records is vast. However, the da ta m i n i n g of 

pos i t ion ing da ta creates a set of case-specif ic problems. Geospat ia l awareness and 

knowledge are the so l id base for a robust a n d act ionable so lut ion . The fol lowing 

subchapters describe the pr inc ip les a n d methods of how the objectives of the thesis 

have been accompl ished. 

3.1 Study Area and Data 

Sett lements dispose of a n increas ing n u m b e r of mobi l i ty da ta prov ided by sensors, 

especial ly w h e n deal ing w i th c i t i zen volunteered geographic in format ion - VGI (Ca l lau et 

a l . , 2020). Therefore, the purpose a n d potent ia l app l icat ions of the au tomat i on of 

mobi l i ty da ta are i n the sphere of in f rastructure development. 

The automat ion tool a ims to work i n any type of s tudy area. Pr imar i l y the area is 

determined by the i npu t data. The tool has been tested i n three different env i ronments 

(Chapter 5). F i rst ly , a n u rban i s ed area, O lomouc - a city i n the eastern Czech Republ ic . 

The city h a s the s i x th largest popu la t i on i n Czechia . However, i t s c u l t u r a l heritage, 

qual i ty h igher educat ion a n d we l l -known events attract tour is ts a n d s tudents from 

abroad to explore the city 's r iches. The area is character ised by a dense road 

in f rastructure . The second case s tudy area i s s i tuated i n the m o u n t a i n range Malá 

Fatra , S lovakia . The area covers a variety of l andscapes - f rom r u r a l sett lements to 

moun ta inous env ironments . Most of the region is located i n the na t i ona l park , so the 

region is r i c h i n n a t u r a l beauty a n d is a popu la r site for h i k i n g expedit ions. The road 

network density i s diverse across the region, bu t it i s rather sparse. The t h i r d case 

s tudy area i s the Nat iona l Park Slovak Paradise. The area i s k n o w n for i ts rugged 

terra in , gorges, a n d cliffs. Together w i t h the dense vegetation the area is a n interest ing 

test ing example due to the h i gh G N S S s igna l d istort ions. The area network density is 

very low overall . A l l three s tudy areas are k n o w n for their potent ia l to attract v is i tors to 

explore the region, therefore, the data-backed p l ann ing i s v i ta l for their susta inab le 

in f ras t ructure development. 

The da ta provider i s Mgr. Radek Barvíř, Ph . D., the superv isor of the thesis. 

The pos i t ion ing da ta t rack mobi l i ty , i n par t i cu lar r u n n i n g , cyc l ing a n d h ik ing . The da ta 

is supposed to represent VGI , therefore, the da ta source is diverse i n the accuracy rates 

a n d undocumented . The G N S S pos i t ion has been received by the wearable devices or 

a smar tphone app l i ca t ion l is ted below: 

• G a r m i n Forerunner 255 (Gali leo-enabled device), 

• G a r m i n Forerunner 35 Optic , 

• Lenovo K 1 0 Note D u a l S IM v i a app l i ca t ion Strava, 

• Lenovo A6 Note D u a l S IM v i a app l i ca t ion Strava (Gali leo-enabled device), 

• Lenovo A 7 0 0 0 B l a ck v i a app l i ca t ion Strava. 
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Strava app l i ca t ion is a mobi le t r ack ing app l i ca t ion for over 30 types of activities. Its 

key feature i s to collect a n d store pos i t ion ing da ta of a n activity. The Strava c ommun i t y 

has over 100 m i l l i on sport en thus ias ts i n 195 countr ies (Strava, 2023). 

The provided da ta are i n G P X format, w h i c h i s a n open s tandard defined i n X M L 

schema. The de-facto X M L s tandard vers ion 1.1 has stayed here s ince 2004 (Foster, 

n.d.). General ly , the measurements are recorded every 1-5 seconds, i.e. a very frequent 

sampl ing rate. Therefore, the automat ion workf low offers a n opt ion for appropriate 

general izat ion a n d compress ion of the datasets (Attachment 3). 

3.2 Automation Workflow 

The tool for automat ion of G P X da ta to the l inear layer of passage frequencies 

cons is ts of the fol lowing parts : parametr i za t ion a n d da ta acquis i t ion , map match ing , 

post-processing, resul t v i sua l i za t i on a n d storage. In figure 6 i s a general overview of the 

automat ion workf low showimg pre l iminary process ing steps resu l t ing i n two m a i n 

outputs - web map a n d geodata. 

Pre-Processing 

Parameters A 
and Variables / 

Buffer zones 

Network Data 

O OSMnx 
package 

I 

Map Objects 

o 
MapMatching 

c 

Data Mining 

M a p M a t c h i n g 

GPX Files 

Matching 

o 
MapMatching 

Sequence 
of nodes 

Tracks ) ( Streets ) C Routes ) 

Post-Processing 

R e s u l t O u t p u t s 

1 Spatial Filter 1 i Count Routes 1 

f Intersect 1 Cover the street / 

Web Map 
II folium map 

Streets with 
Frequences 

GeoData 
.json, .gpkg 

Figure 6: Workflow diagram and Python packages within the workflow. 
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The parametr i za t ion a n d da ta up l oad par ts are the only par ts expecting a direct 

user in terac t ion of the workflow. The user sets 11 parameters that have a direct impact 

on the f ina l product (fig. 7). The parameters consist of 2 directories for da ta i npu t and 

output , a parameter for street network download, 9 map ma tch ing parameters s u c h as 

level of general izat ion, G N S S measurement noise, thresho lds etc. The detai led 

exp lanat ion of parametr i za t ion i s expla ined i n Chapter 4.1.1. The da ta up l oad refers 

to the l i n k of G P X da ta either to the loca l file or to the given sample da ta web repository. 

Access to the set of G P X files i s mandatory for the automat ion process to execute. 

1 ## Set the d i r e c t o r y l o c a t i o n f o r data and output f i l e s 
2 DATA_FOLDER = 'data' # path to your data repository 
3 OUTPUT_FOLDER = 'output' # d i r e c t o r y save the r e s u l t s 
4. 
5 ## Study area f o r OpenStreetMap Street Network Download [1] 
6 BUFFER_DIST = see # area arourd the GPX records; i n meters 
7 
8 ## Map Matching parameters. [2] 
9 TOLERANCE = 5 # threshold f o r GPX t r a c k s i m p l i f i c a t i o n ; i n meters 

10 MAXDIST = 100 # break f o r zero measurement (match) p r o b a b i l i t y ; i n meters 
11 OBS_NOISE = 20 # expected GNSS noisej i n meters 
12 OBS NOISE NE = 60 # expected GNSS noise f o r non-emitting states (the value should be l a r g e r than OBS 
13 DIST NOISE = 5 # d i f f e r e n c e between distance between matched route and distance between trackSj i n ir 
14- DIST NOISE NE =15 # difference between distances f o r non-emitting s t a t e s , i n meters 
15 MAXLATTICE WIDTH = 7 # search the route with t h i s number of possible paths at every step 
16 INCREASE_MAX_LATTICE_WIDTH = 2 # i f no so l u t i o n i s found, the width can be incremented by the value 
17 MINPROBNORM = 0.095 # elimi n a t e the l a t t i c e where i t drops below normalized p r o b a b i l i t y 

Figure 7: View on the parameters and variables in Google Colab. 

The core par t of the da ta m i n i n g is the map match ing . M M follows the s t ruc ture of 

a Py thon package responsib le for ma t ch ing the G N S S measurements to the street 

network. The ma t ch ing is enr iched w i t h the road network download (OSMnx) a n d t rack 

general izat ion. The da ta m i n i n g starts w i t h the download of the street network from 

O S M , the extent i s defined by the i npu t da ta a n d the parameter for buffering. The M M 

works o n the probabi l is t ic ca l cu la t i on of possible paths , therefore, the parametr i za t ion 

is c ruc i a l for the result . The output of the ana lys is i s a sequence of passed nodes on 

the street network. The nodes construct matched routes to the network. In the same 

step, the traces of mobi l i ty are concatenated into so-cal led t racks that serve as 

a reference to the matched result . For more detai ls see Chapter 4.1.2. 

Post-processing h a s two m a i n goals for automat ion. F irst ly , the var iables are 

t ransformed into da ta s t ruc tures ready for da ta geospatial v i sua l i za t i on a n d storage. 

Secondly, the matched routes are overlaid w i t h a b l ank street network o n w h i c h are 

ca lcu lated frequencies i.e., the n u m b e r of ma tched passages th rough the street, for 

more detai ls see Chapter 4.1.3. 

The output map v i sua l i za t i on serves the user as a preview of the resul t (Chapter  

4.1.4). The asset suppor ts the user w i t h a s imple v i sua l i za t i on i n the form of 

a n interactive web map . Based on the v i sua l i za t i on one c a n readjust the 

parametr i za t ion that wou ld fit the character is t ics of the s tudy area a n d the i npu t data. 

The outputs c a n be saved or downloaded as two types of web m a p s i n H T M L format or 

as GIS-ready da ta i n G e o J S O N , GeoPackage formats. More sophist icated a n d qual i ty 

m a p s c a n be made i n GIS by integrat ing the output geodata (Attachment 4-6). 
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3.3 Jupyter Notebook 

Since 2014 Jupy t e r has been growing to a popu lar spin-off project of IPython, 

Interactive Python. F O S S pr inc ip les ensure web comput ing independent of any 

(programming) language. The Jupyter Notebook creates a web app l i ca t ion a l lowing users 

a n easy man ipu l a t i on w i th the code. In the notebook one c a n combine sn ippets of 

computer code, computa t i ona l outputs , a n d explanatory texts. "For da ta scient ists, 

Jupyter h a s emerged as a de-facto s tandard " (Perkel, 2018 , p. 145). 

Granger a n d Perez (2021) present how Jupyter p ioneered the da ta science w i th 

concept ion of t h i n k i n g a n d storytel l ing w i t h code a n d data. The shift towards interactive 

computa t i on r u n s the code w i t h " a h u m a n i n the loop". The h u m a n may modify 

the code sn ippets a n d see the effects immediate ly . T h u s , the execut ion is no longer 

work ing i n l inear fashion, bu t rather the user i s empowered to explore the ca lcu la t ion 

more deeply a n d exper imental ly (Perkel, 2018). 

Secondly, Granger a n d Perez (2021) emphasize the notebook's abi l i ty to ta lk i n the 

un ive rsa l language - storytel l ing. S u c h computa t i ona l narrat ive leads the audience to 

unders tand ing a n d effective learning. Jupyter Notebooks b r ing opt ions to add tex tua l 

descr ipt ions, m a r k d o w n w i t h LaTeX support , mu l t i -med i a content, etc. 

The nature of the notebook suppor ts the sha r ing of ident i ca l development 

environments. The d i sseminat ion of the integrated comput ing environment increases 

the further usab i l i t y across target groups. T h i s benefit i s suppor ted w i t h notebooks that 

r u n i n the c l oud (Perkel, 2018). S u c h c l oud co l laborat ion i s becoming popu lar across 

different p lat forms e.g., Google Colab, Binder, Code Ocean. 

Google Colab i s a f reemium tool created by Google Research (Google, 2023). The 

environment is ful ly c loud-based, i.e. loca l hardware independent, c l oud back -up , 

cross-plat form. Moreover, i t a l lows mul t i -use r access to the notebook (Sherrer, 2022). 

Therefore, the Py thon code developed for the thesis h a s been integrated i n the Google 

Colab environment. 

3.4 Python Packages 

Python packages promote modu lar i t y i n programming. The packages consist of 

modules ordered i n h i e rarch ica l s t ructure . The idea b eh ind is to break down the large 

t asks into s m a l l manageable modules . 

F irst ly , the reusabi l i ty of packages improves the funct ional i ty of a wide range of 

programs. Moreover, the code appears s imple a n d organised, the package he lps avoid 

co l l is ions between objects th rough separate namespaces. Therefore, it makes coding, 

maintenance a n d debugging easier (Sturtz, 2022). Cons ide r ing the open abi l i ty to create 

a n d access free a n d open-source repositories, s u c h as GitHub, the d i s t r i bu t i on and 

popular i ty of Py thon packages i s growing (fig. 8). 
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Figure 8: Growing popularity of the "Scientific Python" (Schlömer, 2020). 

The centra l package for the au tomat i on i s Leuven.MapMatching package (Meert, 

2021a). It h a s been developed by Be lg ian sc ient ists f rom KU Leuven, department of 

Declarative Languages and Artificial Intelligence a n d the lab Sirris - Blucidata Group. 

The package i s deployed under a n open Apache l icence, Ve rs i on 2.0. The added 

funct ional i ty i s responsib le for the al ignment of a G N S S trace to a map or road 

segments (Meert, 2021a). 

The second package enables the automat ion to work freely i n any par t of the wor ld 

where street ne tworks are mapped by OpenStreetMap contr ibutors . OSMNx facil itates 

the download a n d bas ic da ta management steps for the street network of cus tom choice 

(Boeing, 2017). The author of the package i s Geoff Be ing , the professor of u r b a n 

p l ann ing a n d spat ia l ana lys is at Univers i ty of S o u t h Caro l ina , a n d the d i s t r i bu t i on is 

under MIT l icence. 

The major package for da ta process ing i s GeoPandas (Jordahl et a l . , 2020). It i s 

ageospa t i a l process ing package fol lowing Pandas s t ruc ture for possible non-spa t i a l 

interoperabi l i ty. B S D licence d is t r ibutes the package funct ional i ty freely a n d openly 

(Jordah l et a l . , 2020). 

The last impor tant package i s responsib le for da ta geovisual izat ion i n the Jupyter 

environment. It i s the Leafmap package (Wu, 2021), w h i c h i s bu i l t on folium a n d 

ipyleaflet packages subs tan t i a l for interactive map creat ion. Its key advantage is 

the capabi l i ty to tie funct ional i t ies of different packages together w i t h m i n i m a l coding 

requirements on the user (Wu, 2021). However, the init iat ive i s novel a n d needs better 

user suppor t for a l l the funct ional i ty integrat ion. 
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4 TOOL DEVELOPMENT 

The first objective of the thes is i s to develop a tool for automated process ing of 

G N S S t rack records. Conso l ida t i on of G N S S records adds value for further 

unders tand ing of the da ta especial ly about the mobi l i ty of ind iv idua ls . The whole 

development started w i t h the review of current approaches deal ing w i t h the issue 

(Chapter 2). A s different approaches were identi f ied, the des igning process of the tool 's 

funct ional i ty started (Chapter 4.1). Iteratively opt imal izat ions have been implemented to 

fit the methods to the overal l intent. Debugging a n d ra i s ing the exceptions suppor t 

the smoo th execut ion of the code (Chapter 4.2). Lastly, the documenta t i on and 

d i s t r i bu t i on are d i scussed i n Chapter 4.3. 

4.1 Design 

In the Methodology (Chapter 3), one f inds a general in t roduc t i on to the framework 

of the thesis . The Des ign chapter refers to the specif ics of the tool development i n 

Jupyter Notebook, Py thon 3 kerne l . The v i ta l step of the design process is 

the examinat ion of the appropriate Py thon packages, w h i c h wou ld suppor t funct ional i ty 

between each other regardless of the different vers ion compatibi l i ty . 

The f ina l code has undergone m a n y modi f icat ions to design the best possible 

so lut ion. For instance, i n the beg inning, the code worked w i t h a geolocation parameter 

to define the s tudy extent. Later, the tool ca lculates the s tudy area by itsel f from 

the i npu t da ta a n d the buffer parameter. Therefore, the upgrade brought the need to 

enable computa t i on w i th mul t ip l e s tudy areas at once (Chapter 4.1.2). The second 

modi f icat ion, the author of the map-match ing package was requested to add add i t i ona l 

funct ional i ty . The funct ion deals w i t h the cases where a road network is m iss ing 

(Chapter 4.1.2). Furthermore , the tool a n d output test ing uncovered h idden 

computa t i ona l errors i n frequency ca l cu la t i on (Chapter 4.1.3). Addi t ional ly , different 

erroneous datasets have been tested to ensure the proper ra i s ing of exceptions (Chapter  

4.2). M ino r add i t iona l ad justments h a d to be implemented due to the release of new 

package versions. 

In the fol lowing sub-chapters , the code i s expla ined i n detai l . The tool i s d is t r ibuted 

th rough two m a i n channe ls : the s tandalone Jupyter Notebook a n d the Voild web 

app l i ca t ion (QuantStack, 2019) r u n n i n g o n the Jupyter Notebook. Therefore, the subt le 

differences of code des ign are out l ined. 

In the notebook tool, the code is wr i t t en i n cells, code snippets , that are 

super imposed by the explanatory text. The code cel ls c a n be r u n sequent ia l ly or how 

the user desires. D u r i n g the process ing the user i s in formed w i th the wel l-designed 

pre l iminary messages. The advantage of the env ironment i s that it provides the open-

source code, the user c a n modify the code as desired. The notebook i s s t ruc tured into 
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sect ions therefore one c a n navigate th rough the table of contents. In figure 9 

the contents a n d s t ructure of the notebook c a n be inspected. 

