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ABSTRACT

Traffic Prediction (TP) is a key element in Air Traffic Management (ATM), as it plays a
fundamental role in adjusting capacity and available resources to current demand, as well
as in helping detect and solve potential conflicts. Moreover, the future implementation of
the Trajectory Based Operations (TBO) concept will impose on aircraft the compliance of
very accurately arrival times over designated points. In this sense, an improvement in TP
aims at enabling an efficient management of the expected increase in air traffic
strategically, with tactical interventions only as a last resort. To achieve this objective, the
ATM system needs tools to support traffic and trajectory management functions, such as
strategic planning, trajectory negotiation and collaborative de-confliction. In all of these
tasks, trajectory and traffic prediction represents a cornerstone. The problem of achieving
an accurate and reliable trajectory and traffic prediction has been tackled through different
methodologies, with different levels of complexity. There are two main aspects to be
considered when assessing the most appropriate forecasting methodology: (a) time-
horizon: depending on the timescale (anticipation before the day of operations), the level of
uncertainty associated to the prediction will be different; and (b) input data: both the source
and the quality of the input data (completeness, validity, accuracy, consistency, availability
and timeliness) are key characteristics when assessing the viability of the prediction. This
study develops a methodology for TP and traffic forecasting in a pre-tactical phase (one
day to six days before the day of operations), when few or no flight plans are available.

This should be adjusted to different time scales (planning horizons), taking into account the
level of predictability of each of them. We propose a data-driven, dynamic and adaptive TP
framework, which can be accommodated to different Airspace Users’ characteristics and
strategies.
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1. INTRODUCTION

To face the increasing air traffic demand, the future Air Traffic Management (ATM)
system will rely on the Trajectory Based Operations (TBO) approach, which will require
aircraft to follow an assigned 4D-trajectory (time-constrained trajectory) with high
precision. TBO involves separating aircraft via strategic (long-term) trajectory definition,
rather than the currently practicing tactical (short-term) conflict resolution. The main goal
is to increase air traffic capacity by reducing the controllers’ workload. Nevertheless, real
time measures (over the trajectory) will be required to improve reliability, react to
unplanned conditions and thus maintain the expected capacity.

The 4D-trajectory concept is based on the integration of time into the 3D aircraft
trajectory, defining each point by position (latitude, longitude and flight level) and time. In
the same way that there are restrictions associated with flight levels, the future operational
framework foresees restrictions regarding time. It aims to ensure the flight is on a
practically unrestricted, optimum trajectory for as long as possible in exchange for the
aircraft being obliged to meet very accurately an arrival time over a designated point. In
the context of TBO, Airspace Users (AUs) will agree a preferred trajectory with Air
Navigation Service Providers (ANSPs) and airport operators (AOs). Aircraft and ground
systems will exchange information regarding the trajectory and the expected airspace
capacity, in order to foresee the ability to meet the assigned Controlled Time of Arrival
(CTA).

The benefits of the 4D-trajectory approach on the ATM framework are: (a) improvement
of air traffic operations reliability by increasing the overall traffic predictability; (b)
optimal operations for airlines (aircraft using preferred routes and levels); (c) better service
provided (due to ground-ground and air-ground interoperability) and fewer trajectory
distortions; (d) potential absorption of delays; (e) enhanced safety with less controller
workload (fewer conflicts, strategic management, information rich environment with data
in advance); (f) reduction of costs (e.g. fuel and/or time); (g) increased airspace capacity;
and (h) reduction of the environmental impact through reduction of emissions and noise.

To exploit these benefits accurate and reliable trajectory prediction (TP) is required.
Enhanced traffic forecasts (which integrate uncertainty assessment and include different
sources of relevant flight information) may enable improved demand-capacity balancing
and conflict detection and resolution (CD&R) models. Moreover, new methodological
approaches, as the exploitation of historical data by means of machine learning techniques
is expected to boost TP performance.

In this context, this study has been able to develop a methodology framework for TP and
traffic forecasting in a pre-tactical phase (from a few days to a few hours before the
operations, when only a limited number of flight plans are available).
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This has been adjusted to different time scales (planning horizons) supporting different
operational scenarios, taking into account the level of predictability of each of them
according to the available data. This step has resulted in an individual flight plan predictive
model, which considers patterns in historical data to provide a pre-tactical prediction and
incorporate ‘“‘uncertainty” to Trajectory Prediction (as a probabilistic approach),
incorporating also the possibility to self-calibrate with updated tactical data.

