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ABSTRACT

Displacements within urban spaces have attracted particular interest among researchers. We examine the journeys that
happen in the Madrid Community considering 24 travel typologies and 1,390 administrative areas. From an origin-destination
(OD) matrix, four classes of major flows are characterised through coarse-graining: hotspot - non-hotspots, non-hotspot
hotspots, hotspots - hotspots, and non-hotspot - non-hotspot. In order to make comparisons between them with respect to
spatial and temporal patterns, several statistical tests are performed. The spatial activity as well as transition probabilities
between administrative zones are also analysed. The mobility network’s topology is examined (some parameters such as
maximal connected components, average degree, betweenness, and assortativity as well as the k-cores are checked). A model
describing the formation of links between zones (existence of at least one trip between them) is constructed based on certain
measures of affinity between areas.

Data Availability, mobility survey, and description of the sample

Since we do not have data on all the inhabitants of the Madrid Community, we utilised a survey as a base for the research
performed by the Regional Transport Consortium of the Madrid Community',?,3. To ensure the appropriateness of the sample,
the Consortium divided the Madrid Community into 1,259 zones with criteria of socio-economic homogeneity, urban planning,
and accessibility to transport infrastructures. The average size of the zones was 5,629 people!,?,>.

Two methodologies were used to collect informationl: (i) (Methodology A) Face-to-face interview of all members of the

household unit. (ii) (Methodology B) Just one member of the household unit was interviewed by telephone! 2.

According to',2,> Methodology A uses a systematic sampling with proportional allocation and minimum representation by
transport area. A total of 13,009 family units were surveyed',?,3. Methodology B used non-probabilistic sampling based on age
and sex quotas. In this type of interview, 50,412 individuals were surveyed'. Proportionality was maintained between both
methodologies. The surveys were carried out from Monday to Thursday provided that they were not preceding public holidays.
The population under study was the population over the age of 3 years residing in the Madrid Community.

The core of the data collection work consisted of telephone and face-to-face interviews, and the data quality control and

validation by the Consortium! 2,3

Results

Reasons, trip modes and Trip start times

Table 1. Number and percentage of displacements by priority reason.

Priority reason for the displacement Number Percentage Priority reason for the displacement Number Percentage

Home 1,220 0.55% Accompanying another person 20,766 9.32%
Work 57,207 25.68% Leisure 12,910 5.80%
Work management 4,613 2.07% Sport/walking 23,546 10.57%
Study 33,400 14.99 % Personal business 27,913 12.53%
Shopping 27,507 12.35% Other address 2,630 1.18%
Medical 9,553 4.29% Other 1,479 0.66%

Considering all types of displacements, Figure 1 shows for each i, both k and k¢ the probability distributions. A
significant number of zones have a low number of journeys but others also exist showing a high number of trips, as is indicated



by the (80, 2x10~%) coordinate in the plot.
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Figure 1. For the whole network, kf” (Left) and k2" (Right) probability distributions.

Table 2. Number of times in which p —value is less than 0.05 in the pairwise comparisons, (7;,7;), for j # i, and i, j varying
1,2, ... 24, between trip start times cumulative probability distributions. (T1): Commuter trains,(T2) Intercity bus, (T3) Urban
bus other municipality, (T4) Subway, (T5) Light subway, (T6) Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9)
Long-distance bus, (T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13) Driver or passenger in rented
car without driver, (T14) Passenger in private car, (T15) Passenger in company car, (T16) Passenger in rented car with driver,
(T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike (T20) Private bicycle, (T21) Public bicycle, (T22)
Company bicycle, (T23) Other, (T24) Walking.

Type Type Type Type Type Type Type Type Type Type Type Type
T1 T2 T3 T4 T5 T6 T7 T8 T9 TI0  Ti1 T12
7 5 9 6 1 7 6 18 0 7 9
Type Type Type Type Type Type Type Type Type Type Type Type
TI3 T4 TI15 Ti6 T17 TI8 T19 T20 T21  T22 T23  T24
10 1 8 12 2 2 6 16 4 0 0 8 6
Characterization of the major flows
Table 3. Maximum values of fluxes.
Time Number of trips Time Number of trips Time Number of trips
HH 08:00 13,590 14:00 9,501 17:00 9,574
HN 08:00 4,148 14:00 2,917 17:00 2,981
NH 08:00 4,023 14:00 2,777 17:00 3,140
NN 08:00 2,723 14:00 1,905 17:00 2,021
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Table 4. Spearman’s correlation
coefficient between types of flow.

HH HN NH NN

HH 1.00 094 096 0.99
HN 094 100 097 095
NH 096 097 1.00 0.97
NN 099 095 097 1.00

Table 5. The top 5 zones with the highest number of trips (both for origin and destination). Shape length and Shape area are
respectively expressed in meters and square meters, respectively..

ID Name Shape length Shape area

079-04-075  Salamanca, Madrid 308.538.151.286.079  422.009.981.659.181
079-05-096  El Viso, Chamartin, Madrid = 564.065.266.683.902  164.461.404.327.636
005-020 Alcald de Henares Center 466.707.400.975.314  127.413.065.011.752
079-01-014  Sol, Madrid Center 248.998.269.305.996  275.975.023.016.713
079-06-113  Tetudn, Madrid 379.918.743.626.212  627.343.720.547.598
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Figure 2. Map showing (in red) the 5 areas with the highest number of trips (both for origin and destination. Information
retrieved from* has been used for the construction of the map).
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Table 6. For the comparison of the
distance cumulative probability
distributions, the obtained

p — value in the
Kolmogorov—Smirnov test.

HH HN NH NN

HH 1 0 0 0
HN O 1 027 O
NH 0 027 1 0
NN O 0 0 1

Table 7. For the comparison of the
velocity cumulative probability
distributions, the obtained p — value.

HH HN NH NN
HH 1 0.18 0.18 0.04
HN 0.18 1 0.01 0.19
NH 0.18 0.01 1 0.20
NN 0.04 0.19 0.20 1
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Population, land occupation, and nhumber of hotspots
It is relevant for each municipality in the Madrid Community to relate its population and percentage of land occupation to the
ratio of hotspots. To achieve a better understanding of this relationship we describe below how land is categorised in Spain.