AUTOMATION OF PROCESSING GNSS TRACK RECORDS 
FOR DESIGNING INTENSITY MAPS 

Install and Import Dependences 

1. Pre-Processing 

Set Variables and Parameters 

From GPX Files to Study Area 

2. Data Mining: Map Matching 

A. Import O S M Street Network 

B. Parametrised Map Matching 

3. Post-processing 

2D Array into GeoDataFrame 

Calculat ion of Frequencies 

Visual izat ion 

Save the Results 

Figure 9: Preview of the tool contents in Google Colab. 

In case of a notebook enabled for Voild, the core funct ional i ty resembles the one i n 

the notebook vers ion. However, s igni f icant changes i n the des ign of the code h a d to be 

implemented, see the s t ruc ture a n d i ts in terac t ion flows i n figure 10. The code loads at 

the start of the appl icat ion, a l though, the funct ions execute only after c l i ck ing on " r u n 

but ton" . The process ing steps are enclosed i n funct ions that are cal led as the user 

c l i cks o n the but ton . A l l i npu t a n d output var iables c a n be accessed i n user- fr iendly 

widgets i.e., but tons , s l iders, etc. The user does not interact w i th the code itself, rather 

w i th the GUI th rough the M a r k d o w n content a n d the widgets. The pre l iminary a n d f ina l 

resu l ts are be ing shown th rough the output widget. 

L imi ta t ions arise i n the app l i ca t ion cus tomiza t ion beyond the tool parametr i sa t ion 

prov ided i n the widgets. Voild ins ta l l s a n d impor ts the only packages defined ins ide 

the conf igurat ion file, the code i s not modif iable f rom the GUI . For s u c h spec ia l 

customizat ion needs, the standalone Jupyter Notebook i s a more sui table environment. 
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Figure 10: Structure and interaction-flow design of Jupyterfor Voila. 

4.1.1 Pre-Processing 
Before any pre-process ing steps, a l l dependencies s h o u l d be ins ta l l ed a n d imported 

into Jupyter. The dependencies are specif ied i n the header of the notebook or i n 

the conf igurat ion file. 

The pre-process ing sect ion i s div ided into two parts . The first par t deals w i th 

the dec larat ion of var iables a n d parameter isat ion, see the fol lowing code snippet. 

The user i s required to specify the locat ion of the da ta repository conta in ing the G P X 

files a n d the output folder for the resul ts . The notebook also offers the download of 

ready-to-use example G P X files. The parameter isat ion deals w i t h the s tudy area extent 
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[line 6] a n d the M M essent ia ls [lines 9-17]. These n u m e r i c a l var iables have their default 

values, nevertheless, it i s essent ia l to adapt the parameter va lues to the s tudy area a n d 

the i npu t t rack records. Chapter 5 deals w i t h the test ing a n d op t ima l parameter isat ion 

proposal . 

The map -match ing a lgor i thm uses the KU Leuven so lu t i on (Meert 8s Verbeke, 2018), 

w h i c h c a n handle low pos i t ion ing accuracy a n d sparce samp l ing frequencies 

cons ider ing the H M M (Chapter 2.2). The ma t ch ing is a n approx imat ion ; therefore, 

the a lgor i thm requires several probabi l i s t i c parameters determining the t rans i t i on 

probabi l i ty . The parameters are descr ibed as follows. Minimum normalised probability of 

observations e l iminates the lattice where the probabi l i ty falls below a cer ta in confidence 

level [line 10]. Maximum distance f rom the t rack determines a break from any further 

ma t ch ing [line 11]. Maximum lattice width restr ic ts the lattice i n search for a suitable 

route [line 12] a n d the increase of the lattice width increments the w id th i f no so lu t i on is 

f ound [line 13]. Observation noise i s the s t andard deviat ion of expected G N S S noise [line 

14], the noise for non-emitting states expects a higher noise level [line 15]. Distance noise 

for emit t ing a n d non-emi t t ing states i s a s tandard deviat ion of the difference between 

the distance between states a n d the distance between observat ions (Meert, 2021b). In 

l ine 9 of the code snippet , the user c a n set the tolerance i n meters for record 

s impl i f i cat ion (Douglas 8s Peucker, 1973). The s impl i f i cat ion f lattens out the differences 

i n the spat io- temporal prec is ion of the records. 

1 ## Set the d i r e c t o r y l o c a t i o n f o r data and output f i l e s 
2 DATA_F0LDER = 'data' # path t o your data r e p o s i t o r y 
3 0UTPUT_F0LDER = 'output' # d i r e c t o r y save the r e s u l t s 

4 
5 ## Study area f o r OpenStreetMap s t r e e t network download 
6 BUFFER_DIST = 100 # area around the GPX r e c o r d s ; i n meters 
7 
8 ## Map Matching parameters 
9 TOLERANCE = 4 # t h r e s h o l d f o r GPX t r a c k s i m p l i f i c a t i o n ; i n meters 

10 MIN_PR0B_N0RM = 0.002 # e l i m i n a t e the l a t t i c e where i t drops below normalized p r o b a b i l i t y 
11 MAX_DIST = 100 # break f o r any f u r t h e r matching; i n meters 
12 MAX_LATTICE_WIDTH = 7 # search the route w i t h t h i s number of p o s s i b l e paths at every step 
13 INCREASE_MAX_LATTICE_WTDTH = 4 # i f no s o l u t i o n found, the width increments by the v a l u e 
14 0BS_N0ISE = 20 # expected GNSS n o i s e , i n meters 
15 0BS_N0ISE_NE = 60 # expected GNSS n o i s e f o r non-emitting s t a t e s , i n meters 
16 DIST_N0ISE = 5 # d i f f e r e n c e between d i s t a n c e between matched route and d i s t a n c e [...] 
17 DIST_N0ISE_NE = 15 # d i f f e r e n c e between d i s t a n c e s f o r n o n - e m i t t i n g s t a t e s , i n meters 

Secondly, the next par t of the pre-process ing ca lculates the appropr iate s tudy areas 

based on the i npu t data, the G P X files, a n d the buffer distance variable. The fol lowing 

code snippet iterates over the files i n the da ta repository. F r o m the va l id G P X files, the 

scr ipt extracts the po ints w i t h their pos i t i on record [line 11]. The metr ic buffer distance 

is converted to the degrees i n l ine 21 a n d the buffer areas are ca lcu lated [line 22]. The 

areas polygons are the bas i s for further ana lys i s i.e., download ing the O S M road 

network. 

Inside the code, one c a n f ind exceptions for unexpected errors. The scr ipt c a n sk ip 

over a n inva l id G P X file. The execut ion w i l l fa i l w i t h a n exception i n the case of empty 

da ta a n d i n the case of the da ta be ing located i n the polar regions i.e., above 80° or 

below -80° of lat i tude. The code snippet ends w i t h a n output statement about the 

n u m b e r of s tudy areas ready for analys is . 
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1 gpx_combined = gpd.GeoDataFrame(columns = [ ' l a t i t u d e ' , ' l o n g i t u d e ' ] ) 
2 f o r f i l e n a m e i n listdir(DATA_FOLDER): 
3 i f f i l e n a m e . e n d s w i t h ( " . g p x " ) : 

t r y : 
5 g p x _ f i l e = C o n v e r t e r ( i n p u t _ f i l e = DATA_FOLDER + "/" + fi l e n a m e ) . g p x _ t o _ d a t a f r a m e ( ) 
6 except: 

p r i n t ( f i l e n a m e , " i s NOT v a l i d , t h e t o o l removed the f i l e from r e p o s i t o r y . " ) 
remove(join(DATA_FOLDER, f i l e n a m e ) ) 

9 c o n t i n u e 
10 

gpx_point = gpd.GeoDataFrame(gpx_file, g e o m e t r y = g p d . p o i n t s _ f r o m _ x y ( g p x _ f i l e . l o n g i t u d e , 
g p x _ f i l e . l a t i t u d e ) ) . s e t _ c r s ( ' e p s g : 4 3 2 6 ' ) 

gpx_combined = pd.concat([gpx_combined, g p x _ p o i n t ] ) 

13 
14 i f gpx_combined.empty: 
15 r a i s e Exception("Uploaded data i s empty.") 
16 
17 i f ( g p x _ c o m b i n e d [ " l a t i t u d e " ] >= 80).any() or ( g p x _ c o m b i n e d [ " l a t i t u d e " ] <= -80).any(): 

r a i s e E x c e p t i o n ( " E x e c u t i o n f a i l e d , uploaded data c o n t a i n s i n p o l a r r e g i o n . " ) 
19 
20 l a t i t u d e = g p x _ c o m b i n e d [ " l a t i t u d e " ] . i l o c [ 0 ] 
21 d i s t a n c e _ d e g = BUFFER_DIST / (111319.488 * n p . c o s ( n p . r a d i a n s ( l a t i t u d e ) ) ) 
22 g p x _ b u f f e r = gpx_ c o m b i n e d [ " g e o m e t r y " ] . b u f f e r ( d i s t a n c e _ d e g ) . s e t _ c r s ( 4 3 2 6 ) 
23 areas = gpx_buffer.unary_union 
24 areas = gpd.GeoDataFrame(index=[0], crs='epsg:4326', geometry=[areas]) 
25 i f a r e a s . t y p e [ 0 ] == " M u l t i P o l y g o n " : 
26 areas = areas. e x p l o d e Q 
27 
28 p r i n t ( " F r o m t he GPX f i l e s have been c a l c u l a t e d " , l e n ( a r e a s . i n d e x ) , " a r e a ( s ) f o r g r a p h ( s ) . " ) 

4.1.2 Data Mining 
The core of the whole automat ion i s i n the da ta -min ing part. It br ings together the 

da ta f rom the pre-process ing stage a n d ca lculates the most l ike ly routes f rom the t rack 

records. The tool c a n work w i t h mul t ip l e s tudy areas at once therefore the whole 

da tamin ing-computa t i on i s designed i n two nested cycles. The first cycle iterates over 

the areas a n d downloads the OpenStreetMap r oad network for the area. The second 

cycle iterates over the G P X files w i t h i n the s tudy area a n d computes the routes o n the 

g raph - the road network. 

In the first code snippet represented below, one c a n see the dec larat ion for 

the expected variables: street_all [line 1] i s a container for a l l road networks used i n 

the analys is , track_df [line 2] col lects the coordinates of the t racks before match ing , 

route_df [line 3] i s the store for a l l ma tched routes on the road network. In the first 

cycle, the O S M road network i s downloaded based o n a network type a n d s tudy area. 

The network type i s pre-selected network by the mode of transport . If the select ion is 

insuff ic ient, one c a n create a cus t om filter based o n the "highway" attr ibute of a road. 

In case the network i s not present i n the area, the code sk i p s the area w i t h a n exception 

[line 14-16]. F ina l ly , the scr ipt creates the in -memory representat ion of a map th rough 

add ing g raph nodes a n d g raph edges to InMemMap object - map_con [lines 22-26] . 

The s t ruc ture of the object represents the connect iv i ty of the g raph to suggest the most 

possible t rans i t i ons (Meert, 2021b). 

26 



1 s t r e e t _ a l l = gpd.GeoDataFrame(columns = [ ' L a t i t u d e ' , 'Longitude']) 
2 t r a c k _ d f = pd.DataFrame(columns = [ ' L a t i t u d e ' , 'Longitude', ' i d ' ] ) 
3 r o u t e _ d f = pd.DataFrame(columns = [ ' L a t i t u d e ' , ' L o n g i t u d e ' , ' i d ' ] ) 
4 i d = 1 
5 f o r _, row i n a r e a s . i t e r r o w s ( ) : 
6 ## A. Download graph based on network type 

area_gdf = gpd.GeoDataFrame(index=[0], crs='epsg:4326', geometry=[row["geometry"]]) 
8 p r i n t ( " B u i l d i n g a graph f o r a s p e c i f i c a rea...") 

9 
t r y : 

11 ### NETWORK TYPES { " a l l _ p r i v a t e " , " a l l " , " b i k e " , " d r i v e " , " d r i v e _ s e r v i c e " , "walk"} 
12 ### o r TYPE YOUR OPTIONAL CUSTOM "HIGHWAY" FILTER HERE 
13 graph = ox.graph_from_polygon(row["geometry"], network_type = ' a l l ' , s i m p l i f y = F a l s e ) 
14 except: 
15 print("WARNING: One area has no s t r e e t network mapped.") 
16 c o n t i n u e 
17 
18 print("===", graph, "\n") # number o f nodes and edges 

s t r e e t _ l i n e s = ox.graph_to_gdfs(graph, nodes = F a l s e ) 
s t r e e t _ a l l = p d . c o n c a t ( [ s t r e e t _ l i n e s , s t r e e t _ a l l ] ) 

21 ### Map Object 
map_con = InMemMap("road_network", 

23 u s e _ l a t l o n = True, 
24 u s e _ r t r e e = True, 
25 index_edges = True) 
26 f o r node i n graph.nodes: 

l a t = graph.nodes[node]['y'] 
28 Ion = graph.nodes[node]['x'] 
29 map_con.add_node(node, ( l a t , Ion)) 

30 
31 f o r edge i n graph.edges: 
32 node_a, node_b = edge[0], e d g e [ l ] 
33 map_con.add_edge(node_a, node_b) 
34 map_con.add_edge(node_b, node_a) 

35 
36 map_con.purgeQ # remove nodes without l o c a t i o n or edges 
37 

The second nested cycle prepares the G P X da ta for map ma tch ing a n d r u n s 

the ma t ch ing for each file i n the s tudy area. In the first part of the cycle, the t rack 

pos i t ions are connected into a l ine trace, w h i c h is subsequent ly s impl i f ied based on 

the TOLERANCE parameter [lines 61-62] . A path var iable i s a l ist of coordinate-pair 

tup les [line 70] that feeds the map -match ing a lgor i thm. A track var iable i s a two-

d imens iona l l ist of coordinate-pairs [line 71], the concatenat ion of a l l t racks , track_df, 

serves as the reference layer for the matched routes. 

38 ## B. Map Matching 
39 f o r f i l e n a m e i n listdir(DATA_FOLDER): 
40 i f not f i l e n a m e . e n d s w i t h ( " . g p x " ) : 
41 c o n t i n u e 
42 
43 gpx_df = C o n v e r t e r ( i n p u t _ f i l e = DATA_FOLDER + "/" + f i l e n a m e ) . g p x _ t o _ d a t a f r a m e ( ) 

t r y : 
g px_point = gpd.GeoDataFrame(gpx_df, geometry = g p d . p o i n t s _ f r o m _ x y ( g p x _ d f . l o n g i t u d e , 

g p x _ d f . l a t i t u d e ) ) . s e t _ c r s ( ' e p s g : 4 3 2 6 ' ) 
46 except: 
47 print("WARNING: The f i l e has no record of p o s i t i o n , the matching stopped.") 
48 c o n t i n u e 
49 g p x _ p o i n t [ ' i d ' ] = 1 
50 area_check = g p x _ p o i n t . w i t h i n ( a r e a _ g d f ) 
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51 i f not a r e a _ c h e c k . i l o c [ 0 ] : 
52 c o n t i n u e # s k i p the GPX f i l e o u t s i d e of the graph 
53 print("Map matching of " + f i l e n a m e + " s t a r t e d . . . " ) 
54 t r y : 
55 gpx _ l i n e = gpx_point.groupby(['id']) ['geometry'].apply(lambda x: L i n e S t r i n g ( x . t o l i s t ( ) ) ) 
56 except: 
57 print("WARNING: The f i l e has o n l y one record o f p o s i t i o n , t h e matching stopped.") 
58 c o n t i n u e 
59 
60 l i n e _ g d f = gpd.GeoDataFrame(gpx_line, geometry = 'geometry').set_crs('epsg:4326') 
61 t o l e r a n c e _ d e g = TOLERANCE / (111319.488 * n p . c o s ( n p . r a d i a n s ( l a t i t u d e ) ) ) 
62 l i n e _ g d f [ ' g e o m e t r y ' ] = l i n e _ g d f [ ' g e o m e t r y ' ] . s i m p l i f y ( t o l e r a n c e _ d e g ) # s i m p l i f y 
63 gpx_coords = l i n e _ g d f . a p p l y ( l a m b d a row: l i s t ( ( r o w . g e o m e t r y ) . c o o r d s ) , a x i s = l ) 
64 passage = l i s t ( g p x _ c o o r d s [ 1 ] ) 
65 t r a c k = [] 
66 path = [] 
67 f o r i i n r a n g e ( l e n ( p a s s a g e ) ) : 

l a t = p a s s a g e [ i ] [ 1 ] 
69 Ion = p a s s a g e [ i ] [ 0 ] 

p a t h . a p p e n d ( ( l a t , I o n ) ) 
t r a c k . a p p e n d ( [ l a t , I o n ] ) 

72 
73 t r a c k = n p . a r r a y ( t r a c k ) 
74 df = pd.DataFrame(track, columns = [ ' L a t i t u d e ' , 'Longitude']) 
75 d f [ ' i d ' ] = i d # i d f o r grouping i n t o one l i n e 
76 t r a c k _ d f = p d . c o n c a t ( [ t r a c k _ d f , d f ] ) 

The ma tch ing a lgor i thm itsel f i s executed i n l ines 77 -96 . The DistanceMatcher [line 

77-87] differs f rom a s imple matcher i n that it takes into account the s imi lar i ty of 

the d is tances between the t rack observat ions a n d the matched states (Meert, 2021b). 