This way, we have not just obtained a specific implementation but a data-driven, dynamic
and adaptive TP framework, suitable for further implementations. It is data-driven as the
main study outcomes will be based on data analysis and interpretation, dynamic as can be
adjusted to different planning horizons and adaptive as it can be enhanced iteratively with
new tactical data. A fourth research objective of the study is for the TP framework to adapt
to different Airspace Users’ characteristics and strategies. AUs will exhibit different
strategies, as far as flight intentions and execution are concerned. The study has analysed
and unravelled policies and features to apply the best TP for each AU according to
observations.

We have validated the TP framework on a case study, including interviews to operational
staff to understand the best way to apply such features. The proposed method aims to
anticipate the needs of the ATM system; main applications of the model are related to
reduction of complexity, demand-capacity balancing, conflict resolution, separation
management, ANSP resource allocation.

The main results of the study are the specific implementation of the data driven analysis
with Spanish data (the study also explores ECAC - European Civil Aviation Conference -
area capabilities with existing datasets), the TP methodological framework and the mock-
up comprising operational staff feedback.

2. BACKGROUND

2.1 Operational / technical context

Accurate and reliable trajectory prediction (TP) is a fundamental requirement to support
trajectory-based operations (TBOs). Particularly, the mismatch between planned and flown
trajectories (caused by operational uncertainties from airports, Air Traffic Control
interventions, Airspace Users behaviour and changes in flight plan data) act as a driver for
shortcomings in flow and capacity management (e.g. congestion and suboptimal decision
making) and as a precursor for potential safety conflicts. Therefore, enhanced traffic
forecasts (which integrate uncertainty assessment and include different sources of relevant
flight information) may enable improved demand-capacity balancing and conflict detection
and resolution (CD&R) models. Moreover, new methodological approaches, as the
exploitation of historical data by means of machine-learning techniques is expected to
boost TP performance.
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2.2 Scope and objectives

Traffic prediction is a key element in Air Traffic Management (ATM), as it plays a
fundamental role in adjusting capacity and available resources to current demand, as well
as in helping detect and solve potential conflicts (Lymperopoulos & Lygeros, 2010).
Moreover, the future implementation of the Trajectory Based Operations (TBO) concept
will impose on aircraft the compliance of very accurately arrival times over designated
points (SESAR, 2015; FAA, 2016). In this sense, an improvement in TP aims at enabling
an efficient management of the expected increase in air traffic strategically, with tactical
interventions only as a last resort. To achieve this objective, the ATM system needs tools
to support traffic and trajectory management functions, such as strategic planning,
trajectory negotiation and collaborative de-confliction. In all of these tasks, trajectory and
traffic prediction represents a cornerstone (Rodriguez-Sanz et al., 2019).

The problem of achieving an accurate and reliable trajectory and traffic prediction has been
tackled through different methodologies, with different levels of complexity (Alligier &
Gianazza, 2015; Tastambekov et al., 2014; Wang et al., 2018; Wi et al., 2008; De Leege et
al., 2013).

There are two main aspects to consider when assessing the most appropriate forecasting
methodology:
e Time-horizon. Depending on the timescale (anticipation before the day of
operations), the level of uncertainty associated to the prediction will be different.
e Input data. Both the source and the quality of the input data (completeness, validity,
accuracy, consistency, availability and timeliness) are key characteristics when
assessing the viability of the prediction.

The main target of the study is the development of a methodology for TP and traffic
forecasting in a pre-tactical phase (from a few days to a few hours before the operations,
when only a limited number of flight plans are available). This can be adjusted to different
time scales (planning horizons), considering the level of predictability of each of them and
the specific use case to where it should be applied. This initial step delivers a model that
considers advanced tactical data to validate/enhance the previous pre-tactical prediction
and incorporate "uncertainty" to Trajectory Prediction (as a probabilistic approach).

In this way, the study has obtained a data-driven, dynamic and adaptive TP framework:
data-driven, as the main study outcomes is based on data analysis and interpretation,
dynamic, as can be adjusted to different planning horizons, and adaptive, as it allows
iterative enhancement with new tactical data.
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Another objective of the study was, for the TP framework, to adapt to different Airspace
Users’ characteristics and strategies. Previous works showed that different AUs exhibit
different strategies, as far as flight intentions and execution are concerned, affecting
predictability, even at route level in some cases (SESAR P04.07.07, in EXE-04.07.07-VP-
006 run in Barcelona ACC; statistical analyses carried out as part of the SESAR WpE
project ELSA) (Gurtner et al., 2014; Gurtner et al., 2015). The implication is that different
methodologies need to be used to develop the best TP for each AU.