In Spain land is classified as urban, developable, and non-developable. Urban land can be either consolidated or uncon-
solidated. Both categories have all the services (such as urbanized streets, lighting, etc), differing only in whether they are
occupied. A consolidated land is occupied by a use, while an unconsolidated land is pending occupation. The developable land
(not urban yet) is categorised as unbounded or bounded land.

In bounded land urban planning expressly binds as preferential land for urbanizing, guaranteeing a rational urban develop-
ment. Unbounded land lacks the characteristic of bounded urban land and the urban planning classifies it a developable land.
The developable land is programmed to become urban land in the future. Building is forbidden on non-developable land since it
is a protected area.

Figures 3 (D), and 4 (A, B, C, D, E) show the percentage of the different types of land, which was calculated over the full
area of each municipality. It must be noted that we used the latest information provided by the Ministry of Transport, Mobility
and Urban Agenda’. The most recent update date varies for each municipality between 2005 and 2022.

The Madrid Community has 179 municipalities. Figure 3 (A) represents the population by municipality in the year 2018°.
It can be observed that the municipality with the highest population corresponds to Madrid (3,223,334 inhabitants), which is
marked in purple colour. The remaining municipalities have a population between 47 and 207,095 inhabitants. Figure 3 (B)
depicts the number of hotspots by municipality. Madrid is the municipality with the highest number of hotspots (269). The
rest of the municipalities with a considerable number of hotspots are located around the capital city. Figure 3 (C) displays the
hotspot - non-hotspot zones by municipality. Figure 3 (D) depicts the rate of consolidated land. 16 municipalities present a
percentage higher than 25%. The percentage of this land type in Madrid is 37.78%.

Figure 4 (A, B, C, D, E) represents the ratio of different land types by municipality in the Madrid Community. Figure 4 (A)
displays the percentage of developmental areas (unconsolidated + bounded land). 5 municipalities show a rate of more than
25%. The percentage equals 21.79% in Madrid. These magnitudes of development zones could impact mobility in the coming
years. Figure 4 (B) shows the rate of unconsolidated land. The magnitudes for all municipalities are lower than 10.10% for all
municipalities. The Madrid municipality shows a percentage equal to 8.25%. Figure 4 (C) shows the ratio of bounded land. 5
municipalities have a percentage higher than 25%. The Madrid municipality has a value equal to 13.55%.

Figure 4 (D) depicts the percentage of unbounded land. 10 municipalities exhibit a percentage of more than 25% . The
percentage of this land type in the Madrid municipality is equal to 2.20%. Figure 4 (E) presents the rate of of non-developable
land. 94 municipalities over the total of 179 present a ratio of more than 90%. The Madrid municipality exhibits a percentage
equal to 36.92%

Figure 5 shows the relationships between population and number of hotspots with consolidated land rate. Madrid munici-
pality has been excluded because it has a much higher population and the largest number of hotspots. It is not observed that a
higher percentage of consolidated land generally implies a greater number of hotspots in the municipality.
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Figure 3. For the Madrid Community are represented: (A) Population, (B) Number of hotspots, (C) Hotspot -non-hotspot
zones and (D) Percentage of consolidated land by municipality (Madrid Community). Information retrieved from’ ®,° has been

used for the construction of the maps.
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Figure 4. For the Madrid Community are represented: (A) Percentage of developmental areas (unconsolidated + bounded
land), (B) Rate of unconsolidated land, (C) Ratio of bounded land, (D) Percentage of unbounded land, and (E) Rate of non
developable land (Madrid Community). Information retrieved from’,8.° has been used for the construction of the maps.
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Figure 5. For the Madrid Community are represented: (A) Population and (B) Hotspots as a function of consolidated land
ratio (Madrid Community, Madrid municipality has been excluded).
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Trip start times.
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Figure 6. For the trip modes with a usage rate higher than 4%, histogram of trip start time. A: (T1) Commuter trains, B: (T2)
Intercity bus, C: (T6) Urban bus, D: (T11) Driver in private car, E: (T14) Passenger in private car, F: (T24) Walking
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Trip distances
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Figure 8. Distances according transition probabilities between zones by trip type A: (T1): Commuter trains,B: (T2) Intercity
bus, C: (T3) Urban bus other municipality, D: (T4) Subway, E: (T5) Light subway, F: (T6) Urban bus, G: (T7) Rest of trains, H:
(T8) Discretionary bus.

11/34



A s N B -
__-o- < - . 200 - ° _|© ~ 15
3. - 175 3.1 3. T 2r
3§I 1.5- = £3 3§I 10 7%
R - — 150 & N S
S 20- - 2 S 2- - 5 =
g g e g : 5
- = =
25 i 1.00
ps oo o -
0 i ; 4 2
C D
0- 0- .-
~ - - ~
= 200 g? =~ 4 - g?
3+ -1- eT 34 -1- ST TS 10 2T
L 150 N -~ —~ S
- - 100 8 = . s 3
[ 50 =3 > . =
k- = 2 2 =
-3, -3-
2
E F
1.5- L 0-
2.00
P - - £ ~ 60 £
El 175 3 S 1- 3
&+ -20- - . = st =
E Lo . = 40 =
S = 150 & E . 5
s 1 S 0 2
8 2s- = M 2 e B z
- - - 1.00 * . T =
) ) L ) ! 3-, . .
0.0 05 1.0 15 - 0
log1o (dj/do) logio (dj/do)
G
1.0- ~— 6 16-
—~ = r —~ L
=) - - 5 5. = —~ 5
3+ -15- N K - . ng 3t 204 R ) 331"
2 N S N S S NIE! "
e -20- POl oC 3z ] Ch =z =
- . - .t = by =
2 DR N I R B 2 5 D 24- SO - =
< T e = f 8 I ) =
25 ey '-..f'_x_‘_,-:-.-:-z—r?' ST "o |- -,
T aas - 28- — -
4 0 1 2 0.0 05 10

logo (d/do)

logio (dj/do)