Apar t f rom the parameters defined at the beginning, the matcher i s defined by: 

the network g raph - map_con, possible non-emi t t ing states res t r ic t ion - restrained_ne. 

The match method matches the p a t h to the g raph w i t h node repet i t ion al lowed [line 89]. 

If the matcher fails to m a t c h the entire pa th , the early stop index i s re turned (Meert, 

2021b). Therefore, i n case of a n in te r rupted match ing , a new match ing i s performed, 

a l lowing j u m p s to a nearby edge [lines 90-94] . The reasons for the possible m i s m a t c h 

c a n be o n the side of the road-network da ta or due to a n inappropr iate M M 

parameter isat ion. F ina l ly , the ma tch ing r e turns a l is t of O S M node IDs th rough w h i c h 

the matched route passes [line 96]. 

matcher = DistanceMatcher(map_con, 
78 max_dist = MAX_DIST, 
79 min_prob_norm = MIN_PR0B_N0RM, 

m a x _ l a t t i c e _ w i d t h = MAX_LATTICE_WIDTH, 
i n c r e a s e _ m a x _ l a t t i c e _ w i d t h = INCREASE_MAX_LATTICE_WIDTH, 

82 obs_noise = 0BS_N0ISE, 
83 obs_noise_ne = 0BS_N0ISE_NE, 
84 d i s t _ n o i s e = DIST_N0ISE, 
85 d i s t _ n o i s e _ n e = DIST_N0ISE_NE, 
86 non_emitting_edgeid = F a l s e , 

r e s t r a i n e d _ n e = F a l s e ) 
88 

matcher.match(path, unique = F a l s e ) # r e t a i n not o n l y unique nodes i n the sequence 
i f m a t c h e r . e a r l y _ s t o p _ i d x i s not None: 

91 print("WARNING: Parts of the path were omitted from matching due to the road mismatch.") 
from_matches = matcher.best_last_matches(k = MAX_LATTICE_WIDTH) 

93 matcher.continue_with_distance(from_matches=from_matches, max_dist = MAX_DIST) 
94 matcher.match(path, expand = True) 
95 
96 node_id = matcher.path_pred_onlynodes_withjumps # node_ids the route passes through 
97 
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Orig inal ly , the map -match ing package cou ld not j u m p over areas w i t h no road 

network, i.e. w i t h incomplete da ta or typica l ly w i t h no p a t h to be mapped. The match ing 

wou ld be in ter rupted w i th a n early stop a n d the rest of the t rack left unmatched . Figure 

11 i l lustrates the forced in t e r rup t i on due to the topological ly incomplete data. 

Co l labora t ion w i t h the developer commun i t y i s essential , the author of the package was 

able to add funct ional i ty that a l lows ma t ch ing to cont inue w i t h a given distance. 

Essent ia l ly , the l ines 9 0 - 9 4 integrate the newly added funct ional i ty to fix the b u g i n the 

ca lcu la t ion . Moreover, the interact ion resul ted i n both-s ided code promot ion. 

Figure 11: Interrupted track matching in an area with no road network (Sramo, 2023). 

The end of the code snippet i s devoted to the process ing of the pre l iminary result , 

the sequence of node IDs, to create a set of ma tched roads [lines 98-116 ] . Based on the 

ID the code c a n access to the geometry of the nodes a n d retrieve their coordinates. E a c h 

road of a route i s a connect ion of two consecutive nodes of the g raph. These ind i v i dua l 

roads are concatenated to form a route - route_df. A t the end of the whole computat ion , 

two var iables are deleted [line 123]. T h i s step un loads the cache memory a n d speeds u p 

the further analyses i n the post-process ing phase. 

98 i d _ r o u t e = 1 
f o r i i n r a n g e ( l e n ( n o d e _ i d ) - l ) : 

route_node = [] 
l a t = g r a p h . n o d e s [ n o d e _ i d [ i ] ] [ ' y ' ] 
Ion = g r a p h . n o d e s [ n o d e _ i d [ i ] ] [ ' x ' ] 

103 l a t l o n = [ l a t , Ion] 
104 r o u t e _ n o d e . a p p e n d ( l a t l o n ) 
105 l a t 2 = g r a p h . n o d e s [ n o d e _ i d [ i + l ] ] [ ' y ' ] 
106 lon2 = g r a p h . n o d e s [ n o d e _ i d [ i + l ] ] [ ' x ' ] 

l a t l o n 2 = [ l a t 2 , lon2] 
108 route_node.append(latlon2) 

109 
route_node = np.array(route_node) 
df = pd.DataFrame(route_node, columns = [ ' L a t i t u d e ' , 'Longitude']) 
d f [ ' i d ' ] = i d _ r o u t e # the same i d f o r one l i n e ( s t r e e t ) 
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113 r o u t e _ d f = p d . c o n c a t ( [ r o u t e _ d f , d f ] ) 
114 i d _ r o u t e += 1 
115 
116 i d += 1 
117 
118 p r i n t ( " M a t c h i n g of " + f i l e n a m e + " f i n i s h e d s u c c e s s f u l l y . \ n " ) 
119 
120 i f route_df.empty: 

r a i s e Exception("The map matching has no r e s u l t . " ) 
122 
123 d e l graph, map_con 

The user i s noti f ied w i t h the execut ion proceedings regularly. In the case of 

a n except ion [line 121] or warn ings [lines 15, 47, 57, 91], the necessary in format ion is 

provided. Detai ls about the debugging process a n d exceptions for the tool are d i scussed 

i n Chapter 4.2. 

4.1.3 Post-Processing 
The last process ing phase deals w i t h two m a i n goals. F irst ly , the l ines 2-7 convert 

the track_df a n d route_df var iables into a geometry-enabled s t ruc ture - GeoDataFrame. 

Secondly, the ca l cu la t i on of frequencies i s carr ied out on the streets. The reference 

street network i s c leaned from unnecessary at t r ibutes [line 9]. T h e n it i s spat ia l ly 

f i ltered where the network intersects only the matched routes [line 10], the r edundant 

dupl icates are p r u n e d from the street_Jreq [line 11]. A proper tool output check 

uncovered a r edundancy i ssue i n the O S M data. After these impor tant steps the code 

c a n loop over the streets to calculate route frequencies on them [lines 14-16]. O n each 

street the a lgor i thm calculates the n u m b e r of routes that are ident i ca l i n the geometry 

attr ibute w i t h the street - covers method (GeoPandas developers, 2022). The load of 

the ca l cu la t i on increases exponentia l ly w i t h the size of the s tudy area. After the cycle 

the frequencies are added as a new attr ibute to the resul t var iable street_Jreq. 

The var iable i s GeoDataFrame w i t h the fol lowing attr ibutes: osmid, length, frequency 

a n d geometry. 

1 # A r r a y s of t r a c k s and matched rou t e s t o GeoDataFrame 
t r a c k _ p o i n t = gpd.GeoDataFrame(track_df, geometry = gpd.points_from_xy( 

t r a c k _ d f . L o n g i t u d e , t r a c k _ d f . L a t i t u d e ) ) 
3 t r a c k l i n e s = t r a c k _ p o i n t .groupby( [' i d ' ] ) [ 'geometry'] .apply (lambda x: L i n e S t r i n g ( x . t o l i s t Q ) ) 
4 t r a c k s _ g d f = gpd.GeoDataFrame(track_lines, geometry = 'geometry').set_crs('epsg:4326') 

route_point = gpd.GeoDataFrame(route_df, geometry = gpd.pointsfrom_xy(route_df.Longitude, 
r o u t e d f . L a t i t u d e ) ) 

6 r o u t e _ l i n e = route_point.groupby( ['id'])['geometry'] .apply(lambda x: L i n e S t r i n g ( x . t o l i s t Q ) ) 
7 route_gdf = gpd.GeoDataFrame(route_line, geometry = 'geometry').set_crs('epsg:4326') 
8 # C a l c u l a t i o n of Frequencies 
9 s t r e e t _ a l l = s t r e e t _ a l l . l o c [ : , ['osmid', ' l e n g t h ' , 'geometry']] 

10 s t r e e t _ f r e q = s t r e e t _ a l l . o v e r l a y ( r o u t e _ g d f , how = ' i n t e r s e c t i o n ' ) # drop s t r e e t s out of the routes 
11 s t r e e t _ f r e q = s t r e e t _ f r e q . d r o p _ d u p l i c a t e s ( s u b s e t = [ ' o s m i d ' , ' l e n g t h ' ] ) 
12 frequency = [] 
13 p r i n t ( " C a l c u l a t i n g passage frequences on s t r e e t s . . . " ) 
14 f o r _, row i n s t r e e t _ f r e q . i t e r r o w s ( ) : 
15 b o o l _ s e r i e s = route_gdf.covers(row["geometry"]) 
16 f r e q u e n c y . a p p e n d ( b o o l _ s e r i e s . v a l u e s . s u m ( ) ) 
17 
18 s t r e e t _ f r e q [ " f r e q u e n c y " ] = frequency 
19 p r i n t ( " T h e l e n g t h of matched roads i s " , r o u n d ( s t r e e t _ f r e q [ " l e n g t h " ] . s u m ( ) ) , "meters.") 
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4.1.4 Outputs 
The output preview dynamica l l y presents the resu l ts to the user i n web maps . 

There i s no need to export the da ta first, bu t i t suppor ts the idea of a l lowing the user to 

interactively modify the resu l ts as needed w i t h i n the Jupyter environment. By 

the repetitive opt imisa t ion of the parameters, the user ga ins the knowledge of how 

the a lgor i thm works i n a par t i cu lar area. In the case of s u c h a parameter-dependent 

tool, the output preview is a c ruc i a l element for prac t i ca l use. 

The f ina l output , streets w i t h frequencies, i s d isp layed i n a map preview us ing 

the Leafmap Py thon package (Wu, 2021). The map preview cons is ts of funct ional i ty 

s u c h as map zoom, ful l -screen view, geolocation, d istance a n d area measur ing tool, l i nk 

to the tool documenta t i on a n d the layer switcher (fig. 12 & 13). The interface al lows 

the user to interact w i t h two l inear layers: the reference layer of G N S S t rack records 

[lines 6-9] a n d the road passages, w h i c h are styled i n graduated co lours [lines 10-21]. 

The symbology i s designed for the l ight (fig. 12) a n d the dark basemaps (fig. 13). 

1 m _ l i g h t = leafmap.Map(width = "188%", 
height = "480", 

3 d r a w _ c o n t r o l = F a l s e , 
4 a t t r i b u t i o n _ c o n t r o l = True, 
5 t i l e s = "CartoDB p o s i t r o n " ) 
6 m _ l i g h t . a d d _ g d f ( t r a c k s _ g d f , 

layer_name = "GPX t r a c k s " , 
8 info_mode = None, 
9 s t y l e = { ' c o l o r ' : ' b l u e ' , 'weight':0.5, ' o p a c i t y ' : 0.5}) 

10 m _ l i g h t . a d d _ d a t a ( s t r e e t _ f r e q , 
11 "frequency", 
12 cmap = " W i s t i a " , # c o l o r ramp 
13 scheme = " Q u a n t i l e s " , # c l a s s i f i c a t i o n scheme 
14 k = 5, # max. number of c l a s s e s (saved i n a t t r i b u t e ) 
15 add_legend = True, 
16 l e g e n d _ t i t l e = "Number o f passages", 

l e g e n d _ p o s i t i o n = "bo t t o m r i g h t " , 
18 layer_name = "road passages", 
19 s t y l e _ f u n c t i o n = lambda f e a t : { " c o l o r " : f e a t [ " p r o p e r t i e s " ] [ " c o l o r " ] , 

"weight": 4, 
21 ' o p a c i t y ' : 0.9}) 

m_light.add_text("INTENSITY OF MOBILITY ON ROAD NETWORK", f o n t s i z e = 22, fontcolor='#404040', 
bold = True, padding = '0px', background = True, b g _ c o l o r = 'white', 
b o r d e r _ r a d i u s = '5px', p o s i t i o n = ' t o p r i g h t ' ) 

m _light.add_text("<a h r e f = 'https://github.com/bsramol44/Thesis-Dupyter' t a r g e t = '_blank'> 
<img width = '250' a l t = 'Asset 31ogo' s r c = ' h t t p s : / / u s e r -
images .githubusercontent.com/47752920/234973760-c8157fdd-a3cf-43cf-88b0-
4dc8096cfe7c.png'></a>", background = F a l s e , p o s i t i o n = ' t o p r i g h t ' ) 

24 m _ l i g h t . z o o m _ t o _ g d f ( s t r e e t _ f r e q ) 
25 m _ l i g h t 
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Figure 13: Dark version of output preview with a map layout description. 

At the end of the iterative opt imisa t ion process, the user c a n save the output da ta 

or download it from the c loud. The scr ipt a l lows sav ing the l inear da ta i n two GIS-ready 

formats, G e o J S O N a n d GeoPackage [lines 2, 3]. Secondly, the user c a n choose to 

download the l ight or dark vers ion of the Leaflet map i n H T M L [lines 5, 6]. These web 

m a p s serve as a s imple da ta preview for users w i t h no further experience i n GIS and 

cartography. 

1 # Save t he f i n a l l i n e a r l a y e r w i t h f r e q u e n c i e s t o GeoDSON and GeoPackage f i l e 
2 street_freq.to_file(OUTPUT_FOLDER + " / l i n e s _ f r e q . j s o n " , driver="GeoDSON") 
3 street_freq.to_file(OUTPUT_FOLDER + " / l i n e s _ f r e q . g p k g " , driver="GPKG") 
4 # Save t he i n t e r a c t i v e map t o html 
5 m_light.to_html(OUTPUT_FOLDER + "/light_map.html") 
6 m_dark.to_html(OUTPUT_FOLDER + '7dark_map.html") 
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See A t tachments 4-6 for examples of h o w the cartographic output of the da ta can 

be designed i n l inear graduated-symbol maps . The v i sua l i sa t i on follows the frequency 

c lass i f icat ion prev iously stored i n the at tr ibutes i n the tool. The c lass va lue i n 

the attr ibute greatly s impl i f ies the symbol i za t ion process i n GIS. The backg round 

imagery for the p r in t maps i s the Sentinel-2 cloud-free composite by BOX IT Sendees 

GmbH (2020). Sent inel-2 satel l i tes are par t of Eu ropean E O programme Copernicus. In 

the case of O lomouc , a different h igh-reso lut ion imagery i s used for the city mapp ing . 

The author designed the m a p s i n ArcGIS Pro 3.0.2 a n d the layout was f inal ised i n Adobe 

Illustrator 2 7.5. 

4.2 Debugging and Exceptions 

Accord ing to Heusser (2022), debugging involves several steps w h i c h inc lude 

identi fy ing the problem, iso lat ing i ts source, a n d f inally, either f ix ing the issue or 

f ind ing a worka round . The f ina l step i s to test the so lu t i on to ensure that i t effectively 

resolves the problem. These bugs occur due to coding errors or w h e n the program i s not 

ma in ta ined properly, a co l l i s ion of new package vers ions may cause the code to fail. 

The notebook's advantage is that i t r u n s the code sn ippets independently; 

therefore, the debugging is easier compared to one b lock of script. Nevertheless, i n some 

cases, the use of debugging modules or packages i s inevitable. The tool has been 

debugged i n the most naive way - logging. Logging is a n intui t ive way to t rack 

the source of the error th rough print statements. No ins ta l l a t i on is required, bu t 

the frequent p r in t s may appear s p a m m y (Trablesi, 2020). 

The tool h a s been tested w i t h different erroneous datasets to ensure the proper 

ra i s ing of exceptions. The error test G P X files were the following: files w i t h only one or 

no point locat ion, a da ta file w i t h i n a polar region a n d a G P X file w i t h a n incorrect X M L 

schema. For each case, there are designed sui table ways either to cont inue r u n n i n g the 

code or stop the execut ion by ra i s ing a n exception, see the examples i n Chapter 4.1. 
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4.3 Documentation and Distribution 

Documenta t i on a n d d i s t r ibu t i on are the most impor tant aspects for the further use 

of the tool. The overal l presentat ion has to communica te the tool 's capabi l i t ies. The level 

of detai l i n documenta t i on varies based on the p lat form a n d the target user group. 

The most bas ic commentar ies are i n the Voild web app l i ca t ion interface, one c a n 

proceed to detai led documenta t i on th rough a hyper l ink . The GitHub start page 

in t roduces the workf low a n d the so lut ions i n more general terms. The Jupyter Notebook 

together w i t h the thesis provides the most detai led documenta t i on a n d ins t ruc t i ons for 

experienced users. 