3. LITERATURE REVIEW

The works developed around organization of airspace are globally focused in achieving an
“ideal” airspace configuration, for this matter, dynamic sectorisation is considered with the
corresponding problem of Demand-Capacity balancing. In a more in-depth analysis of the
demand, the research is fixed in clustering techniques, improving the scope as well as the
analysis of the data already available. Then, the trajectory prediction is enlarged by
considering other type of data apart from the temporal and spatial, designated as contextual
data.

From the point of view of clustering, several approaches can be stated. Clusters are formed
from similar trajectories; this similarity trait requires an extensive analysis of
origin/destination pairs, take-off patterns, weather deviations and any other type of data
(De Leege et al., 2013). Considering a different approach, clusters are formed taking into
account the relevant part of the trajectories, relevance is understood as a changing variable
where markers to each of the route waypoints are assigned and added or discarded for each
analysis (A Andrienko et al., 2017).

Contextual data can be chosen to cluster by relevance. Following this line, temporal
characterization is thought to be of high importance (Enriquez, 2013), enabling the
identification of salient traffic and temporal persistent flows. Temporal clustering has been
implemented (Sidiropoulos et al., 2016) using a k-means algorithm, for the classification of
arrivals and departures for Multi-Airport Systems. The final objective is to obtain a route
that can be representative for each cluster, lowering the computational requirements.

In terms of the data available for clustering, Flight Plans (FP) are the most important
resource and they are extremely dependent on the airline, consequently analysis of the
behaviour of the airline have been developed (Calvo-Fernandez & Cordero, 2013)
obtaining patterns that can be posteriorly used for a more accurate prediction. This trait is
measured with three indices: predictability, reliability and accuracy.

For further determination of the spatial-temporal state of the aircraft a variety of trajectory
prediction methodologies have been developed that do not require any specific data of the
performance of the aircraft, they do require aircraft state data, flight information, historical
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data or flight information from aircraft messaging. Environmental conditions are included
in analysis (Stewart et al., 2015). In recent studies, the analysis and prediction is developed
using Machine Learning techniques. Furthermore, in some references (Wanke et al., 2012)
the trajectory (route terminology employed in the paper) is obtained from weighting a
series of factors; concretely two groups of factors are considered: reaction (constraints to
the route) and planned (changes in the route utilization). These factors are obtained using a
regression model. In recent studies the analysis and prediction is developed using Machine
Learning techniques (De Leege et al., 2013), the Hidden Markov Model is considered
among several options.

An accuracy analysis is consistently associated to the trajectory prediction methods. The
confidence level of the output is dependent on the quality of information extracted and
varies depending on the phase of flight due to the difficulty of prediction for each of the
phases (Gong & Mcnally, 2004), while in other studies (Wanke et al., 2004) a statistical
model is used based on empirical observations and a Monte Carlo simulation is conducted.
Other studies involve the use of a Distributional Robust Optimization formulation
(Sidiropoulos et al., 2016), the uncertainty of the prediction is based on the drawing of
information from different uncertain parameters by using probabilistic operations. To set
the method in place, data is used from the Time Based Flow Management system obtaining
this way the calibration.

For the demand-capacity balance instead of considering individual flights the approach is
to consider a flow allowing independent flow routes, this is the Eulerian-Lagrangian
(Rebollo et al., 2009) model where the optimization is solved using a Model Predictive
Controller Technique minimizing the air and ground delay. Contrarily if individual flights
are taken into account (which is typical for conflict resolution), interacting trajectories can
be localized and modified in order to solve this problem, for this purpose collaborative
reinforcement learning methods have been explored (Chen et al., 2016; Vouros et al.,
2018). For the sector configuration, it is feasible to be obtained through a Branch and
Bound algorithm choosing between the combinations available (Gianazza et al., 2009).

4. PREDICTIVE MODEL

4.1 Predictive model: High-resolution scenario analysis

The high-resolution analysis corresponds to operational data from Spanish Airspace
extracted from the operational ATC platform (SACTA), including highly reliable data such
as surveillance or every flight plan update.

In this initial phase of the analysis, a sample of relatively frequent flights (of relatively
frequent airlines) in January, March and August 2018 is selected. Callsigns flying less than
10 times in a month and airlines with less than 200 flights in a month are discarded. These
numbers are set accordingly to cumulative graphs.
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Using this dataset, a clustering process is applied. The main “dissimilarity measure” used
in the analysis is:
d = 1- (common wp / max wp), where:
e common wp: number of waypoints appearing in both the first and the last Flight
Plan of each FPkey (last intended as last before estimated off-block time);
¢ max wp: maximum between the number of waypoints appearing in the first Flight
Plan and the number of waypoints appearing in the last Flight Plan.