Figure 9. Distances according transition probabilities between zones by trip type A: (T9) Long-distance bus, B: (T10) Taxi, C:
(T11) Driver in private car, D: (T12) Driver in company car, E: (T13) Driver or passenger in rented car without driver, F: (T14)
Passenger in private car, G: (T15) Passenger in company car, H: (T16) Passenger in rented car with driver.
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Figure 10. Distances according transition probabilities between zones by trip type A: (T17) Private motorbike, B: (T19)
Company motorbike, C: (T20) Private bicycle, D: (T21) Public bicycle, ,E: (T23) Other, F: (T24) Walking. Graphical
representations corresponding to (T18) Public motorbike and (T22) Company bicycles are not shown because they exhibited a
very small number of trips.
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Table 8. Distances (calculated as Ioglo(%)) corresponding to the top 5 highest transition probabilities between zones by trip type (calculated as

out)

loglowi_”

). If these top 5 highest transition probabilities are very similar, only one value is shown (T1): Commuter trains,(T2) Intercity bus, (T3) Urban

bus other municipality, (T4) Subway, (TS) Light subway, (T6) Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus, (T10) Taxi,
(T11) Driver in private car, (T12) Driver in company car, (T13) Driver or passenger in rented car without driver, (T14) Passenger in private car, (T15)

Passenger in company car, (T16) Passenger in rented car with driver, (T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike (T20)
Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other, (T24) Walking.

Trip type Distance Transition probability Number of trips Trip type Distance Transition probability Number of trips
T1 1.2693089  -2.537403 91 T11 0.9843196 -2.288971 223
Tl 1.3221969  -2.537403 76 T11 0.9843196 -2.454592 217
T1 1.2164210  -2.537403 74 T11 1.2493290 -2.495998 213
T1 1.1106452  -2.454592 65 T12 T1.16568551 -2.454592 14
T1 1.3750848  -2.537403 63 T12 1.09711572  -2.371782 11
T2 1.19948573  -2.502300 65 T12 1.06283082  -2.330376 11
T2 1.25799728  -2.502300 56 T12 1.19997041 -2.247566 11
T2 1.22874151 -2.539361 55 T12 1.23425531 -2.537403 10
T2 1.22874151 -2.391120 55 T13 0.44032656  -2.630220 2
T2 1.25799728 -2.428180 51 T14 091916920  -2.371782 68
T3 0.28789728  -2.536645 10 T4 1.07236423  -2.537403 54
T3 0.28789728  -2.402436 10 T14 0.88087044  -2.495998 54
T3 0.17716717  -2.435988 9 T14 1.14896175 -2.537403 53
T3 0.28789728  -2.469541 8 T14 091916920  -2.454592 53
T3 0.44291943  -2.435988 8 T15 0.95867498  -2.2327674 6
T4 0.8782933  -2.478424 95 T15 1.39443678  -2.5609393 3
T4 0.6733580  -2.511139 93 T15 0.98772576  -2.5012717 3
T4 0.7026344  -2.478424 93 T15 0.92962419  -2.4416041 3
T4 0.7611874  -2.478424 92 T15 0.14525294  -2.4117703 3
T4 0.8490168  -2.511139 89 T16 0.59768355 -2.835386 1
T5 0.33436158  -2.468653 3 T17 0.52119253  -2.543855 10
T5 0.03519506 -2.448241 3 T17 0.42346874  -2.511139 10
TS5 0.10558718  -2.448241 3 T17 0.52119253  -2.478424 10
T5 0.40475370  -2.346185 3 T17 0.87951308  -2.249417 10
T5 0.96789068 -2.713589 2 T17 0.94466227  -2.445709 9
T6 0.40039969  -2.495998 66 T18 -0.3583334 -2.660416 1
T6 0.43119974  -2.454592 63 T19 0.39681951 -2.797449 1
T6 0.30799953  -2.288971 61 T20 0.47496346  -2.495998 7
T6 0.61600006 -2.288971 60 T20 0.49758082  -2.454592 7
T6 0.43119974  -2.537403 59 T20 0.09046842  -2.454592 6
T7 0.6943214  -2.538751 2 T20 0.52019817  -2.495998 5
T7 1.5188292  -2.538751 2 T20 0.61066760  -2.495998 5
T7 1.0631802  -2.500227 2 T21 0.30630046  -2.510018 3
T7 1.3452486  -2.461704 2 T21 0.23337154  -2.802330 2
T7 1.5188292  -2.461704 2 T21 0.30630046  -2.665917 2
T8 0.74566306 -2.557641 6 T21 0.56884456  -2.510018 2
T8 0.32809119  -2.393379 6 T21 0.36464359  -2.860792 1
T8 0.50705056 -2.311248 6 T22 0.4946319 -2.230477 1
T8 1.10358181 -2.311248 6 T23 0.38457941 -2.516575 6
T8 1.13340837 -2.516575 5 T23 0.28843431 -2.475510 5
T9 1.8130660  -1.5735309 2 T23 1.18578860  -2.393379 5
T10 0.53550426  -2.490124 15 T23 0.83325656  -2.270183 5
T10 0.50400395 -2.524642 12 T23 0.03204737  -2.475510 4
T10 0.53550426  -2.559161 8 T24 0.22263250  -2.247566 50
T10 0.59850488 -2.559161 8 T24 0.32158073  -2.247566 49
T10 0.37800271 -2.524642 8 T24 0.22263250  -2.330376 48
T11 1.0978951  -2.495998 231 T24 0.12368428  -2.247566 47
T11 1.0600366  -2.454592 227 T24 0.17315839  -2.247566 47
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Table 9. Statistical quartiles, minimum and maximum of travel distance by trip type. Distance is expressed in kilometers (T1): Commuter trains,(T2) Intercity
bus, (T3) Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6) Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus,
(T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13) Driver or passenger in rented car without driver, (T14) Passenger in private car,
(T15) Passenger in company car, (T16) Passenger in rented car with driver, (T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike (T20)
Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other, (T24) Walking.