E a c h type of d i s t r ibu t i on is a n at tachment to the thesis . The so lut ions are t ied 

together w i t h the name "gpx2intensity" a n d i ts logo (fig. 14). The tool i s bu i l t o n open-

l icensed packages, so the entire use of the tool follows the F O S S pr inc ip les . GitHub i s 

a repository for the scr ip ts a n d is a por ta l to subord inate appl icat ions l ike Google Colab 

a n d Voild. The tool code so lut ions are presented i n three Jupyter Notebooks: 

1. gpx2intensity_tool.ipynb tool a imed at use rs w i t h coding sk i l l s (Attachment 1), 

2. gpx2intensity.ipynb - modi f icat ion of the notebook for the Voild app l icat ion 

(Attachment 2), 

3. gpx_compression.py i s a Py thon scr ipt for G P X file compress ion (Attachment 3). 

GPX2INTENSITYI 
Figure 14: Logo of the tool "gpx2intensity" (source: author). 

The web app l i ca t ion r u n s on a free c l oud server - Binder. It i s a way to share 

reproducib le a n d interactive environments , for example, JupyterHub, f rom onl ine 

repositories (Ragan-Kelley et a l . , 2018). The scr ip t ing difference between the tool a n d 

the tool modi f icat ion for Voild i s expla ined at the beg inn ing of Chapter 4.1. 

The s t ruc ture subord inates to the app l i ca t ion U X . The user r u n s the whole sequence of 

funct ions w i t h one c l i ck o n the " R u n B u t t o n " (fig. 10). Download but tons suppor t user-

fr iendly interact ion w i t h the ou tputs of the tool. 

F igure 15 i s the preview of the start page of the web appl icat ion. The tool requires 

the up l oad of the loca l G P X files, for instance, the test da ta f rom the GitHub repository 

(Attachment 9). The default va lues of parameters c a n be changed. After c l i ck ing on the 

" R u n the Tool " bu t t on the pre l iminary messages are pr inted. F ina l ly , the run t ime a n d 

the resu l ts are d isp layed w i t h the opt ions to download the resul t da ta or the web maps . 

In the impr in t sect ion, the user c a n f ind further l i n k s to the documenta t i on or l icencing. 
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: g p x 2 i n t e n s i t y í T I T L E & I N T R O 

AUTOMATION OF PROCESSING GPX TRACK RECORDS FOR DESIGNING INTENSITY MAPS 

T h e t o o l m a t c h e s G N S S track r e c o r d s to a r o a d n e t w o r k a n d calculates f r e q u e n c i e s o n it. T h e m a p m a t c h i n g runs o n probab i l i s t ic m o d e l 

h a n d l i n g states with miss ing obserawaftion i.e.r n o n - e m i t t i n g states. F o r m o r e i n f o r m a t i o n a b o u t t h e m a p - m a t c h i n g a l g o t i r h m see 

Leuver> .MapMatch ing d o c u m e n t a t i o n . For m o r e de ta i ls l e g a r d i n g the t o o l see the G i t H u b documentation, 

Set Parameters 

A Upload files (03 
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iMrease Latt. if /to solution is found, increase the lattice by the value 

Obs. Noise standard deviation of meosuremnet roue, m meters 

Obs. Noise NE standard deviation of meosuremnet noise for non-emitting states, in meter {the value should he larger than Obs. Noise) 
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The tool is Attachment 2 to Master Thesis. 
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Palacký University in Olomouc, Univesity of Salzburg 

Figure 15: gpx2intensity web-application start page with a layout annotation. 
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5 TESTING AND ASSESSMENT 

The possib i l i t ies of c loud-based tools are wide. Therefore, i t i s essent ia l to 

determine the scope a n d l imi ta t ions of the tool for possib le use cases. The test ing and 

assessment part cons is ts of three case studies: i n u r b a n (Chapter 5.1), m ixed r u r a l and 

moun ta inous (Chapter 5.2), a n d rugged n a t u r a l (Chapter 5.3) environments. E a c h case 

s tudy a ims to f ind sui table parameter isat ion for the area. The parameters are set to 

cr i t i ca l break va lues to determine overfitting or under f i t t ing by v i sua l compar i son of 

the reference t r acks w i th the new matched routes i n the output web map. Secondly, 

the best representative output resul t has been assessed i n the frequency correctness 

rate. Reasonings a n d advice about further appl icat ions are suggested i n the fol lowing 

sub-chapters . 

5.1 Olomouc Case Study 

As ment ioned earlier i n Chapter 3 .1, O lomouc i s a Czech city w i t h a n interest ing 

cu l tu ra l heritage pu l l i n g v is i tors to come (fig. 16). We l l -ma inta ined in f ras t ructure w i l l 

make the life experience for the locals a n d v is i tors more enjoyable a n d make it more 

attractive for new ones to arrive. The case s tudy a ims to create a n exemplary intensi ty 

map of sample mobi l i ty da ta prov ided by Mgr. Radek Barv i f , Ph . D. 

The pos i t ion ing da ta have been processed th rough the web appl icat ion 

"gpx2 intens i ty " mul t ip l e t imes to f ind the most sui table parametr isat ion . The street 

network of the area i s very dense i n bu i l t -up areas, i t creates larger poss ib i l i t ies for 

rout ing . Therefore, it i s impor tant to keep the detai l of the pos i t ion ing a n d the opt ima l 

t rack s impl i f i cat ion tolerance set to 2 metres (tab. 1). Table 1 presents the l ist of test ing 

r u n s , for each r u n a parameter i s altered to f ind the opt ima l so lut ion . Three pa i r s of 

parameters are altered altogether. The first pa i r i s the m a x i m u m lattice w i d t h w i t h i ts 

increase because they are mu tua l l y correlated by design. The same reason for pa i r ing 

the parameters i s for the observat ion noise a n d i ts non-emitt ing-state alternative, a n d 

for the d istance noise a n d i ts non-emitt ing-state alternative. The most op t ima l f itt ing 

resul t i s i n the n i n t h test ing r u n w i t h the execut ion t ime of 293 seconds a n d 107,2 k m 

of matched routes (tab. 1). F r o m 165,2 k m of i npu t t racks , the routes w i t h frequencies 

decreased the length by 58 k m . 

In the second part of the assessment, 20 contro l po ints have been identi f ied from 

the expert perspective to evaluate the frequency prec is ion. The locat ion of the contro l 

po ints c a n be inspected i n the f ina l map presentat ion (Attachment 4). A t each contro l 

po int the reference value i s compared to the result of the tool ca lcu la t ion . Con t r o l po int 

4 shows incorrect frequency due to the wrong route choice of the map match ing . 

In contrast , the wrong value at po int 10 i s due to the incorrect choice of roads on one 

street. The overal l prec is ion at the contro l po in ts i s 90 %. The sensit iv i ty rate of 93,9 % 

indicates the n u m b e r of passages ass igned correctly (tab. 1). 
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Table 1: Parameterization matric of test runs in Olomouc and frequency precision assessment. The parameters are set to critical break values to determine 
overfitting/underfitting by comparing the reference tracks with the new matched routes in the interactive web map . The optimal solution is run number 9. It has 
returned 90 % of correct measurements at control points, the sensitivity of the correct matching is at 93,9 % based on the control samples. 

Co 
-J 

Test 
Run 

PARAMETRIZATION MATRIX RESULTS 
Test 
Run BUFFER_D 

1ST 
TOLERANCE 

MIN_PROB_ 
NORM 

MAX_ 
DIST 

MAX_LATTICE_ 
WIDTH 

INCREASE_MAX_ 
LATTICE_WIDTH 

OBS_N 
OISE 

0BS_N0ISE_ 
NE 

DIST_N 
OISE 

DIST_NOISE_ 
NE 

Time [s] Length [m] 

1 100 2 0,002 100 7 5 16 30 3 10 223 104 639 
2 100 2 0,002 100 7 5 16 30 5 16 252 105 236 
3 100 2 0,002 100 7 5 16 30 7 20 245 105 553 
4 140 2 0,002 100 7 5 16 30 5 16 244 105 421 
5 180 2 0,002 100 7 5 16 30 5 16 285 105 278 
6 140 0 0,002 100 7 5 16 30 5 16 405 101 387 
7 140 4 0,002 100 7 5 16 30 5 16 434 104 876 
8 140 2 0,002 140 7 5 16 30 5 16 326 107 243 
9 140 2 0,002 120 7 5 16 30 5 16 293 107 243 
10 140 2 0,002 120 7 5 12 30 5 16 404 107 673 
11 140 2 0,002 120 7 5 20 40 5 16 235 107 250 
12 140 2 0,002 120 5 4 16 30 5 16 209 108894 
13 140 2 0,002 120 9 6 16 30 5 16 257 107 017 
14 140 2 0,001 120 7 5 16 30 5 16 237 107 243 
15 140 2 0,003 120 7 5 16 30 5 16 234 107 243 

overfitting optimal underfitting 

FREQUENCY PRECISION 

o 
S * 

o 

Control Reference Result from 
Point Value Calculation 

1 2 2 
2 

3 0 0 
4 2 1 
5 3 3 
6 6 6 

2 2 
8 2 2 
9 2 2 
10 3 1 
11 6 6 
12 3 3 
13 2 2 
14 3 3 
15 1 1 
16 1 1 
17 3 3 
18 2 2 
19 2 2 
20 2 



Figure 16: City of Olomouc in November (Fidler, 2013). 

5.2 Malá Fatra Case Study 

Malá F a t r a i s a m o u n t a i n range that i s part of the Western Ca rpa th i ans i n S lovak ia 

(fig. 17). The s tudy area extends to the r u r a l areas of Terchová i n the n o r t h a n d Strečno 

i n the west. Therefore, the road network i s not dense i n most cases, however, the 

sett lements increase the diversity of the network. The highest elevation point of 

the records i s at Velký Kriváň - 1 709 m above sea level, the lowest i s at Nezbudská 

L u c k a 356 m above sea level. Another factor in f luenc ing the G N S S s igna l qual i ty is 

the dense forest vegetation. Therefore, generally the pos i t ion ing above the tree l ine 

provides records w i t h a low de lus ion of prec is ion, t h u s better map-match ing resul ts . 

In table 2, the op t ima l parameter isat ion for the best resul t fits the test r u n number 

9. A s the s tudy area is more d is t r ibuted compared to the prev ious study, hence the t ime 

of tool computa t i on increased rap id ly to 862 seconds. The tota l l ength of the matched 

routes w i t h frequencies i s 132,9 k m , w h i c h i s 66,4 k m less t h a n the i npu t single t rack 

records. 

The prec is ion assessment h a s used 15 contro l po ints expertly sampled o n cr i t i ca l 

spots. See the d i s t r ibu t i on of the po ints i n the map , w h i c h is A t tachment 5 to 

the thesis . A l l incorrect frequencies captured i n the contro l po ints are due to the low 

pos i t ion ing prec is ion. In case of the contro l po int 4, the spat ia l de lus ion i s too large to 

m a t c h the graph. O n the other h a n d , contro l po int 14 is overestimated due to the noisy, 

osc i l la t ing t rack record. M a n y other smal ler osc i l la t ing records have been smoothed by 

the s impl i f i ca t ion funct ion - the TOLERANCE parameter. 
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Figure 17: Malá Fatra mountain ridge covered with limestone nappes (source: author). 

Table 2: Parameterization matric of test runs in Malá Fatra and frequency precision assessment. 

Test 
Run 

PARAMETRI Z ATI ON MATRIX RESULTS 
Test 
Run BUFFEFL 

DIST 
TOLERANCE 

MIN_PROB_ 
NORM 

MAX_ 
DIST 

MAX_LATTICE_ 
WIDTH 

INCREASE_MAX_ 
LATTICE_WIDTH 

OBS_ 
NOISE 

OBS_NOISE_ 
NE 

DIST_ 
NOISE 

DIST_NOISE_ 
NE 

Time [s] Length [m] 

1 100 6 0,006 260 5 4 20 100 8 40 513 128 447 
2 100 6 0,006 280 5 4 20 100 8 40 662 128 463 
3 100 6 0,006 240 5 4 20 100 8 40 670 128 384 
4 100 6 0,006 260 7 5 20 100 8 40 949 132 573 
5 100 6 0,006 260 9 6 20 100 8 40 970 132 522 
6 100 6 0,006 260 7 5 16 70 6 30 924 132 835 
7 100 6 0,006 260 7 5 16 50 6 24 714 128 996 
8 100 6 0,006 260 7 5 12 70 4 30 947 121 173 
9 120 6 0,006 260 7 5 16 70 6 30 862 132 874 
10 140 6 0,006 260 7 5 16 70 6 30 775 121 322 
11 120 7 0,006 260 7 5 16 70 6 30 861 132 508 
12 120 5 0,006 260 7 5 16 70 6 30 972 133 063 
13 120 6 0,008 260 7 5 16 70 6 30 1148 132 874 
14 120 6 0,004 260 7 5 16 70 6 30 862 129 091 

-< 

o 

FREQUENCY PRECISION 
Control Reference Result from 
Point Value Calculation 

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

4 4 
8 0 0 
9 1 1 
10 2 2 
11 1 1 
12 1 1 
13 4 4 
14 1 3 
15 2 2 

overfitting optimal underfitting 



5.3 Slovak Paradise Case Study 

Slovak Paradise Nat iona l Park i s k n o w n for i ts attractive rugged relief, i.e. gorges, 

canyons, ka rs t landforms etc. (fig. 18). Th i s interest ing environment generates 

chal lenges i n terms of G N S S s igna l qual i ty. The records are no isy i n a very sparse road 

network. 

The parameter isat ion for th i s s tudy differentiates f rom the prev ious two 

signif icantly. The network is sparse a n d generally homogenous over the s tudy area. 

The op t ima l parametr i sa t ion r e turns 91,8 k m long routes w i t h frequencies i n 325 

seconds (tab. 3). The va l idat ion of the resul t i s done th rough 10 contro l points , see their 

d i s t r i bu t i on i n A t tachment 6. At every contro l point, the ca lcu lated frequencies 

corresponded to the reference va lues (tab. 3). The prec i s ion based o n the contro l po ints 

i s 100 %. However, the po in ts d i d not capture the overest imations due to the no isy and 

osc i l la t ing records. The errors due to the wrong road choice do not arise, because 

the road poss ib i l i t ies are m u c h lower t h a n i n the u rban i s ed area. 

Figure 18: Hiking in the Slovak Paradise, Suchd Beld (source: author). 
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Table 3: Parameterization matric of test runs in Slovak Paradise and frequency precision assessment. 

Test 
Run 

PARAMETRIZATION MATRIX RESULTS 
Test 
Run BUFFER. 

DIST 
TOLERANCE 

MIN_PROB_ 
NORM 

MAX_ 
DIST 

MAX_LATTICE_ 
WIDTH 

INCREASE_MAX_L 
ATTICE_WIDTH 

OBS_N 
OISE 

OBS_NOISE_ 
NE 

DIST_N 
OISE 

DIST_NOISE_ 
NE 

Time [s] 
Length 

[m] 
1 260 5 0,000 200 5 4 20 60 6 24 182 91 518 

2 260 5 0,000 240 5 4 20 60 6 24 209 91 872 

3 260 5 0,000 280 5 4 20 60 6 24 203 91 833 

4 260 5 0,000 240 9 6 20 60 6 24 323 90 910 

5 260 5 0,000 240 13 8 20 60 6 24 498 90 759 

6 260 5 0,000 240 9 6 20 60 5 20 285 90 958 

7 260 5 0,000 240 9 6 20 60 7 28 296 90 944 

8 260 5 0,000 240 9 6 8 25 6 24 302 91 818 

9 260 5 0,000 240 9 6 6 20 6 24 305 91 828 
10 220 5 0,000 240 9 & 8 25 6 24 325 91 818 
11 180 5 0,000 240 9 6 8 25 6 24 244 77 392 

12 220 7 0,000 240 9 6 8 25 6 24 271 91 425 

13 220 3 0,000 240 9 6 8 25 6 24 353 91 894 

14 220 5 0,001 240 9 6 8 25 6 24 276 91 688 

FREQUENCY PRECISION 
Control Reference Result from 
Point Value Calculation 

1 2 2 
2 2 2 
3 1 1 
4 2 2 
5 2 2 
6 1 1 
7 1 1 
8 2 2 
9 3 3 
10 2 2 

100 % correctness rate 
for the control points 

overfitting optimal underfitting 



6 RESULTS 

The thes is cons is ts of two m a i n parts : the tool development (Chapter 4) a n d the 

test ing a n d assessment (Chapter 5). The development follows the prev ious research of 

process ing G N S S t rack records. The automated approach is un ique to consol idate 

the pos i t ion ing da ta i n one l inear layer w i t h passage frequencies. Test ing purposes 

the parameter isat ion methodology for opt ima l resul ts . A n d the assessment par t proves 

the resul t for a par t i cu lar level of accuracy. 