Trip type Quartil1 Quartil2 Quartil3 Minimum Maximum Triptype Quartill Quartil2 Quartil3 Minimum Maximum

All 0.70392 2.22049 7.81972 0.00385 527.54004 TI3 2.31070 3.60718 6.10942 0.83420 33.30122
T1 9.01454 14.32909  21.24653  0.34811 518.78824 Tl14 1.28805 3.17087 9.02042 0.01298 511.89429
T2 4.66483 12.70953  21.72223  0.08128 300.85654 T15 2.24105 5.80170 13.47458  0.10277 314.73956
T3 1.25438 1.81153 2.64839 0.09662 43.91349 T16 2.29355 3.85896 8.35043 0.61297 17.83012
T4 3.28443 5.26909 7.95433 0.11582 377.54667 T17 2.42971 4.92089 9.44800 0.06344 514.44259
T5 1.22640 1.84573 245116 0.30697 39.70623 T18 0.43264 0.67792 3.41596 0.37841 3.41596
T6 1.37312 2.27870 3.75380 0.06270 355.59820 T19 2.03811 2.50853 3.50760 1.15279 11.88256
T7 11.22383  20.61190 32.87156  1.26577 508.23527 T20 0.89006 1.88539 3.42388 0.05340 27.64451
T8 2.87798 6.05053 11.83448  0.10726 407.04710  T21 1.66642 2.14683 3.30518 0.58478 32.90670
T9 3.35381  24.05075 68.50851  1.21535 411.68183 T22 1.72772 2.19598 2.66423 1.25946 3.13249
T10 2.16933 3.76993 7.46447 0.06923 417.21693  T23 1.09738 2.91986 8.44678 0.05840 409.47614
T11 1.89039 5.70084 13.33333  0.01333 527.54004 T24 0.26597 0.50934 0.90568 0.00385 16.60512
T12 3.82538 10.29962  19.54220  0.03954 506.22000

Similarity between travel distances
A Manhattan distances matrix considering the median trip distances between zones is calculated. This will allow us to assess
the similarity between median trip distances from each origin to all destinations.

For the analysed trips there are: 1,384 origin and 1,372 destination zones (1,390 different L zones) for the analysed trips. A
vector MD; = (mdy, ... ,md;; 372) can be built, where i varies from 1 to 1,384. 1,384 vectors MD; exist whose coordinates are
the median distances (in kilometers) for all trips from zone i to zone j where j varies from 1 to 1,372. A Manhattan distance
matrix is estimated as a similarity metric between the aforementioned vectors. It must be noted that although 1,259 zones exist
in the Madrid Community, a few trips originate in or are destined for other communities.

The distances have been normalised with respect to their maximum value. The lower the Manhattan distance, the more
similar the vectors are. Figure 11 shows the frequency distribution of the calculated normalised Manhattan distances. It can be
observed that a high similarity exists between many pairs of vectors.
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Figure 11. Histogram of the normalised Manhattan distances of the vectors symbolising the mediam distances for all trips
from one origin. The Manhattan distances have been normalised with respect their highest value.
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Figure 12. Time traveling according transition probabilities between zones by trip type A: (T1): Commuter trains, B: (T2)
Intercity bus, C: (T3) Urban bus other municipality, D: (T4) Subway, E: (T5) Light subway, F: (T6) Urban bus, G: (T7) Rest of
trains, H: (T8) Discretionary bus.
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Figure 13. Time traveling according transition probabilities between zones by trip type A: (T9) Long-distance bus, B: (T10)
Taxi, C: (T11) Driver in private car, D: (T12) Driver in company car, E: (T13) Driver or passenger in rented car without driver,
F: (T14) Passenger in private car, G: (T15) Passenger in company car, H: (T16) Passenger in rented car with driver.
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Table 10. Statistical quartiles, minimum and maximum time of travel duration by trip type. Duration is expressed in minutes. (T1): Commuter trains,(T2)
Intercity bus, (T3) Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6) Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9)
Long-distance bus, (T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13) Driver or passenger in rented car without driver, (T14)
Passenger in private car, (T15) Passenger in company car, (T16) Passenger in rented car with driver, (T17) Private motorbike, (T18) Public motorbike, (T19)
Company motorbike (T20) Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other, (T24) Walking.

Trip type Quartil1 Quartil2 Quartil3 Minimum Maximum Trip type Quartill Quartil2 Quartil3 Minimum Maximum
All 10 20 30 1 975 T13 15 17 30 4 50
T1 40 60 75 3 975 T14 10 15 30 1 540
T2 30 45 70 1 265 T15 10 25 35 1 270
T3 10 15 30 1 120 T16 15 20 30 4 60
T4 25 30 50 1 480 T17 15 20 30 1 300
T5 10 15 25 1 105 T18 6 10 15 5 20
T6 15 20 30 1 240 T19 10 15 20 10 30
T7 43.5 60 82.5 10 480 T20 10 20 30 1 120
T8 15 30 40 1 470 T21 15 20 30 5 180
T9 20 60 120 5 480 T22 45 70 95 20 120
T10 15 20 30 1 320 T23 10 20 30 1 645
TI1 10 20 30 1 780 T24 8 15 20 1 210
T12 15 30 45 1 900

Table 11. Statistical quartiles, minimum and maximum of travel velocity by trip type. Velocity is expressed as kilometers per hour. (T1): Commuter
trains,(T2) Intercity bus, (T3) Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6) Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9)
Long-distance bus, (T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13) Driver or passenger in rented car without driver, (T14) Passenger
in private car, (T15) Passenger in company car, (T16) Passenger in rented car with driver, (T17) Private motorbike, (T18) Public motorbike, (T19) Company
motorbike (T20) Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other, (T24) Walking.