The Jupyter Notebooks for the direct in teract ion (Attachment 1) or the indirect 

th rough the web app l i ca t ion (Attachment 2). a l low the user to up l oad the G P X files to 

process them under specific parametr isat ion . A s imple tool for compress ion of the G P X 

da ta h a s been developed to hand le the large i npu t datasets i n a systematic manner 

(Attachment 3). After the ca l cu la t i on of passage frequencies, the user c a n inspect the 

process ing outputs i n two modes of web maps . The f ina l ou tputs c a n be saved i n two 

da ta formats a n d two web maps . The c loud-based tool i s open to a n expert user group 

throughout the wor ld . The reference network da ta come from the g lobal database of 

OpenStreetMap contributors. However, the abi l i ty of the resul t to convey a strong 

message originates from the credibi l i ty a n d objectivity of the inpu t G N S S t rack records. 

Test ing a n d assessment i n three different case s tudies suppor t the importance of 

h u m a n knowledge i n the loop of automat ion . Op t ima l parametr i sa t ion p lays the most 

impor tant role i n the outcome. General ly , the frequency prec is ion above 90 % grants 

the gpx2intensity tool to provide a n innovative source of in format ion for road 

in f ras t ructure development, especial ly for active t ransport , i.e. h i k ing , r u n n i n g , cyc l ing 

etc. A t tachments 4-6 are demonstrat ions of how the intensi ty m a p s for mobi l i ty c a n be 

designed i n graduated-symbol symbology. The presented m a p s v isual ize the records of 

a single user ; therefore, their p r imary purpose is to present the v i s u a l design. The 

content itself, passage frequencies, i s not credible for further d is t r ibut ion . 
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7 DISCUSSION 

The thes is investigates the poss ib i l i t ies of u t i l i s ing a Jupyter Notebook for workf low 

automat ion of pos i t ion ing data. The notebook r u n s on Py thon kerne l , the process ing of 

the au tomat i on is not as fast a n d efficient as it w o u l d be i f r u n i n other p rogramming 

language. The notebook's advantage is i t s wide user group. The explanatory text 

super imposed i n the code increases the chances for mul t ip l e users to man ipu la t e the 

da ta -min ing tool appropriately. 

The commun i t y developing Py thon packages i n the da ta science field, i n c lud ing GI 

science, i s growing. Accordingly , a l l the development accounts for the growing 

popular i ty of Jupyter Notebooks. The notebooks are effective i n del ivering the essent ia l 

knowledge to guide the end-user to success fu l resul ts . Fur thermore , the Voild extends 

the code abs t rac t ion to the web app l i ca t ion enabl ing ipyWidgets i n GUI . S u c h web 

app l i ca t ion demands comput ing power o n the c loud. A recent init iat ive Binder pioneered 

to provide free c l oud servers for v i r tua l env i ronments (Ragan-Kelley et a l . , 2018). 

The so lu t i on h a s become popu lar for co l laborat ion among da ta scient ists . However, 

the Binder sever c a n overload easily a n d the web app l i ca t ion depends o n the server 

avai labi l i ty at the t ime. The alternative approach is the col laborative notebook at Google 

Colab by Google Research (Google, 2023). It r u n s o n the f reemium bus iness model . 

The bas ic comput ing power is free w i t h further pa id alternatives to increase the services 

a n d capabi l i t ies. Unfortunately , Google Research does not offer a free c l oud server to 

r u n a web app l i ca t ion l ike Voild. 

The next core idea, the integrat ion of VGI together w i t h scientif ic methods is 

a current t r end i n GI science (Avila C a l l a u , 2020). The VGI diversity i s a benefit and 

a drawback at the same t ime. The diversity of da ta sources, crowd-sourc ing , covers 

the environment i n s u c h a way that f rom the i nd i v i dua l records, one c a n zoom out to 

the general, abstracted character of the region. The more da ta providers i n a n area, 

the better a n d more objective i s the unders tand ing of the s tudy area. For instance, a 

case s tudy for u r b a n development c a n examine the behaviour of e-scooter r iders w i t h i n 

a city. The service providers dispose of the pos i t ion ing da ta of their scooters, s u c h VGI 

provides a mu l t i -use r sample of scooter driver traces. After the da ta m i n i n g processes, 

the most frequent passages cou ld be subjected to a development test. It i s a data-

or iented method to address susta inab le mobi l i ty development i n u r b a n areas. 

The thes is objective i s not to generate s imi lar act ionable outcomes bu t rather to design 

a tool that i s easy to implement i n any environment. The tool i s tested on diverse 

pos i t ion ing da ta from different devices i n different s tudy areas. The datasets come from 

a single da ta provider; therefore, the resu l ts are h igh ly subjective. 

A s ment ioned earlier, the VG I b r ing d rawbacks by i ts nature . Compared to da ta 

col lected accord ing to scientif ic pr inc ip les , the general pub l i c does not follow 

the pr inc ip les for da ta col lection, the qual i ty of VGI i s var iable a n d undocumented due 

to the different devices or methodologies, the contr ibutors are not experts a n d have 

different interests whi le col lect ing da ta (Avila C a l l a u , 2020). Nonetheless, the advanc ing 
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technology capabi l i t ies a n d i ts democrat isat ion a l low use rs to contr ibute to "c i t izen 

science" w i t h their data, s u c h as G N S S t rack records of mobi l i ty . 

Lastly, the gpx2intensity tool resolves the challenge of uni fy ing pos i t ion ing da ta of 

different levels of detai l . The most possib le approx imat ion to reference street network, 

a route, creates the c o m m o n g r ound to combine the different VGI sources together. 

The map -match ing a lgor i thm enables H M M to calculate rou t ing for t rack par ts w i th 

non-emi t t ing states as wel l (Newson & K r u m m , 2009). The tool parameter isat ion and 

computa t i on are heavy. The process ing of VGI requires expert knowledge, t h u s the very 

necessary in format ion for the user i s g iven w i t h i n the tool. The resul t of automat ion 

summar i s es the tota l passage frequencies of the i npu t pos i t ion ing data. The notebook is 

d i s t r ibuted o n onl ine plat forms, f rom w h i c h the user c a n r u n the tool on the c loud, or 

one c a n download the notebook a n d r u n it locally. Pr imar i ly , the tool pre-processes the 

geographic da ta for the cartographers to des ign graduated-symbol or graduated-colour 

maps . In the case of non-cartographers, the secondary output i s a web map i n two 

colour modes generated automatical ly . The con t inua t i on of the tool development can 

lead to da ta process ing for other methods of geovisual izat ion. Apar t f rom the mobi l i ty 

behaviour, one c a n investigate the or ig in-dest inat ion re lat ionships . In most cases, 

the p r imary purpose for mobi l i ty i s the t ranspor t f rom point "A" to po int " B " . Therefore, 

i n the future the tool cou ld be improved to v isual ize the G N S S t rack records i n the edge-

p a t h b u n d l i n g presented by Wal l inger et a l . (2022). 
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CONCLUSION 

The "Automation of Processing GNSS Track Records for Designing Intensity Maps" 

compi les the so l id foundat ion of the state-of-the-art a n d the growing importance of 

G N S S , da ta m i n i n g of t rack records a n d the geovisual izat ion i n Jupy t e r Notebook 

(Chapter 2). Based on the prev ious research done i n the field, Chapter 3 describes 

the methodology to accomp l i sh the first two sub-goals: (1) au tomat i on of spat ia l 

analyses of G N S S trajectory da ta on street network, (2) imp lementa t ion of possible 

appropriate quanti tat ive geovisual izat ion. The tool development (Chapter 4) d iscusses 

the design, debugging a n d exceptions, a n d documenta t i on a n d d i s t r i bu t i on of 

the product . Lastly, the t h i r d sub-goa l h a s been addressed i n the chapters of Test ing 

a n d Assessment (Chapter 5), Resu l ts (Chapter 6) a n d D i s c u s s i o n (Chapter 7). The a i m 

is to assess the resul ts a n d out l ine the poss ib i l i t ies for further use. 

The thes is overal l provides a scienti f ic approach to solv ing the chal lenges of 

geovisual izat ion of pos i t ion ing data. The work profits f rom the c ommun i t y pub l i sh ing 

reproducib le , free a n d open-source research. New ideas for process ing b ig geographic 

data, coming f rom satell ites, sensors, wearable devices etc., have a vast potent ia l to 

keep the development processes susta inab le . S u c h approaches lead to a n increased 

qual i ty of life a n d prosperi ty i n the form of economic assets. The geoprocessing tool i s 

d i s t r ibuted i n c l oud plat forms of two types. The pub l i shed work ant ic ipates contr ibut ing 

to the GI c ommun i t y w i th a new method to process G N S S t rack records a n d prov id ing 

the g roundwork for future developments either i n the in f ras t ructure or geovisual izat ion 

perspective. 
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Attachment 1 gpx2intensity_tool.ipynb (original location at Google Colab) 

AUTOMATION OF PROCESSING GNSS TRACK RECORDS FOR DESIGNING INTENSITY 

MAPS 

» Install and Import Dependences 

1 !pip l i s t -v # check a l l p r e i n s t a l l e d packages and t h e i r v e r s i o n s 

1 !pip i n s t a l l numpy==1.23.0 

2 #!pip i n s t a l l -U numpy 
3 !pip i n s t a l l pyproj 
4 !pip i n s t a l l g px-converter 
5 !pip i n s t a l l geopandas # geoprocessing 
6 !pip i n s t a l l git+https://github.com/wannesm/LeuvenMapMatching.git # map matching 
7 !pip i n s t a l l osmnx # OpenStreetMap s t r e e t network data access 
8 !apt-get i n s t a l l -y l i b s p a t i a l i n d e x - d e v # map v i s u a l i z a t i o n 
9 !pip i n s t a l l f i o n a # map v i s u a l i z a t i o n 

10 !pip i n s t a l l r t r e e # map v i s u a l i z a t i o n 
11 !pip i n s t a l l m a p c l a s s i f y # map v i s u a l i z a t i o n 
12 !pip i n s t a l l leafmap # map v i s u a l i z a t i o n 

1 from os.path import e x i s t s , j o i n , basename 
2 from os import l i s t d i r , remove 
3 from u r l l i b . r e q u e s t import u r l r e t r i e v e 
4 import osmnx as ox 
5 from shapely.geometry import Polygon, P o i n t , L i n e S t r i n g , M u l t i P o l y g o n 
6 from leuvenmapmatching.map.inmem import InMemMap 
7 import numpy as np 
8 import pandas as pd 
9 import geopandas as gpd 

10 from gpx_converter import Converter 
11 from leuvenmapmatching.matcher.distance import DistanceMatcher 
12 import leafmap.foliumap as leafmap 
13 import m a p c l a s s i f y 

' 1. Pre-Processing 

» Set Variables and Parameters 

The Map Matching algorithm runs on probabilistic model handling states with lacking obseravation. For mare Information see documentation 

for the M M . 

The tool Is an attachment 1 to the Master Thesis 

"Automation of Processing GNSS Track Records for Designing the Intesity Maps" 

submitted in Palacky University in Oiomouc and University of Salzburg, 2023. 

https://github.com/wannesm/LeuvenMapMatching.git


1 ## Set the d i r e c t o r y l o c a t i o n f o r data and output f i l e s 
2 DATA_FOLDER = 'data' # path t o your data r e p o s i t o r y 
3 OUTPUT_FOLDER = 'output' # d i r e c t o r y save t he r e s u l t s 

4 
5 ## Study area f o r OpenStreetMap s t r e e t network download 
6 BUFFER_DIST = 100 # area around the GPX r e c o r d s ; i n meters 
7 
8 ## Map Matching parameters 
9 TOLERANCE = 4 # t h r e s h o l d f o r GPX t r a c k s i m p l i f i c a t i o n ; i n meters 

16 MIN_PROB_NORM = 0.002 # e l i m i n a t e the l a t t i c e where i t drops below normalized p r o b a b i l i t y 
11 MAX_DIST = 100 # break f o r any f u r t h e r matching; i n meters 
12 MAX_LATTICE_WIDTH = 7 # search t he route w i t h t h i s number of p o s s i b l e paths at every step 
13 INCREASE_MAX_LATTICE_WIDTH = 4 # i f no s o l u t i o n found, the width increments by the v a l u e 
14 OBS_NOISE = 20 # expected GNSS n o i s e , i n meters 
15 OBS_NOISE_NE = 60 # expected GNSS n o i s e f o r non-emitting s t a t e s , i n meters 
16 DIST_NOISE = 5 # d i f f e r e n c e between d i s t a n c e between matched route and d i s t a n c e [...] 
17 DIST_NOISE_NE = 15 # d i f f e r e n c e between d i s t a n c e s f o r n o n - e m i t t i n g s t a t e s , i n meters 

- From GPX Files to Study Area 

In case of emtpy data folder, feed the repository with the GPX data. 

Optionally, download the test GPX data from GitHub repository by running the code below. 

1 ## Downloading sample data from GitHub 
2 d a t a _ r e p o _ u r l = 'https://raw.githubusercontent.com/... ' 
3 f i l e s = ['filename.gpx', 
4 'filename_XY.gpx'] 

5 
6 def d o w n l o a d ( u r l ) : 

f i l e n a m e = join(DATA_FOLDER, basename(url)) 
i f not e x i s t s ( f i l e n a m e ) : 

l o c a l , _ = u r l r e t r i e v e ( u r l , f i l e n a m e ) 
print('Downloaded ' + l o c a l ) 

11 
12 f o r data i n f i l e s : 
13 download(data_repo_url + data) 

1 gpx_combined = gpd.GeoDataFrame(columns = [ ' l a t i t u d e ' , ' l o n g i t u d e ' ] ) 
2 f o r f i l e n a m e i n listdir(DATA_FOLDER): 
3 i f f i l e n a m e . e n d s w i t h ( " . g p x " ) : 

t r y : 
5 g p x _ f i l e = C o n v e r t e r ( i n p u t _ f i l e = DATA_FOLDER + "/" + fi l e n a m e ) . g p x _ t o _ d a t a f r a m e ( ) 
6 except: 

p r i n t ( f i l e n a m e , " i s NOT v a l i d , t he t o o l removed t he f i l e from r e p o s i t o r y . " ) 
remove(join(DATA_FOLDER, f i l e n a m e ) ) 

9 c o n t i n u e 
10 

gpx p o i n t = gpd.GeoDataFrame(gpx f i l e , geometry=gpd.points from xy(gpx f i l e . l o n g i t u d e , 
11 

g p x _ f i l e . l a t i t u d e ) ) . s e t _ c r s ( ' e p s g : 4 3 2 6 ' ) 
gpx_combined = pd.concat([gpx_combined, g p x _ p o i n t ] ) 

13 
14 i f gpx_combined.empty: 
15 r a i s e Exception("Uploaded data i s empty.") 
16 
17 i f ( g p x _ c o m b i n e d [ " l a t i t u d e " ] >= 80).any() or ( g p x _ c o m b i n e d [ " l a t i t u d e " ] <= -80).any(): 

r a i s e E x c e p t i o n ( " E x e c u t i o n f a i l e d , uploaded data c o n t a i n s i n p o l a r r e g i o n . " ) 
19 
20 l a t i t u d e = g p x _ c o m b i n e d [ " l a t i t u d e " ] . i l o c [ 0 ] 
21 d i s t a n c e _ d e g = BUFFER_DIST / (111319.488 * n p . c o s ( n p . r a d i a n s ( l a t i t u d e ) ) ) 
22 g p x _ b u f f e r = gpx_ c o m b i n e d [ " g e o m e t r y " ] . b u f f e r ( d i s t a n c e _ d e g ) . s e t _ c r s ( 4 3 2 6 ) 
23 areas = gpx_buffer.unary_union 
24 areas = gpd.GeoDataFrame(index=[0], crs='epsg:4326', geometry=[areas]) 
25 i f a r e a s . t y p e [ 0 ] == " M u l t i P o l y g o n " : 
26 areas = areas. e x p l o d e Q 
27 
28 p r i n t ( " F r o m the GPX f i l e s have been c a l c u l a t e d " , l e n ( a r e a s . i n d e x ) , " a r e a ( s ) f o r g r a p h ( s ) . " ) 

http://'https://raw.githubusercontent.com/


" 2. Data Mining: Map Matching 

A. OSM Street Network Download 

1. The code Iterates over the study areas one by one. 

2. Optionally set your custom filter based on "highway" attribute. Defaiiltly all routes mapped in OSM are part of the analysis. 

FILTER = '["highway" ~ " f o o t w a y | t r a c k | p e d e s t r i a n | c y c l e w a y | p a t h | u n c l a s s i f i e d | r e s i d e n t i a l | s e r v i c e | t e r t i a r y " ] ' 

3. Download graph for the area of interest based on network type or based on OSM highway attribute. 
4. Create the in-memory representation of a map: translate graph(nades, edges) to inMemMap object. The structure represents the 

connectivity of the graph suggesting the most possible transitions. 

- B. Parameterised Map Matching 

1. Iterate over the GPX files in the data folder. 
2. Check if the file locates inside the study area, if not move to the next file. 
3. Retrieve coordinates from GNSS measurements and create algorithm-readable object. 
4. Save the street network of the area for post-processing. 
5. Run the matching over the path. 
6. Create single streets from the nodes that the matched path passes through and merge the pair of nodes (streets) into one DataFrame. 