Trip type Quartil1 Quartil2 Quartil3 Minimum Maximum Triptype Quartill Quartil2 Quartil3 Minimum Maximum
All 3.41796 7.59489 17.11859  0.01196 119.20484 TI13 8.83680 12.28032 21.31843  3.17963 66.60244
Tl 11.10128 1559245  21.20145 0.83616 116.30869 T14 7.54602 13.11070 2553486  0.04197 118.35474
T2 8.74718 14.92941  22.50489  0.75672 9399378  TI5 8.52383 16.24238 2857414  3.17710 86.94330
T3 4.72626 6.53996  8.80616 1.95442 59.00944  TI16 7.65156 12.27730  18.78345  3.42499 58.21714
T4 6.61589  8.85479 12.10912  0.43398 113.53436  T17 10.29965  16.62022  26.71597  3.06771 102.88852
T5 497402 697758 9.03783 3.02485 67.20347  TI8 4.06753  5.19164  10.24787  3.78407 13.66382
Té6 4.78648  6.48856 8.36652  0.12541 108.05648 T19 7.42909 12.22869  15.01082  3.75446 47.53023
T7 14.39995 20.98044  32.14746  3.61649 112.40738  T20 3.84347  6.73487 10.38286  0.12730 14.97385
T8 7.81684 13.62824  22.56477 1.29774 118.46649 T21 5.05409  7.20933  9.84617 1.16955 14.62828
T9 14.52260  32.74628  46.56232  6.07452 62.60069  T22 2.82167  5.01360 7.20554  0.62973 9.39748
T10 7.64999 11.83408 19.94504 3.01694 119.20484  T23 6.19170 10.20658  17.91091  0.47979 117.58710
T11 9.52769 17.56012  30.69632  0.05126 118.35474 T24 1.54237 245959  3.55016  0.01196 42.85670
T12 12.09189  21.76783  36.34463  0.16325 108.73241
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Figure 14. Time traveling according transition probabilities between zones by trip type A: (T17) Private motorbike, B: (T18)
Public motorbike, C: (T19) Company motorbike, D: (T20) Private bicycle, E: (T21) Public bicycle, F: (T22) Company bicycle,
G: (T23) Other, H: (T24) Walking. Graphical representations corresponding to (T18) Public motorbike and (T22)Company

bicycles are not shown because they exhibited a very small number of trips.
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Characterization of the topology of the mobility networks. Structural analysis

Table 12. Main structural characteristics. Number of weakly connected
components in networks by trip type. (T1): Commuter trains,(T2) Intercity bus,
(T3) Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6)
Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus,
(T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13)
Driver or passenger in rented car without driver, (T14) Passenger in private car,
(T15) Passenger in company car, (T16) Passenger in rented car with driver,
(T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike
(T20) Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23)
Other, (T24) Walking. No strongly connected sub-graphs were found in the

networks.
All Type Tl  Type T2  TypeT3 TypeT4  TypeT5
3 1 2 25 1 5
TypeT6  TypeT7 TypeT8 TypeT9  TypeT10 Type T11
10 44 96 22 66 1
Type T12 Type T13 TypeT14 TypeT15 TypeT16 Type T17
53 31 1 104 30 42
Type T18 Type T19 Type T20 Type T21 Type T22 Type T23
1 9 128 16 2 137
Type T24
104
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Table 13. Degree. Trip types: (T1): Commuter trains,(T2) Intercity bus, (T3)
Urban bus other municipality, (T4) Subway, (TS) Light subway, (T6) Urban bus,
(T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus, (T10) Taxi,
(T11) Driver in private car, (T12) Driver in company car, (T13) Driver or
passenger in rented car without driver, (T14) Passenger in private car, (T15)
Passenger in company car, (T16) Passenger in rented car with driver, (T17)
Private motorbike, (T18) Public motorbike, (T19) Company motorbike (T20)
Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other,

(T24) Walking.
All Type Tl  TypeT2  TypeT3 TypeT4  TypeT5
136.24640 16.11412  15.08357  5.81081 35.25216  3.74194
Type T6 Type T7  TypeT8 TypeT9  TypeT10 Type T11
31.98113  2.36364 3.78512 1.71429 4.35450 65.47813
Type T12 Type T13 Type T14 TypeT1S Type T16 Type T17
4.07870 2.76923 20.84227  3.000000 2.57143 5.28447
Type T18 Type T19 Type T20 Type T21 Type T22 Type T23
2.66667 1.33333 3.75510 2.85714 1 2.88136
Type 24
26.56059

Table 14. For the comparison of the stops by zone cumulative probability distributions,
the obtained p — value in the Kolmogorov—Smirnov test.

Urban bus  Light subway Subway Intercity bus Commuter
Urban bus 1 0 0 0 0
Light subway 0 1 0.01 0 0
Subway 0 0.01 1 0 0.11
Intercity bus 0 0 0 1 0
Commuter 0 0 0.11 0 1

Table 15. Main structural characteristics. Number of nodes and links in GC. (T1):
Commuter trains,(T2) Intercity bus, (T3) Urban bus other municipality, (T4) Subway,
(T5) Light subway, (T6) Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9)
Long-distance bus, (T10) Taxi, (T11) Driver in private car, (T12) Driver in company
car, (T13) Driver or passenger in rented car without driver, (T14) Passenger in private
car, (T15) Passenger in company car, (T16) Passenger in rented car with driver, (T17)
Private motorbike, (T18) Public motorbike, (T19) Company motorbike (T20) Private
bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other, (T24) Walking.

All Type T1 Type T2 Type T3  Type T4 Type TS
1388/94555 1034/8331 1043/7851 367/430 928/16357 31/56

Type T6 Type T7 Type T8 Type T9  Type T10 Type T11
636/10170  11/96 242/458 7/6 378/823 1349/44165
Type T12 Type T13  Type T14 Type T15S Type T16 Type T17
737/1503 26/36 1249/13016  10/9 7/823 573/44165
Type T18 Type T19  Type T20 Type T21 Type T22  Type T23
3/4 372 147/276 28/40 2/1 59/85

Type T24

949/12603
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Figure 15. Histograms showing the frequency of stops by zone. A: Urban Bus, B: Light Subway, C: Subway, D: Intercity Bus,
and E: Commuter Trains
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Table 16. Assortativity. Trip types: (T1): Commuter trains,(T2) Intercity bus,

(T3) Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6)

Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus,

(T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13)

Driver or passenger in rented car without driver, (T14) Passenger in private car,

(T15) Passenger in company car, (T16) Passenger in rented car with driver,
(T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike
(T20) Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23)

Other, (T24) Walking.

All Type T1 Type T2  Type T3  TypeT4  Type TS5
0.06114 -0.10294  0.07106 -0.03371  -0.08005  -0.37610
Type T6  TypeT7 TypeT8 TypeT9  TypeT10 Type T11
0.02240 -0.71706  -0.30097 - -0.13082  0.03400
Type T12 Type T13 TypeT14 TypeT15 Type T16 Type T17
-0.07556  -0.21818  0.03482 -0.50000  -0.03701  0.02312
Type T18 Type T19 Type T20 Type T21 TypeT22 Type T23
-1.00000 - -0.19416  -0.18792 - -0.27967
Type T24

0.48118
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Table 17. Betweenness. Trip types: (T1): Commuter trains,(T2) Intercity bus,
(T3) Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6)
Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus,
(T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13)
Driver or passenger in rented car without driver, (T14) Passenger in private car,
(T15) Passenger in company car, (T16) Passenger in rented car with driver,
(T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike
(T20) Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23)
Other, (T24) Walking.

All Type Tl  TypeT2 TypeT3  TypeT4  Type TS

0.00093 0.00209 0.00242 0.02236 0.00180 0.03274
Type T6  TypeT7 TypeT8 TypeT9  TypeT10 Type T11
0.00267 0.03636 0.02870 0.05714 0.00617 0.00116

Type T12 Type T13 TypeT14 TypeT15S TypeT16 Type T17
0.00786 0.05750 0.00187 0.20833 0.08095 0.00758

Type T18 Type T19 Type T20 Type T21 Type T22 Type T23
0.33333 0.16667 0.03966 0.02951 0.02951 0.03325
Type T24

0.03325

Table 18. Diameter. Trip types: (T1): Commuter trains,(T2) Intercity bus,
(T3) Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6)
Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus,
(T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13)
Driver or passenger in rented car without driver, (T14) Passenger in private car,
(T15) Passenger in company car, (T16) Passenger in rented car with driver,
(T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike
(T20) Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23)
Other, (T24) Walking.

All Type Tl  TypeT2 TypeT3 TypeT4  Type TS
7 8 8 7 7

Type T6  TypeT7 TypeT8 TypeT9  TypeT10 Type T11
7 3 31 4 14 7

Type T12 Type T13 TypeT14 TypeT15 TypeT16 Type T17
22 10 8 8 4 15

Type T18 Type T19 Type T20 Type T21 TypeT22 Type T23
2 2 28 8 8 17

Type T24

17
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Table 19. Main structural characteristics. kjq — core and percentage of zones included
in it by trip type. (T1): Commuter trains,(T2) Intercity bus, (T3) Urban bus other
municipality, (T4) Subway, (T5) Light subway, (T6) Urban bus, (T7) Rest of trains, (T8)
Discretionary bus, (T9) Long-distance bus, (T10) Taxi, (T11) Driver in private car, (T12)
Driver in company car, (T13) Driver or passenger in rented car without driver, (T14)
Passenger in private car, (T15) Passenger in company car, (T16) Passenger in rented car
with driver, (T17) Private motorbike, (T18) Public motorbike, (T19) Company motorbike
(T20) Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other, (T24)
Walking.
All Type T1 Type T2 Type T3 Type T4 Type T5
103 16 (17.70%) 14(13.16%) 8(10.81%) 37(20.80%) 3(32.26%)
Type T6 Type T7 Type T8 Type T9 Type T10 Type T11
27(13.68%)  2(45.45%) 4(15.29%)  1(100%) 5(10.05%)  50(42.18%)
Type T12 Type T13 Type T14 Type T15  Type T16 Type T17
4(19.27%)  2(84.62%) 16(39.71%)  1(100%) 2(71.42%)  5(15.53%
Type T18 Type T19 Type T20 Type T21  Type T22 Type T23
1(100%) 1(100%) 3(27.21%)  2(71.43%) 2(100% 2(76.27%)
Type T24

29(8.22%)

Table 20. Main structural characteristics. kr-core = round(0.75*kMax-core) and
percentage of zones include in k-core<=kr by trip type. (T1): Commuter trains,(T2)
Intercity bus, (T3) Urban bus other municipality, (T4) Subway, (T5) Light subway,
(T6) Urban bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus,
(T10) Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13) Driver or
passenger in rented car without driver, (T14) Passenger in private car, (T15) Passenger
in company car, (T16) Passenger in rented car with driver, (T17) Private motorbike,
(T18) Public motorbike, (T19) Company motorbike (T20) Private bicycle, (T21)
Public bicycle, (T22) Company bicycle, (T23) Other, (T24) Walking.

All Type T1 Type T2 Type T3  Type T4 Type TS
76-35.95%  12-68.96% 10-60.42% 6-87.84%  28-65.19% 2-67.74%)
Type T6 Type T7 Type T8 Type T9  Type T10  Type T11
20-44.50%  2-100% 3-84.71%)  1-100% 4-89.95%  38-38.25%)
Type T12 Type T13  Type T14  Type T15 TypeT16  Type T17
3-80.73% 2-100% 12-39.23%  1-100% 2-100% 4-84.57%
Type T18 Type T19  Type T20  Type T21 Type T22  Type T23
1-100% 1-100% 2-72719%)  2-100% 1-100% 2-100%
Type T24

22(82.93%)

25/34



Figure 16. k-core representation for T8: Discretionary bus. Nodes drawn in the same colour are in the same k-core. Grey
lines traced between pairs of nodes indicate that there is a link between them.

Table 21. For P of

the eigenvector P~ with
eigenvalue A =l asa
function of kg"'),

R — squared
corresponding to a fit
polynomial regression

model from degree 1 to

4, with
Degree  R-squared
1 0.50984
2 0.55254
3 0.56973
4 0.56950
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Inter-zone links formation

Table 22. Importance of explanatory variables

Similarity Metric Importance  Similarity Metric Importance
average commute time 100 common neighb 18.07376
matrix forest 98.4185668  graph distance 10.20160
Leicht-Holme-Newman  98.41660 depressed 7.58142
random walk with restart ~ 88.62881 cosine 7.46683
hub promoted 42.78472 cosine similarity on L+ 5.97654
preferential attachment 22.94767 local path 4.28411
resource allocation 20.61072 katz 2.48136
jaccard 20.57018 Leicht-Holme-Newman 0

Table 23. Performance metrics of the model

Metric Training+Test Validation Metric Training+Test Validation
Accuracy 0.99500 0.99476 F1 0,99502 0.99479
Sensitivity 1.00000 0.99963 Gmean 0,99499 0,99475
Specificity 0.99000 0.98990 Kappa 0.98957 0.98953
Precision 0.99010 0.98999

Table 24. Eigenvalue (1) The highest eigenvalue A, for the GC of all
mobility networks. Trip types: (T1): Commuter trains,(T2) Intercity bus, (T3)
Urban bus other municipality, (T4) Subway, (T5) Light subway, (T6) Urban
bus, (T7) Rest of trains, (T8) Discretionary bus, (T9) Long-distance bus, (T10)
Taxi, (T11) Driver in private car, (T12) Driver in company car, (T13) Driver or
passenger in rented car without driver, (T14) Passenger in private car, (T15)
Passenger in company car, (T16) Passenger in rented car with driver, (T17)
Private motorbike, (T18) Public motorbike, (T19) Company motorbike (T20)
Private bicycle, (T21) Public bicycle, (T22) Company bicycle, (T23) Other,
(T24) Walking.