1 s t r e e t _ a l l = gpd.GeoDataFrame(columns = [ ' L a t i t u d e ' , 'Longitude']) 
2 t r a c k _ d f = pd.DataFrame(columns = [ ' L a t i t u d e ' , ' L o n g i t u d e ' , ' i d ' ] ) 
3 r o u t e _ d f = pd.DataFrame(columns = [ ' L a t i t u d e ' , ' L o n g i t u d e ' , ' i d ' ] ) 
4 i d = 1 

5 f o r _, row i n a r e a s . i t e r r o w s ( ) : 
6 ## A. Download graph based on network type 

area_gdf = gpd.GeoDataFrame(index= [ 0 ] , crs='epsg : 4 3 2 6', geometry=[row["geometry"]]) 
8 p r i n t ( " B u i l d i n g a graph f o r a s p e c i f i c area...") 

9 
t r y : 

1 1 ### NETWORK TYPES { " a l l _ p r i v a t e " , " a l l " , " b i k e " , " d r i v e " , " d r i v e _ s e r v i c e " , "walk"} 
12 ### o r TYPE YOUR OPTIONAL CUSTOM "HIGHWAY" FILTER HERE 
13 graph = ox.graph_from_polygon(row["geometry"], network_type = ' a l l ' , s i m p l i f y = F a l s e ) 

1 4 except: 
15 print("WARNING: One area has no s t r e e t network mapped.") 
16 c o n t i n u e 

17 
18 print("===", graph, "\n") # number o f nodes and edges 

s t r e e t _ l i n e s = ox.graph_to_gdfs(graph, nodes = F a l s e ) 
s t r e e t _ a l l = p d . c o n c a t ( [ s t r e e t _ l i n e s , s t r e e t _ a l l ] ) 

2 1 ### Map Object 
map_con = InMemMap("road_network", 

23 u s e _ l a t l o n = True, 
2 4 u s e _ r t r e e = True, 

25 index_edges = True) 
26 f o r node i n graph.nodes: 

l a t = graph.nodes[node]['y'] 
28 Ion = graph.nodes[node]['x'] 
29 map_con.add_node(node, ( l a t , I o n ) ) 

30 
31 f o r edge i n graph.edges: 
32 node_a, node_b = edge [ 0 ] , e d g e [ l ] 
33 map_con.add_edge(node_a, node_b) 
34 map_con.add_edge(node_b, node_a) 

35 
36 map_con.purgeQ # remove nodes without l o c a t i o n o r edges 
37 



38 ## B. Map Matching 
39 f o r f i l e n a m e i n listdir(DATA_FOLDER): 
40 i f not f i l e n a m e . e n d s w i t h ( " . g p x " ) : 
41 c o n t i n u e 
42 
43 gpx_df = C o n v e r t e r ( i n p u t _ f i l e = DATA_FOLDER + "/" + f i l e n a m e ) . g p x _ t o _ d a t a f r a m e ( ) 

t r y : 
g px_point = gpd.GeoDataFrame(gpx_df, geometry = g p d . p o i n t s _ f r o m _ x y ( g p x _ d f . l o n g i t u d e , 

g p x _ d f . l a t i t u d e ) ) . s e t _ c r s ( ' e p s g : 4 3 2 6 ' ) 
46 except: 
47 print("WARNING: The f i l e has no re c o r d o f p o s i t i o n , t h e matching stopped.") 
48 c o n t i n u e 
49 g p x _ p o i n t [ ' i d ' ] = 1 
50 area_check = g p x _ p o i n t . w i t h i n ( a r e a _ g d f ) 
51 i f not a r e a _ c h e c k . i l o c [ 0 ] : 
52 c o n t i n u e # s k i p t he GPX f i l e o u t s i d e of the graph 
53 print("Map matching o f " + f i l e n a m e + " s t a r t e d . . . " ) 
54 t r y : 
55 gpx_line = gpx_point .groupby([' i d ' ] ) ['geometry'] .apply(lambda x: L i n e S t r i n g ( x . t o l i s t Q ) ) 
56 except: 
57 print("WARNING: The f i l e has o n l y one re c o r d of p o s i t i o n , t h e matching stopped.") 
58 c o n t i n u e 
59 
60 l i n e _ g d f = gpd.GeoDataFrame(gpx_line, geometry = 'geometry').set_crs('epsg:4326') 
61 t o l e r a n c e _ d e g = TOLERANCE / (111319.488 * n p . c o s ( n p . r a d i a n s ( l a t i t u d e ) ) ) 
62 l i n e _ g d f [ ' g e o m e t r y ' ] = l i n e _ g d f [ ' g e o m e t r y ' ] . s i m p l i f y ( t o l e r a n c e _ d e g ) # s i m p l i f y 
63 gpx_coords = l i n e _ g d f . a p p l y ( l a m b d a row: l i s t ( ( r o w . g e o m e t r y ) . c o o r d s ) , a x i s = l ) 
64 passage = l i s t ( g p x _ c o o r d s [ l ] ) 

t r a c k = [] 
path = [] 

67 f o r i i n r a n g e ( l e n ( p a s s a g e ) ) : 
l a t = p a s s a g e [ i ] [ 1 ] 

69 Ion = p a s s a g e [ i ] [ 0 ] 
p a t h . a p p e n d ( ( l a t , I o n ) ) 
t r a c k . a p p e n d ( [ l a t , I o n ] ) 

72 
73 t r a c k = n p . a r r a y ( t r a c k ) 
74 df = pd.DataFrame(track, columns = [ ' L a t i t u d e ' , 'Longitude']) 
75 d f [ ' i d ' ] = i d # i d f o r grouping i n t o one l i n e 
76 t r a c k _ d f = p d . c o n c a t ( [ t r a c k _ d f , d f ] ) 

matcher = DistanceMatcher(map_con, 
78 max_dist = MAX_DIST, 
79 min_prob_norm = MIN_PROB_NORM, 
80 m a x _ l a t t i c e _ w i d t h = MAX_LATTICE_WIDTH, 
81 i n c r e a s e _ m a x _ l a t t i c e _ w i d t h = INCREASE_MAX_LATTICE_WIDTH, 
82 obs_noise = OBS_NOISE, 
83 obs_noise_ne = OBS_NOISE_NE, 
84 d i s t _ n o i s e = DIST_NOISE, 
85 d i s t _ n o i s e _ n e = DIST_NOISE_NE, 
86 non_emitting_edgeid = F a l s e , 

r e s t r a i n e d _ n e = F a l s e ) 
88 

matcher.match(path, unique = F a l s e ) # r e t a i n not o n l y unique nodes i n the sequence 
i f m a t c h e r . e a r l y _ s t o p _ i d x i s not None: 

91 print("WARNING: Parts of the path were omitted from matching due to the road mismatch.") 
92 from_matches = matcher.best_last_matches(k = MAX_LATTICE_WIDTH) 

matcher.continue_with_distance(from_matches=from_matches, max_dist = MAX_DIST) 
matcher.match(path, expand = True) 

95 
node_id = matcher.path_pred_onlynodes_withjumps # node_ids the route passes through 

97 
98 i d _ r o u t e = 1 

f o r i i n r a n g e ( l e n ( n o d e _ i d ) - l ) : 
route_node = [] 
l a t = g r a p h . n o d e s [ n o d e _ i d [ i ] ] [ ' y ' ] 



102 Ion = g r a p h . n o d e s [ n o d e _ i d [ i ] ] [ ' x ' ] 
l a t l o n = [ l a t , Ion] 

104 rou t e _ n o d e . a p p e n d ( l a t l o n ) 
l a t 2 = gr a p h . n o d e s [ n o d e _ i d [ i + l ] ] [ ' y ' ] 
lon2 = gra p h . n o d e s [ n o d e _ i d [ i + l ] ] [ ' x ' ] 

107 l a t l o n 2 = [ l a t 2 , lon2] 
108 route_node.append(latlon2) 
109 
110 route_node = np.array(route_node) 

df = pd.DataFrame(route_node, columns = [ ' L a t i t u d e ' , 'Longitude']) 
112 d f [ ' i d ' ] = i d _ r o u t e # the same i d f o r one l i n e ( s t r e e t ) 

r o u t e _ d f = p d . c o n c a t ( [ r o u t e _ d f , d f ] ) 
114 i d _ r o u t e += 1 
115 
116 i d += 1 
117 

p r i n t ( " M a t c h i n g o f " + f i l e n a m e + " f i n i s h e d s u c c e s s f u l l y . \ n " ) 
119 
120 i f route_df.empty: 

r a i s e Exception("The map matching has no r e s u l t . " ) 
122 
123 d e l graph, map_con 

B u i l d i n g a graph f o r a s p e c i f i c a r e a . . . 
=== M u l t i D i G r a p h w i t h 15261 nodes and 31533 edges 

Hap m a t c h i n g o f o l _ 7 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 7 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 1 2 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 1 2 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 2 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 2 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 1 4 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 1 4 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ l B . g p x s t a r t e d . . . 
WARNING: P a r t s o f t h e path were o m i t t e d from m a t c h i n g due t o t h e road mismatch. 
H a t c h i n g o f o l _ 1 5 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ l . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ l . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 5 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 5 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 9 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 9 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 1 0 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 1 9 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 3 . g p x s t a r t e d . . . 
WARNING: P a r t s o f t h e path were o m i t t e d from m a t c h i n g due t o t h e road mismatch. 
H a t c h i n g o f o l _ 3 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 6 . g p x s t a r t e d . . . 
WARNING: P a r t s o f t h e path were o m i t t e d from m a t c h i n g due t o t h e road mismatch. 
H a t c h i n g o f o l _ 6 . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 1 3 . g p x s t a r t e d . . . 
WARNING: P a r t s o f t h e path were o m i t t e d from m a t c h i n g due t o t h e road mismatch. 
H a t c h i n g o f o l _ 1 3 . g p x f i n i s h e d s u c c e s s f u l l y . 

B u i l d i n g a graph f o r a s p e c i f i c a r e a . . . 
=== M u l t i D i G r a p h w i t h 1237 nodes and 26B4 edges 

Hap m a t c h i n g o f o l _ l l . g p x s t a r t e d . . . 
WARNING: P a r t s o f t h e path were o m i t t e d from m a t c h i n g due t o t h e road mismatch. 
H a t c h i n g o f o l _ l l . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 8 . g p x s t a r t e d . . . 
WARNING: P a r t s o f t h e path were o m i t t e d from m a t c h i n g due t o t h e road mismatch. 
H a t c h i n g o f o l _ S . g p x f i n i s h e d s u c c e s s f u l l y . 

Hap m a t c h i n g o f o l _ 4 . g p x s t a r t e d . . . 
H a t c h i n g o f o l _ 4 . g p x f i n i s h e d s u c c e s s f u l l y . 



- 3. Post-processing 

2D Array into GeoDataFrame 

From 2D array o f coordinates returns a set of LineStrings of tracks and matched routes diferentiated by the IDs. 

- Calculation of Frequencies 

Clean the street networkfrom unnecessary attributes and duplicates. Spatial filtering performs an intersection of street network and routes, 
and frequency incrementation based on coders function. 

Finally, the length of matched routes is printed. 

1 # A r r a y s o f t r a c k s and matched rou t e s t o GeoDataFrame 
t r a c k _ p o i n t = gpd.GeoDataFrame(track_df, geometry = gpd.points_from_xy( 

t r a c k _ d f . L o n g i t u d e , t r a c k _ d f . L a t i t u d e ) ) 
3 t r a c k _ l i n e s = t r a c k _ p o i n t .groupby( [' i d ' ] ) [ 'geometry'] .apply(lambda x: L i n e S t r i n g ( x . t o l i s t Q ) ) 
4 t r a c k s _ g d f = gpd.GeoDataFrame(track_lines, geometry = 'geometry').set_crs('epsg:4326') 

route_point = gpd.GeoDataFrame(route_df, geometry = gpd.points_from_xy(route_df.Longitude, 
r o u t e d f . L a t i t u d e ) ) 

6 r o u t e _ l i n e = route_point.groupby( ['id'])['geometry'] .apply(lambda x: L i n e S t r i n g ( x . t o l i s t Q ) ) 
7 route_gdf = gpd.GeoDataFrame(route_line, geometry = 'geometry').set_crs('epsg:4326') 
8 # C a l c u l a t i o n o f Frequencies 
9 s t r e e t _ a l l = s t r e e t _ a l l . l o c [ : , ['osmid', ' l e n g t h ' , 'geometry']] 

10 s t r e e t _ f r e q = s t r e e t _ a l l . o v e r l a y ( r o u t e _ g d f , how = ' i n t e r s e c t i o n ' ) # drop s t r e e t s out of the routes 
11 s t r e e t _ f r e q = s t r e e t _ f r e q . d r o p _ d u p l i c a t e s ( s u b s e t = [ ' o s m i d ' , ' l e n g t h ' ] ) 
12 frequency = [] 
13 p r i n t ( " C a l c u l a t i n g passage frequences on s t r e e t s . . . " ) 
14 f o r _, row i n s t r e e t _ f r e q . i t e r r o w s ( ) : 
15 b o o l _ s e r i e s = route_gdf.covers(row["geometry"]) 
16 f r e q u e n c y . a p p e n d ( b o o l _ s e r i e s . v a l u e s . s u m ( ) ) 
17 
18 s t r e e t _ f r e q [ " f r e q u e n c y " ] = frequency 
19 p r i n t ( " T h e l e n g t h o f matched roads i s " , r o u n d ( s t r e e t _ f r e q [ " l e n g t h " ] . s u m ( ) ) , "meters.") 

C a l c u l a t i n g passage f r e q u e n c e s on s t r e e t s . . . 
The l e n g t h o f matched r o a d s i s 132657 m e t e r s . 

" Visualization 

The leafmap package uti l ises the features of leaflet mapping library and folium python package. 

1 m _ l i g h t = leafmap.Map(width = "100%", 
height = "480", 

3 d r a w _ c o n t r o l = F a l s e , 
4 a t t r i b u t i o n _ c o n t r o l = True, 
5 t i l e s = "CartoDB p o s i t r o n " ) 
6 m _ l i g h t . a d d _ g d f ( t r a c k s _ g d f , 

layer_name = "GPX t r a c k s " , 
8 info_mode = None, 
9 s t y l e = { ' c o l o r ' : ' b l u e ' , 'weight':0.5, ' o p a c i t y ' : 0.5}) 

10 m _ l i g h t . a d d _ d a t a ( s t r e e t _ f r e q , 
11 "frequency", 
12 cmap = " W i s t i a " , # c o l o r ramp 
13 scheme = " Q u a n t i l e s " , # c l a s s i f i c a t i o n scheme 
14 k = 5, # max. number of c l a s s e s (saved i n a t t r i b u t e ) 
15 add_legend = True, 
16 l e g e n d _ t i t l e = "Number o f passages", 

l e g e n d _ p o s i t i o n = "bo t t o m r i g h t " , 
18 layer_name = "road passages", 
19 s t y l e _ f u n c t i o n = lambda f e a t : { " c o l o r " : f e a t [ " p r o p e r t i e s " ] [ " c o l o r " ] , 

"weight": 4, 
21 ' o p a c i t y ' : 0.9}) 

m_light.add_text("INTENSITY OF MOBILITY ON ROAD NETWORK", f o n t s i z e = 22, fontcolor='#404040', 
bold = True, padding = '0px', background = True, b g _ c o l o r = 'white', 
b o r d e r _ r a d i u s = '5px', p o s i t i o n = ' t o p r i g h t ' ) 



23 

m_light.add_text("<a h r e f = 'https://github.com/bsramol44/Thesis-Dupyter' t a r g e t = '_blank'> 
<img width = '250' a l t = 'Asset 31ogo' s r c = ' h t t p s : / / u s e r -
images .githubusercontent.com/47752920/234973760-c8157fdd-a3cf-43cf-88b0-
4dc8096cfe7c.png'></a>", background = F a l s e , p o s i t i o n = ' t o p r i g h t ' ) 

z o o m _ t o _ g d f ( s t r e e t _ f r e q ) 24 m _ l i g h t 
25 m _ l i g h t 
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; ~: 

Leaflet I © OpenSlreelMap contfifrulorsS CartoDE. CartcDB attributions 

1 m_dark = leafmap.Map(width = "100%", 
height = "480", 

3 d r a w _ c o n t r o l = F a l s e , 
4 a t t r i b u t i o n _ c o n t r o l = True, 
5 t i l e s = "Cartodbdark_matter") 
6 m_dark.add_gdf(tracks_gdf, 

layer_name = "GPX t r a c k s " , 
8 info_mode = None, 
9 s t y l e = { ' c o l o r ' : ' r e d ' , 'weight':0.5, ' o p a c i t y ' : 0.5}) 

10 m _ d a r k . a d d _ d a t a ( s t r e e t _ f r e q , 
11 "frequency", 
12 cmap = "Y10rBr_r", # c o l o r ramp 
13 scheme = " Q u a n t i l e s " , # c l a s s i f i c a t i o n scheme 
14 k = 5, # max. number of c l a s s e s (saved i n a t t r i b u t e ) 
15 add_legend = True, 
16 l e g e n d _ t i t l e = "Number o f passages", 

l e g e n d _ p o s i t i o n = "bo t t o m r i g h t " , 
18 layer_name = "road passages", 
19 s t y l e _ f u n c t i o n = lambda f e a t : { " c o l o r " : f e a t [ " p r o p e r t i e s " ] [ " c o l o r " ] , 