Type Tl  TypeT2 TypeT3 TypeT4 TypeT5  TypeTé6
0.0801 0.0814 0.0809 0.1773 0.0441 0.1437
Type T7  Type T8 TypeT9  TypeT10 Type T11l Type T12
0.0025 0.1249 0.0563 0.0800 0.6682 0.1231
Type T13 Type T14 Type T15 Type T16 TypeT17 Type T18

0.0137 0.1809 0.0261 0.0129 0.0843 0.0057
Type T19 Type T20 Type T21 Type T22 Type T23 Type T24
0.0027 -0.1508 -0.0067 0 0.1250 0.8000

Methods

Topological characterization of the mobility networks. Structural analysis
Several structural parameters were computed in the mobility networks, which were considered to be directed graphs for this
topological analysis :

¢ in—degree and outdegree of anode i. in — degree represented as deg — (i) symbolises the number of links directed into
i. The out — degree of i, represented as deg + (i), is the number of links directed out of i. A loop at a node participated 1
to both in-degree and out-degree. .

* In a directed graph, the average degree can be defined as:
L
<k>=— 1
N D

where L and N, are the number of links and nodes, respectively.
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 Distance, shortest path or geodesic path between two nodes i, j, which can be defined as the number of links along
the shortest path joining them. In a directed graph the distance from i to j (on an ijpath is commonly dissimilar from
the distance from j to i (on a jipath). If a path of length n between i and j exist, then Ay....A;; =1and Ay ...A;; =0
otherwise. The number of paths of length 1 between i and j can be defined as':

NP = [A");; )

Diameter (D), which symbolises the maximum distance between any pair of nodes i, j in the graph'.

Average path length/distance, < apl >, for a connected graph, is defined as'®:

1
2%, Z dij 3)

max ;. j7£ i

Where d; ; is the distance from node i to node ;.
« degree assortativity, which for a directed graph can be established as'',12,13:

in out

Jk(ejx —4q7'q
”:Z (J J Tk

C))
Jk OinOout
Where:
in, out correspond to in-degree and out-degree, respectively.
eji is the fraction of links joining a node with out-degree k to a node with in-degree j,whereby j,k € N
g = (j+1)27'+1 _ (j+l)Pr[Di,1:j+l] 5)
’ X;ipr} E[Di]
Normalised distribution of in — degree, where D;,, is the in — degree of a randomly chosen node.
out __ (k+ I)szgl (6)

- N
Lekpp = (1)t

Normalised distribution of out — degree, where D, is the out — degree of a randomly chosen node.
Oin, Oy Standard deviation of q’j”, standard deviation of ¢*, respectively.
4 equation considers the correlation between a node’s out — degree and the adjacent node’s respective out — degree, and

the correlation between a node’s in — degree and the adjacent node’s respective out — degree'*
+ The betweenness centrality of a node i in a graph (G), be(i) is'>,'%:
Ouwli
be(i) = Gl (7)
u#i#FweG Ouw

Where o,,, is the total number of shortest paths from node u to node w and o,,, (i) symbolises the number of those paths
that pass through i.

Inter-zone links formation. Metrics related to similarities between nodes
Local metrics

Resource Allocation'!”,'® between two nodes I, m is stated as:!7,!®

3)
uel(1)NL(m) N ()]

Where I'(1) , I'(m), represents the set of neighbours of /, m.

Leicht-Holme-Newman Index'?,!® between two nodes [, m, which is defined as'?,'8:

C()NI(m)

9
kl * km ( )
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Where I'() , I'(m), represent the set of neighbours of I, m. k;, k,, are the degrees of [ and m respectively.

Common neighbours'® between two nodes /, m is stated as'®
TN T (m)] (10)
Where T'(1) , T'(m), represent the set of neighbours of /, m.

Salton Index (Cosine)?°,!8 between two nodes /, m, which is stated as?°,!8:

IC(1)N T (m)|

Z NGNS (11)
ki, ky, represent the degrees of [ and m, respectively.
Cosine similarity on L+ Index”!,'8
The symmetric Laplacian matrix L of G is defined as>!,'8:

L=D-A (12)

D describes a diagonal matrix, in whichdy = |D|,; = a; = Z}]y:] a;j. N symbolises the total number of nodes in G L+ indicates
the Moore-Penrose pseudoinverse matrix of L, whose elements are:

L™ (13)

lm
The cosine similarity on L+ Index between two nodes 1, m in G, is described as:
l+
Im (14)

TR
llm * Ly

Hub Promoted Index??'8 between two nodes I, m, which is stated as?218 :

Z|F(l )N I'(m)|

min( k;, kp)
Where I'(I) , I'(m), represent the set of neighbours of I, m. k;, k;, are the degrees of the nodes I, m; (k;,k;,) is the minimum of
k; and k,.

(15)

Jaccard Coefficient?,!® between two nodes [, m, which is defined as?,'8:

ID(1) N T(m)|

LF D0 )| (16)

where I'(/) and I'(m) represent the set of neighbours of / and m.

Hub Depressed Index??,'® between two nodes /, m, which is defined as?2,'3:

INOIRRNCD)
max( ky, ky) (17)

Where I'(1) , I'(m), symbolise the set of neighbours of /, m; k;, k,, are the degrees of [ and m; (k;, k,,) indicate the maximum of
k] and km.

Preferential Attachment Index!?,!® between two nodes I, m, which is defined as'?,!8:

kp* ky, (18)
Where: k;, k,, are the degrees of / and m.

Sgrensen Index?*,'8 between two nodes I, m, which can be stated as:2*,!8:

2+ |C(1) NT(m))|

19
kl+ km ( )
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I'(1), T'(m), symbolise the set of neighbours of /, m; and k;, k,, represent the degrees of [ and m.
Quasilocal methods

Graph distance!3 between two nodes [, m, which can be described as!3:

o Iif l=m (20)
0 if I and m are not linked (21)
in other cases (22)
Pim
(23)
<Ilp>

Pim = min(l : path,, °~ exists) symbolises the length of the shortest path joining / and m.

Local Path Index'”,'8 A LPI matrix is described as'’,'8:
LPI=A+ oA’ + a2 A4 o2 A" (24)

Where: n > 2, A represents the adjacency matrix, ¢ is a free parameter.
The Local Path Index between two nodes /, m, is established by the component /m of the LPI matrix.

Global methods

Average Commute Time Index
21 18 petween two nodes [, m, which is stated as

1
ll[Jr—I- ljjjL — 2% l/,,fL

21 18.
. .

(25)

where [ and m represent nodes, I;; ", [, *, 1, symbolise the associated entries in Laplacian Matrix, L.

Katz Index Index?,'® between two nodes [, m, which are defined as®,'8:

A sum of the products of all path lengths in G, and f3 is a free parameter which is utilised to manage the path weight.
Therefore, it can be computed as:

o

Y B |paths,, |*"" (26)
=1

|paths,, |<1’1> represent the set of all paths with length pl joining / and m.  symbolises the free parameter. The sum
converges at the time when f3 is lower than the reciprocal of the largest eigenvalue of the adjacency matrix, A, of G.

L+ directly Index?','8 between two nodes I,m corresponds to the component /,,, + of L.

Matrix Forest Index>°,'® This index is defined through a similarity matrix which can stated as’®,'8:

1

I-L en

Where: I symbolises the identity matrix, L represents the Laplacian matrix of G. L which can be stated as: L=D —A, D and A
representing the degree and the adjacency matrixes of G, respectively.
Random Walk with Restart?’,!® between two nodes I, m, which can be stated as?’,!8:

qim + Gmi (28)

gij symbolises the probability with which a random walker starting at node i will come back to node i itself visiting a random
neighbour.
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Inter-zone links formation. Performance metrics of the model
To evaluate the model the following performance metrics are used:

Accuracy, which is described as!8:

TP+TN
A = 29
Ay = TP TN+ FP+FN (29)

Where: TP, TN, FP, and FN represent the true positives, the true negatives, the false positives, and the false negatives.

Sensitivity or Recall, which is stated as'8:

TP

Sensitivity = TPTEN (30)
Specificity or Selectivity, which is defined as'®:

Specificity = % 3D
Precision, which is stated as:

Precision = % (32)
F1 which is defined as:

R TS 33
Geometric mean, which is stated as:

GMean = \/Sensitivity x Specificity (34)

Area under Curve (AUC). A receiver Operating Characteristic curve (ROC) symbolises a probability curve in which each
point is equivalent a true positive proportion (TPR)/ false positive rate (FPR) pair representing one decision threshold.
TPR and FPR are stated as'8:

TP
TPR= ——— (35)
TP+TN
FPR = _FP (36)
TP+TN
ROC(t) is the function describing the ROC curve. The (AUC) is described as'®:
1
AUC = / ROC () dt (37)
0

Kappa, which is defined as?®:

Predicted accuracy — Expected accuracy
kappa = (38)
1 — Expected accuracy

Where:
TP+TN
Predicted accuracy = + 39)
TP+FP+TN+FN
xrected TP+ FP . TP+ FN . FN+TN . FP{TN
xpecteda accuracy —
P Y = TPy FPLTN+FN TP+FP+TN+FN TP+FP+TN+FN TP+FP+TN+FN

(40)
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Applicability of the used methods in this research

The methodology of this research can be applied to the mobility examination in any city (twin cities, megacities, megalopolis,
etc.), where a zonal division has been established, even in those where non-motorised transport use is relevant (Ghent or
Amsterdam).

Zoning can be based on criteria of socio-economic homogeneity, urban planning and accessibility to transport infrastructure.
The following data are required: origin and destination zones, travel distances, trip duration, priority travel mode, priority
reason for the trip, start and end times of the journey, and public transport stops by zones.

In particular, the major flows (hotspot - non-hotspots (HN) , non-hotspot (NH) - hotspots, hotspots- hotspots (HH), non-
hotspot - non-hotspot (NN)), the network topology as well as the link formation process can be analysed.

This research may help to better understand some of the aspects of human mobility in the Madrid Community. Knowledge
of travel habits can be useful to achieve a better match between public transport supply and demand. Specifically, for the major
flows HH, HN, and NH, the planning of public transport between zones at peak travel times should be reviewed, considering
the high percentage of private vehicle use.

The much greater use of private vehicles to the detriment of public transport, which has occurred systematically in recent
years?”, has led to some structural changes in the street network, particularly in the city of Madrid*°. The Madrid Community
has also drawn up a Strategic Plan for Sustainable Mobility for the period 2013-2025%°, being one of its purposes reducing the
environmental impact of transport. Specific initiatives have been carried out such as BiciMad?! or CarSharing?. The Madrid
City Hall is also reviewing and extending the transport network with safe routes, aiming to integrate more sustainable modes of
transport with traditional motorised commuting. The goal is to increase cycling to 5% of trips by 202533,

According to this research, a relationship exists between certain journeys which are made on foot alongside those made
through other motorised forms in which the distances are similar. The above suggests that some additional actions from the
institutions could be taken to promote greater public awareness of the importance of using more sustainable transport. This is
particularly relevant since a significant increase in the number of trips is expected in the coming years, given the availability of
residential and productive land for development in some municipalities.

Analogously, in municipalities with high population density and a significant proportion of hotspots the use of shared
autonomous vehicles can gradually transform public transport. Fixed schedules and routes involving smaller vehicles with
dynamic route assignments can, if demand is adequate, directly link points of origin and destination. Thus, the number of travel
stages required to reach a destination from an origin is reduced**.

An analogous study carried out in this research considering several cities by country, or either at a continental or even
global level can be performed, which would provide a better understanding of human mobility. It would also be possible to
detect how sustainable mobility is in those cities and take action from one and apply it to another.
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