"weight": 4, 
21 ' o p a c i t y ' : 0.9}) 

m_dark.add_text("INTENSITY OF MOBILITY ON ROAD NETWORK", f o n t s i z e = 22, fontcolor='#404040', 
bold = True, padding = '0px', background = True, b g _ c o l o r = 'white', 
b o r d e r _ r a d i u s = '5px', p o s i t i o n = ' t o p r i g h t ' ) 

m_dark.add_text("<a h r e f = 'https://github.com/bsramol44/Thesis-Dupyter' t a r g e t = '_blank'> 
<img width = '250' a l t = 'Asset 31ogo' s r c = ' h t t p s : / / u s e r -
images .githubusercontent.com/47752920/234973760-c8157fdd-a3cf-43cf-88b0-
4dc8096cfe7c.png'></a>", background = F a l s e , p o s i t i o n = ' t o p r i g h t ' ) 

24 m_dark.zoom_to_gdf(street_freq) 
25 m_dark 

http://'https://github.com/bsramol44/Thesis-Dupyter'
https://user-
http://'https://github.com/bsramol44/Thesis-Dupyter'
https://user-
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- Save the Results 

• Web data preview (light or dark basemaps) 

• Spatial Data for GIS (GeoPackage, GeoJSON) 

1 # Save t he f i n a l l i n e a r l a y e r w i t h f r e q u e n c i e s t o GeoJSON and GeoPackage f i l e 
2 street_freq.to_file(OUTPUT_FOLDER + " / l i n e s f r e q . j s o n " , driver="GeoDSON") 
3 street_freq.to_file(OUTPUT_FOLDER + " / l i n e s _ f r e q . g p k g " , driver="GPKG") 
4 # Save the i n t e r a c t i v e map t o html 
5 m_light.to_html(OUTPUT_FOLDER + '71ight_map.html") 
6 m_dark.to_html(OUTPUT_FOLDER + '7dark_map.html") 



Attachment 2 gpx2intensity.ipynb {the original source code on GitHub) 

%%html 
<style> 

t a b l e {float:left} 
.folium-map l e a f l e t - c o n t a i n e r l e a f l e t - f a d e - a n i m l e a f l e t - g r a b l e a f l e t - t o u c h - d r a g { 

display: inline-block; 

} 
</style> 

import i p y w i d g e t s as widget 
from I P y t h o n . d i s p l a y import F i l e L i n k , HTML 
from os.path import e x i s t s , j o i n , basename 
from os import l i s t d i r , remove 
import osmnx as ox 
from shapely.geometry import Polygon, P o i n t , L i n e S t r i n g , box 
from leuvenmapmatching.map.inmem import InMemMap 
import numpy as np 
import pandas as pd 
import geopandas as gpd 
from gpx_converter import Converter 
from leuvenmapmatching.matcher.distance import DistanceMatcher 
import leafmap.foliumap as leafmap 
import time 

GPX2 lNTENSmS 
AUTOMATION OF PROCESSING GPX TRACK RECORDS FOR DESIGNING INTENSITY MAPS 

The tool matches GNSS track records to a road network and calculates frequencies on it. The map matching runs on probabilistic model 

handling states with missing observat ion i.e., non-emitting states. For more information about the map-matching algotirhm see 

Leuven.MapMatching documentation. For more details regarding the tool see the GitHub documentation. 

Set Parameters 

upload_out = widget.Output() 
upload_out 

def c l e a r _ u p l o a d ( ) : 

with upload_out: 

u p l o a d _ o u t . c l e a r _ o u t p u t ( ) 

DATAJJPLOAD = w i d g e t . F i l e U p l o a d ( 

accept='.gpx', 

multiple=True, 

d e s c r i p t i o n = ' U p l o a d f i l e s ' ) 

d i s p l a y (DATAJJPLOAD) 

return DATAJJPLOAD 

DATAJJPLOAD = c l e a r _ u p l o a d () 
Para meter Desc riptio n 

Buffer expand the study area from the GPX records; in meters 

Tolerance GPX track simplification threshold; in meters 

M i n . Proba. stop matching below normalized probability 

M a x . D is tance break for zero match probability; in meters 

M a x Latt ice search the route with the number of possible paths at every step 

Increase Latt. if no solution is found, increase the lattice by the value 

Obs . No i se standard deviation of measuremnet noise, in meters 

G b s . No i se N E standard deviation of measuremnet noise for non-emitting states, in meter (the value should be larger than Obs. Noise) 

Dist. No i se difference between distance between matched route and distance between tracks, in meters 

Dist. No i se Ne difference between the distances for non-emitting states, in meters (the value should be larger than Dist. Noise) 



BUFFER_DIST = w i d g e t . I n t S l i d e r ( 
value=140, 
min=40, 
max=300, 
step=20, 

d e s c r i p t i o n = ' B u f f e r ' , 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d', 

) 
TOLERANCE = w i d g e t . I n t S l i d e r ( 

value=2, 
min=0, 
max=10, 
st e p = l , 
d e s c r i p t i o n = ' T o l e r a n c e ' , 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d', 

) 
MAX_DIST = w i d g e t . I n t S l i d e r ( 

value=120, 
min=20, 
max=300, 
step=20, 
description='Max. D i s t a n c e ' , 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d' 

) 
OBS_NOISE = w i d g e t . I n t S l i d e r ( 

value=16, 
min=2, 
max=50, 
step=2, 
description='Obs. Noise', 
disabled=False, 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d' 

) 
OBS_NOISE_NE = w i d g e t . I n t S l i d e r ( 

value=30, 
min=5, 
max=150, 
step=5, 
description='Obs.Noise NE', 
disabled=False, 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d' 

) 
DIST_NOISE = w i d g e t . I n t S l i d e r ( 

value=5, 
min=l, 
max=50, 
st e p = l , 
d e s c r i p t i o n = ' D i s t . Noise', 
disabled=False, 



continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d' 

) 
DIST_NOISE_NE = w i d g e t . I n t S l i d e r ( 

value=16, 
min=4, 
max=100, 
step=2, 
d e s c r i p t i o n = ' D i s t . N o i s e NE', 
disabled=False, 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d' 

) 
MAX_LATTICE_WTDTH = w i d g e t . I n t S l i d e r ( 

value=7, 
min=l, 
max=20, 
st e p = l , 
description='Max L a t t i c e ' , 
disabled=False, 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format=' d' 

) 
INCREASE_MAX_LATTICE_WIDTH = w i d g e t . I n t S l i d e r ( 

value=5, 
min=l, 
max=10, 
st e p = l , 
d e s c r i p t i o n = ' I n c r e a s e L a t t . ' , 
disabled=False, 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
readout_format='d' 

) 
MIN_PROB_NORM = w i d g e t . F l o a t S l i d e r ( 

value=0.002, 
min=0, 
max=0.01, 
step=0.001, 
d e s c r i p t i o n = ' M i n Proba.', 
continuous_update=False, 
o r i e n t a t i o n = ' h o r i z o n t a l ' , 
readout=True, 
r e a d o u t _ f ormat=' . 3f' , 

) 

items = [widget.VBox([BUFFER_DIST, TOLERANCE, MIN_PROB_NORM]), 
widget.VBox([MAX_DIST, MAX_LATTICE_WIDTH, INCREASE_MAX_LATTICE_WIDTH]), 
widget.VBox([OBS_NOISE, OBS_NOISE_NE, DIST_NOISE, DIST_NOISE_NE])] 

ac c o r d i o n = w i d g e t . A c c o r d i o n ( c h i l d r e n = i t e m s ) 
a c c o r d i o n . s e t _ t i t l e ( 0 , " E n v i r o n m e n t Parameters") 
a c c o r d i o n . s e t _ t i t l e ( l , " T h r e s h o l d i n g o f Matching") 
a c c o r d i o n . s e t _ t i t l e ( 2 , " M e a s u r e m e n t Noise") 
a c c o r d i o n 



def upload(DATA_UPLOAD): 
for f i l e n a m e in l i s t d i r ( " d a t a _ u p l o a d " ) : 

i f f i l e n a m e . e n d s w i t h ( " . g p x " ) : 
r e m o v e ( j o i n ( " d a t a _ u p l o a d " , f i l e n a m e ) ) 

i f 1 e n (DAT A_U P LOAD) == 0: 
with output: 

raise Exception("NO f i l e has been uploaded. Check i f the s i z e of the f i l e s exceeds the 
upload l i m i t 10 MB.") 

raise E x c e p t i o n ( " R e l o a d the page and upload new f i l e s a g a in.") 
raise E x c e p t i o n ( 0 ) 

for elem in DATA_UPLOAD.items(): 
name, f i l e _ i n f o = elem 
data_path = j o i n ( " d a t a _ u p l o a d " , name) 
with open (data_path, 'wb') as f i l e : 

f i l e . w r i t e ( f i l e _ i n f o [ ' c o n t e n t ' ] ) 

def study_areas(BUFFER_DIST): 
gpx_combined = gpd.GeoDataFrame(columns = [ ' l a t i t u d e ' , ' l o n g i t u d e ' ] ) 
for f i l e n a m e in l i s t d i r ( " d a t a _ u p l o a d " ) : 

i f f i l e n a m e . e n d s w i t h ( " . g p x " ) : 
try: 

g p x _ f i l e = C o n v e r t e r ( i n p u t _ f i l e = "data_upload/"+ f i l e n a m e ) . g p x _ t o _ d a t a f r a m e ( ) 
except: 

with output: 
p r i n t ( " WARNING:", f i l e n a m e , " i s i n v a l i d GPX f i l e , t h e t o o l w i l l s k i p the 

f i l e . " ) 
r e m o v e ( j o i n ( " d a t a _ u p l o a d " , f i l e n a m e ) ) 
continue 

gpx_point = gpd.GeoDataFrame(gpx_file, g e o m e t r y = g p d . p o i n t s _ f r o m _ x y ( g p x _ f i l e . l o n g i t u d e , 
g p x _ f i l e . l a t i t u d e ) ) . s e t _ c r s ( ' e p s g : 4 3 2 6 ' ) 

gpx_combined = pd.concat([gpx_combined, g p x _ p o i n t ] ) 

i f gpx_combined.empty: 
with output: 

r a i s e Exception("Uploaded data i s empty.") 
r a i s e E x c e p t i o n ( 0 ) 

i f ( g p x _ c o m b i n e d [ " l a t i t u d e " ] >= 80).any() or ( g p x _ c o m b i n e d [ " l a t i t u d e " ] <= -80).any(): 
with output: 

r a i s e E x c e p t i o n ( " E x e c u t i o n f a i l e d , uploaded data c o n t a i n s c o o r d i n a t e s i n p o l a r area. 
Reload the page and upload new f i l e s a g a in.") 

r a i s e E x c e p t i o n ( " R e l o a d the page and upload new f i l e s a g a in.") 
r a i s e E x c e p t i o n ( 0 ) 

l a t i t u d e = g p x _ c o m b i n e d [ " l a t i t u d e " ] . i l o c [ 0 ] 
d i s t a n c e _ d e g = BUFFER_DIST / (111319.488 * n p . c o s ( n p . r a d i a n s ( l a t i t u d e ) ) ) # metric system to 

degree distance 
g p x _ b u f f e r = g p x _ c o m b i n e d . b u f f e r ( d i s t a n c e _ d e g ) . s e t _ c r s ( 4 3 2 6 ) 
areas = gpx_buffer.unary_union 
areas = gpd.GeoDataFrame(index=[0], crs='epsg:4326', geometry=[areas]) 
i f a r e a s . t y p e [ 0 ] == " M u l t i P o l y g o n " : 

areas = a r e a s . e x p l o d e ( ) 
with output: 

p r i n t ( " F r o m the uploaded GPX f i l e s have been c a l c u a l t e d " , l e n ( a r e a s . i n d e x ) , " a r e a ( s ) f o r 
g r a p h ( s ) . \n") 

r e t u r n l a t i t u d e , areas 



def map_matching(latitude, areas, TOLERANCE, MAX_DIST, MIN_PROB_NORM, MAX_LATTICE_WIDTH, 
INCREASE_MAX_LATTICE_WIDTH, OBS_NOISE, OBS_NOISE_NE, DIST_NOISE, DIST_NOISE_NE): 

s t r e e t _ a l l = gpd.GeoDataFrame(columns = [ ' L a t i t u d e ' , 'Longitude']) 
t r a c k _ d f = pd.DataFrame(columns = [ ' L a t i t u d e ' , ' L o n g i t u d e ' , ' i d ' ] ) 
r o u t e _ d f = pd.DataFrame(columns = [ ' L a t i t u d e ' , ' L o n g i t u d e ' , ' i d ' ] ) 
i d = 1 

for _, row in a r e a s . i t e r r o w s ( ) : 
## Download graph based on netwotk type 
### possible network types {"all_private", " a l l " , "bike", "drive", "drive_service", "walk"} 

with output: 
p r i n t ( " B u i l d i n g graph f o r a s p e c i f i c area...") 

area_gdf = gpd.GeoDataFrame(index=[0], crs='epsg:4326', geometry=[row["geometry"]]) 

try: 
graph = ox.graph_from_polygon(row["geometry"], network_type = ' a l l ' , s i m p l i f y = False) 

except: 
with output: 

p r i n t ( " I n t h e area i s no s t r e e t network mapped. \n Reload the page and upload new 
f i l e s a g a in.") 

continue 

with output: 
p r i n t ( g r a p h , "\n") # number of nodes and edges 

s t r e e t _ l i n e s = ox.graph_to_gdfs(graph, nodes = False) 
s t r e e t _ a l l = p d . c o n c a t ( [ s t r e e t _ l i n e s , s t r e e t _ a l l ] ) 

## Leuven Map Object 

map_con = InMemMap("road_network", 
u s e _ l a t l o n = True, 
u s e _ r t r e e = True, 
index_edges = True) 

for node in graph.nodes: 
l a t = graph.nodes[node]['y'] 
Ion = graph.nodes[node]['x'] 
map_con.add_node(node, ( l a t , Ion)) 

for edge in graph.edges: 
node_a, node_b = edge[0], edge[l] 
map_con.add_edge(node_a, node_b) 
map_con.add_edge(node_b, node_a) 

map_con.purge() # remove nodes without location or edges 
## Map Matching 

for f i l e n a m e in l i s t d i r ( " d a t a _ u p l o a d " ) : 
i f not f i l e n a m e . e n d s w i t h ( " . g p x " ) : 

continue 

gpx_df = C o n v e r t e r ( i n p u t _ f i l e = "data_upload/" + fi l e n a m e ) . g p x _ t o _ d a t a f r a m e ( ) 
gpx_point = gpd.GeoDataFrame(gpx_df, geometry = g p d . p o i n t s _ f r o m _ x y ( g p x _ d f . l o n g i t u d e , 

g p x _ d f . l a t i t u d e ) ) . s e t _ c r s ( ' e p s g : 4 3 2 6 ' ) 
g p x _ p o i n t [ ' i d ' ] = 1 
area_check = g p x _ p o i n t . w i t h i n ( a r e a _ g d f ) 
i f not a r e a _ c h e c k . i l o c [ 0 ] : 

continue # skip the GPX f i l e outside of the graph 

with output: 
p r i n t ( " Map matching of " + f i l e n a m e + " s t a r t e d . . . " ) 

try: 
g p x _ l i n e = g p x _ p o i n t . g r o u p b y ( [ ' i d ' ] ) ['geometry'].apply(lambda x: 

L i n e S t r i n g ( x . t o l i s t ( ) ) ) 
except: 

with output: 
p r i n t ( " WARNING: The f i l e has o n l y one re c o r d o f p o s i t i o n , t h e r e f o r e , t he 

matching stopped.") 
continue 



l i n e _ g d f = gpd.GeoDataFrame(gpx_line, geometry = 'geometry').set_crs('epsg:4326') 
t o l e r a n c e _ d e g = TOLERANCE / (111319.488 * n p . c o s ( n p . r a d i a n s ( l a t i t u d e ) ) ) # metric 

system to degree distance 
l i n e _ g d f [ ' g e o m e t r y ' ] = l i n e _ g d f [ ' g e o m e t r y ' ] . s i m p l i f y ( t o l e r a n c e _ d e g ) # reducing Line 

vertices inside the tolerance 
gpx_coords = line_gdf.apply(lambda row: l i s t ( ( r o w . g e o m e t r y ) . c o o r d s ) , axis=l) 
# for row in gpx_coords.items(): 
passage = l i s t ( g p x _ c o o r d s [ l ] ) 
t r a c k = [] 
path = [] 
for i in r a n g e ( l e n ( p a s s a g e ) ) : 

l a t = p a s s a g e [ i ] [ 1 ] 
Ion = p a s s a g e [ i ] [ 0 ] 
p a t h . a p p e n d ( ( l a t , I o n ) ) 
t r a c k . a p p e n d ( [ l a t , I o n ] ) 

t r a c k = n p . a r r a y ( t r a c k ) 
df = pd.DataFrame(track, columns = [ ' L a t i t u d e ' , 'Longitude']) 
d f [ ' i d ' ] = i d # id for grouping into one Line 
t r a c k _ d f = p d . c o n c a t ( [ t r a c k _ d f , d f ] ) 
matcher = DistanceMatcher(map_con, 

max_dist = MAX_DIST, 
min_prob_norm = MIN_PROB_NORM, 
m a x _ l a t t i c e _ w i d t h = MAX_LATTICE_WIDTH, 
i n c r e a s e _ m a x _ l a t t i c e _ w i d t h = INCREASE_MAX_LATTICE_WIDTH, 
obs_noise = OBS_NOISE, 
obs_noise_ne = OBS_NOISE_NE, 
d i s t _ n o i s e = DIST_NOISE, 
d i s t _ n o i s e _ n e = DIST_NOISE_NE, 
non_emitting_edgeid = False, 
r e s t r a i n e d _ n e = False) 

matcher.match(path, unique = False) # retain onLy unigue nodes in the seguence (avoid 
repetitions) 

i f m a t c h e r . e a r l y _ s t o p _ i d x i s not None: 
with output: 

p r i n t ( " P a r t s of the path were omitted from matching due t o the road 
mismatch.") 

from_matches = matcher.best_last_matches(k = MAX_LATTICE_wIDTH) 
matcher.continue_with_distance(from_matches = from_matches, max_dist = MAX_DIST) 
matcher.match(path, expand = True) 

node_id = matcher.path_pred_onlynodes_withjumps # retrieve the node_ids the route 
passes through 

i d _ r o u t e = 1 
for i in r a n g e ( l e n ( n o d e _ i d ) - l ) : 

route_node = [] 
l a t = g r a p h . n o d e s [ n o d e _ i d [ i ] ] [ ' y ' ] 
Ion = g r a p h . n o d e s [ n o d e _ i d [ i ] ] [ ' x ' ] 
l a t l o n = [ l a t , Ion] 
route_node.append(latIon) 
l a t 2 = graph. n o d e s [ n o d e _ i d [ i + l ] ] [ ' y ' ] 
lon2 = graph. n o d e s [ n o d e _ i d [ i + l ] ] [ ' x ' ] 
l a t l o n 2 = [ l a t 2 , lon2] 
route_node.append(latlon2) 
route_node = np.array(route_node) 
df = pd.DataFrame(route_node, columns = [ ' L a t i t u d e ' , 'Longitude']) 
d f [ ' i d ' ] = i d _ r o u t e # the same id for one Line (street) 
r o u t e _ d f = p d . c o n c a t ( [ r o u t e _ d f , d f ] ) 
i d _ r o u t e += 1 

i d += 1 
with output: 



p r i n t ( " Matching o f " + f i l e n a m e + ' f i n i s h e d s u c c e s s f u l l y . \ n " ) 

i f route_df.empty: 
with output: 

raise Exception("The map matching has no r e s u l t , the e x e c u t i o n has t e r m i n a t e d . 
Reload t he page and upload new f i l e s a g a in.") 

raise E x c e p t i o n ( 0 ) 

del graph, s t r e e t _ l i n e s , map_con, node_id 
return s t r e e t _ a l l , t r a c k _ d f , r o u t e _ d f 

def p o s t _ p r o c e s s ( t r a c k _ d f , r o u t e _ d f , s t r e e t _ a l l , s t a r t _ t i m e ) : 
t r a c k _ p o i n t = gpd.GeoDataFrame(track_df, geometry=gpd.points_from_xy(track_df.Longitude, 

t r a c k _ d f . L a t i t u d e ) ) 
t r a c k _ l i n e s = t r a c k _ p o i n t . g r o u p b y ( [ ' i d ' ] ) ['geometry'].apply(lambda x: L i n e S t r i n g ( x . t o l i s t ( ) ) ) 
t r a c k s _ g d f = gpd.GeoDataFrame(track_lines, geometry='geometry').set_crs('epsg:4326') 
#print(tracks_gdf[:10]) 

r o u t e _ p o i n t = gpd.GeoDataFrame(route_df, geometry=gpd.points_from_xy(route_df.Longitude, 
r o u t e _ d f . L a t i t u d e ) ) 

r o u t e _ l i n e = r o u t e _ p o i n t . g r o u p b y ( [ ' i d ' ] ) ['geometry'].apply(lambda x: L i n e S t r i n g ( x . t o l i s t ( ) ) ) 
r oute_gdf = gpd.GeoDataFrame(route_line, geometry='geometry').set_crs('epsg:4326') 
#print(route_gdf[:10]) 
s t r e e t _ a l l = s t r e e t _ a l l . l o c [ : , ['osmid', ' l e n g t h ' , 'geometry']] # drop unnecessary columns. 
with output: 

p r i n t ( " C a l c u l a t i n g passage frequences on s t r e e t s , t h i s p a r t may take time...") 
s t r e e t _ f r e q = s t r e e t _ a l l . o v e r l a y ( r o u t e _ g d f , h o w = ' i n t e r s e c t i o n ' ) # drop geometries not part of 

the routes 
s t r e e t _ f r e q = s t r e e t _ f r e q . d r o p _ d u p l i c a t e s ( s u b s e t = [ ' o s m i d ' , ' l e n g t h ' ] ) 
frequency = [] 
for _, row in s t r e e t _ f r e q . i t e r r o w s ( ) : 

s e r i e s = route_gdf.covers(row["geometry"]) 
frequency.append(series.values.sum()) 

s t r e e t _ f r e q [ " f r e q u e n c y " ] = frequency 
#street_freg = street_freg.dissoLve(by='osmid') 
o u t p u t . c l e a r _ o u t p u t ( ) 
with output: 

p r i n t ( " T h e l e n g t h o f matched roads i s " , r o u n d ( s t r e e t _ f r e q [ " l e n g t h " ] . s u m ( ) ) , "meters.") 
p r i n t ( " T h e e x e c u t i o n has f i n i s h e d i n %s seconds." % (ro u n d ( t i m e . t i m e ( ) - s t a r t _ t i m e ) ) ) 
p r i n t ( " \ n \ n " ) 

return t r a c k s _ g d f , s t r e e t _ f r e q 

def m a p _ v i s ( t r a c k s _ g d f , s t r e e t _ f r e q ) : 
m _ l i g h t = leafmap.Map(width="100%", 

height="380", 
dr a w _ c o n t r o l = F a l s e , 
a t t r i b u t i o n _ c o n t r o l = T r u e , 
t i l e s = " C a r t o D B p o s i t r o n " ) 

m _ l i g h t . a d d _ g d f ( t r a c k s _ g d f , 

layer_name='tracks', 
info_mode=None, 
s t y l e = { ' c o l o r ' : ' b l u e ' , 'weight':0.5, ' o p a c i t y ' : 0.5}) 

m _ l i g h t . a d d _ d a t a ( s t r e e t _ f r e q , 
"frequency", 
cmap = " W i s t i a " , 
scheme='Quantiles', 
k=5, 

add_legend=True, 
legend_title="Number o f passages", 
l e g e n d _ p o s i t i o n = " b o t t o m r i g h t " , 
layer_name="passages", 
s t y l e _ f u n c t i o n = lambda f e a t : { " c o l o r " : f e a t [ " p r o p e r t i e s " ] [ " c o l o r " ] , 

"weight": 4, 
' o p a c i t y ' : 0.9}) 

m_light.add_text("INTENSITY OF MOBILITY ON ROAD NETWORK", f o n t s i z e = 2 2 , fontcolor='#404040', 



bold=True, padding='0px', background=True, bg_color='white', border_radius='5px', 
p o s i t i o n = ' t o p r i g h t ' ) 

m _light.add_text("<a href='https://github.com/bsramol44/Thesis-Dupyter' t a r g e t = ' _ b l a n k ' x i m g 
width='250' a l t = ' A s s e t 31ogo' src='https://user-images.githubusercontent.com/47752920/234973760-
c8157fdd-a3cf-43cf-88b0-4dc8096cfe7c.png'></a>", background=False, p o s i t i o n = ' t o p r i g h t ' ) 

m _ l i g h t . z o o m _ t o _ g d f ( s t r e e t _ f r e q ) 

m_dark = leafmap.Map(width="100%", 
height="380", 
draw_control=False, 
a t t r i b u t i o n _ c o n t r o l = T r u e , 
t i l e s = " C a r t o d b d a r k _ m a t t e r " ) 

m_dark.add_gdf(tracks_gdf, 

layer_name='tracks', 
info_mode=None, 
s t y l e = { ' c o l o r ' : ' r e d ' , 'weight':0.5, ' o p a c i t y ' : 0.5}) 

m_d a r k . a d d _ d a t a ( s t r e e t _ f r e q , 
"frequency", 
cmap = "Y10rBr_r", 
scheme='Quantiles', 
k=5, 

add_legend=True, 
legend_title="Number o f passages", 
l e g e n d _ p o s i t i o n = " b o t t o m r i g h t " , 
l a y e r name—"passages", 
s t y l e _ f u n c t i o n = lambda f e a t : { " c o l o r " : f e a t [ " p r o p e r t i e s " ] [ " c o l o r " ] , 

"weight": 4, 
'o p a c i t y ' : 0.8}) 

m_dark.add_text("INTENSITY OF MOBILITY ON ROAD NETWORK", f o n t s i z e = 2 2 , f o n t c o l o r = ' w h i t e ' , 
bold=True, padding='0px', background=True, bg_color='#404040', border_radius='5px', 
p o s i t i o n = ' t o p r i g h t ' ) 

m_dark.add_text("<a href='https://github.com/bsramol44/Thesis-Dupyter' t a r g e t = ' _ b l a n k ' x i m g 
width='250' a l t = ' A s s e t 31ogo' src='https://user-images.githubusercontent.com/47752920/234973760-
c8157fdd-a3cf-43cf-88b0-4dc8096cfe7c.png'></a>", background=False, p o s i t i o n = ' t o p r i g h t ' ) 

m_dark.zoom_to_gdf(street_freq) 

return m _ l i g h t , m_dark 

def s a v e _ r e s u l t s ( s t r e e t _ f r e q , m _ l i g h t , m_dark): 
s t r e e t _ f r e q . t o _ f i l e ( " d a t a _ u p l o a d / l i n e s . j s o n " , driver="GeoDSON") 
s t r e e t _ f r e q . t o _ f i l e ( " d a t a _ u p l o a d / l i n e s . g p k g " , driver="GPKG") 
m _ l i g h t . t o _ h t m l ( " d a t a _ u p l o a d / l i g h t _ m a p . h t m l " ) 
m_dark.to_html("data_upload/dark_map.html") 

def download_button(name, b u t t o n _ t i t l e ) : 
file_name = s t r { F i l e L i n k { " d a t a _ u p l o a d / " + n a m e ) ) . r p a r t i t i o n { ' / ' ) [ 2 ] 
h t m l _ v o i l a = '<a s t y l e = " c o l o r : white; border-radius: 3px;" class="lm-Widget p-Widget 

jupyter-widgets jupyter-button widget-button mod-primary" 
href="../../files/data_upload/ 1+file_name+'" 
download="'+file_name+'">'+button_title+'</a>' 

html_jupyter = '<a s t y l e = " c o l o r : white; border-radius: 3px;" class="lm-Widget p-Widget 
jupyter-widgets jupyter-button widget-button mod-primary" 
href="../../data_upload/'+file_name+'" download=" 1+file_name+'">'+button_title+'</a>' 

display(HTML(html_voila)) 

def c l i c k ( b ) : 
g l o b a l DATAJJPLOAD 
s t a r t _ t i m e = t i m e . t i m e ( ) 
o u t p u t . c l e a r _ o u t p u t ( ) 
with output: 

print("CALCULATION STARTED \n") 
upload(DATA_UPLOAD.value) 
with output: 

p r i n t ( " ( l / 3 ) C r e a t i n g study area zones around t he uploaded data.") 
l a t i t u d e , areas = study_areas(BUFFER_DIST.value) 

https://github.com/bsramol44/Thesis-Dupyter'
https://user-images.githubusercontent.com/47752920/234973760-
https://github.com/bsramol44/Thesis-Dupyter'
https://user-images.githubusercontent.com/47752920/234973760-


with output: 
print("===") 
p r i n t ( " ( 2 / 3 ) Matching GPX f i l e s t o the s t r e e t graph o f the study area.") 

s t r e e t _ a l l , t r a c k _ d f , r o u t e _ d f = map_matching(latitude, areas, TOLERANCE.value, 
MAX_DIST.value, MIN_PROB_NORM.value, 

MAX_LATTICE_WIDTH.value, INCREASE_MAX_LATTICE_WIDTH.value, OBS_NOISE.value, OBS_NOISE_NE.value, 
DIST_NOISE.value, DIST_NOISE_NE.value) 

with output: 
print("===") 
p r i n t ( " ( 3 / 3 ) P o s t - p r o c e s s i n g o f the r e s u l t s . " ) 

t r a c k s _ g d f , s t r e e t _ f r e q = p o s t _ p r o c e s s ( t r a c k _ d f , r o u t e _ d f , s t r e e t _ a l l , s t a r t _ t i m e ) 
m _ l i g h t , m_dark = m a p _ v i s ( t r a c k s _ g d f , s t r e e t _ f r e q ) 
with output: 

d i s p l a y ( m _ l i g h t , m_dark) 

s a v e _ r e s u l t s ( s t r e e t _ f r e q , m _ l i g h t , m_dark) 
with output: 

display(HTML("<b>Download outputs:</b>")) 
d i s p l a y ( H T M L ( " L i n e a r Features ( . j s o n , .gpkg)")) 
d o w n l o a d _ b u t t o n ( ' l i n e s . j s o n ' , 'GeoDson') 
download_button('lines.gpkg', 'GeoPackage') 
display(HTML("web Map ( . h t m l ) " ) ) 
download_button('light_map.html', 'L i g h t Mode') 
download_button('dark_map.html', 'Dark Mode') 

DATA_UP LOAD = c l e a r _ u p l o a d ( ) 
r e t u r n DATAJJPLOAD 

output = widget.Output() 

RUN_BUTTON = widge t . B u t t o n ( d e s c r i p t i o n = ' R u n t he T o o l ' , b u t t o n _ s t y l e = ' p r i m a r y ' ) 

RUN_BUTTON.on_click(click) 

RUN BUTTON 

output 
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Attachment 3 gpx_compression.py {the original source code on GitHub) 

!pip i n s t a l l g px-converter 
!pip i n s t a l l geopandas 

import pandas as pd 
import geopandas as gpd 
from os import l i s t d i r 
from gpx_converter import Converter 
from shapely.geometry import L i n e S t r i n g 
import numpy as np 

# NOTE: data repo named "data" 
f o r f i l e n a m e i n l i s t d i r ( " d a t a " ) : 

i f not f i l e n a m e . e n d s w i t h ( " . g p x " ) : 
c o n t i n u e 

gpx_df = C o n v e r t e r ( i n p u t _ f i l e = "data/" + fi l e n a m e ) . g p x _ t o _ d a t a f r a m e ( ) 
t r y : 

g px_point = gpd.GeoDataFrame(gpx_df, geometry = g p d . p o i n t s _ f r o m _ x y ( g p x _ d f . l o n g i t u d e , 
g p x _ d f . l a t i t u d e ) ) . s e t _ c r s ( ' e p s g : 4 3 2 6 ' ) 

except: 
print("WARNING: The f i l e has no re c o r d o f p o s i t i o n , t h e r e f o r e , t he matching stopped.") 
c o n t i n u e 

g p x _ p o i n t [ ' i d ' ] = 1 
t r y : 

g p x _ l i n e = g p x _ p o i n t . g r o u p b y ( [ ' i d ' ] ) ['geometry'].apply(lambda x: L i n e S t r i n g ( x . t o l i s t ( ) ) ) 
except: 

print("WARNING: The f i l e has o n l y one re c o r d o f p o s i t i o n , t h e r e f o r e , t he matching stopped.") 
c o n t i n u e 

l i n e _ g d f = gpd.GeoDataFrame(gpx_line, geometry = 'geometry').set_crs('epsg:4326') 
l a t i t u d e = g p x _ p o i n t [ " l a t i t u d e " ] . i l o c [ 0 ] 
t o l e r a n c e = 1 / (111319.488 * n p . c o s ( l a t i t u d e ) ) # 1 meter, m e t r i c system t o degree d i s t a n c e 
l i n e _ g d f [ ' g e o m e t r y ' ] = l i n e _ g d f [ ' g e o m e t r y ' ] . s i m p l i f y ( t o l e r a n c e ) 

geom = l i n e _ g d f . i l o c [ 0 , 0 ] 
x,y = geom.coords.xy 
coords = pd.DataFrame({'LAT':y,'LON':x}) 
new_gpx = Converter.dataframe_to_gpx(coords, lats_colname='LAT', longs_colname='LON', 

o u t p u t _ f i l e = ' d a t a / g _ ' + f i l e n a m e ) 
print("New g e n e r a l i s e d f i l e " + f i l e n a m e + " saved.") 
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