The histogram in Figure 1 represents the distribution of d in the different months. It is clear
that 0 is the most common value and that the frequency of greater values rapidly decreases
as the value increases: in particular, more than 70% of the Flight Plans do not show any
difference in the first and the last path declared and that, in general, only 10% of the Flight
Plans shares less than the 50% of waypoints between the first and last record before off-
block time.

Percentage of the total
|

Dissimilarity

Figure 1: Histogram of the distribution of d in the different months analysed.

Furthermore, differences between months do not seem to be really relevant from this
perspective. March and August behave almost identically, while in January there seem to
be slightly smaller values of d.

The variable immediately associated to this d is a DeltaT variable defined as the difference
between the expected off-block time of a flight and the record time of its first flight plan, in
order to understand at what level of anticipation (before the beginning of departure
operations) the flight plan was emitted.

As can be seen in Figure 2 (Dt is expressed in hours, and the categories are chosen as
almost homogenous in size), d seems slightly or not dependent on the level of anticipation
with which the flight plan is registered.

In fact, while the first histogram (less than 2 hours before EOBT — Estimated Off-Block
Time) is different from the others, there is apparently no pattern in the following ones. The
fact that the “< 2” section is composed essentially of observation with d=0 can be also
because in many cases the first and last flight plan coincide. However, the graph remains
meaningful as it shows that flight plans recorded in that time slot are almost surely reliable.
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Figure 2: Representation of DeltaT (Dt) for different anticipations in the reception of the
flight plan.

Another variable which seems not linked to the dissimilarity is the involvement in weather
phenomena. The same comparison was performed distinguishing different weather
conditions, in all the three months, leading to the same conclusions. Furthermore, no stable
pattern is found also for aircraft type.

The distribution of d is also analysed for airlines, airports and routes. To associate a
representative value of d to a group of flights, one possible choice is to use the average
value of the variable in the group. The distribution of d is very asymmetrical and
consequently the average is mainly determined by the highest values, possibly leading to a
non-representative estimation. Because the median is 0 for every airline and airport (in
fact, the 70% percentile of d is 0 for almost every subgroup), a possible choice is to
consider another quantile; the most effective in discriminating the airlines and airports is
found to be the 80% percentile.

The following graphs represent airlines in three groups (European Legacy, European Low
Cost and Non-European). These graphs report the 80% percentile essentially for two
reasons:

e This value is assumed by d, while this is not true for the mean.

e It has an “operational” meaning being x the quantile, it can be said that the 80% of
data relative to the group assumes values smaller than x.

Furthermore, in Figure 3, Figure 4 and Figure 5, the size of every group is indicated.
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Please be aware that these numbers indicate the occurrences in the selected samples (so,

for example, infrequent flights are discarded) so they are just approximations of the real

number of flights.

Figure 3:
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Looking at the graphs above, there seems not to be great differences between the three

groups (legacy, low cost, non-EU airlines); the major differences are, in fact, within each

group.

The role of airports, instead, seems more decisive: departures from non-EU airports show

lower values of d and departures from Madrid show much “less reliable” behaviours than

the other frequent airports.
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Arrivals, on the other hand, behave differently: non-EU airports show more variable values
of d and often also higher values. This distribution is also reflected in the ranking of routes
(e.g., flights departing from Madrid have higher d-values than flights arriving in Madrid).
Moreover, the Reliability time has been analysed. It is possible to estimate, for each flight
number but also for each airline, the average time in which the flight plan became identical
to the last one, plus a Confidence Interval based on the variance and size of data relative to
that airline.

Figure 6 and Figure 7 are representative of the idea: the point is the average “reliable time”
(sample mean), and the black line is the 95% probability interval of the mean.
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Figure 6: Reliability time for European Legacy Airlines.
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Figure 7: Reliability time for Low Cost Airlines.

AIRLINE

Since the previous analysis indicates that the reliability of a flight plan depends essentially
on the “intrinsic” properties of the flight and in some cases on the season, while the
“contingencies” (e.g., weather, hour of the day, day of the week) play no or little role, the
prediction presented here is only based on historical data; furthermore, this approach
emphasizes the role of the companies’ strategic reasoning.

The prediction is performed for different At’s (where At is the difference between current
time and off-block time): 8h, 4h, 2h, 1h.
For each At, the predictive methodology is the following:
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e the current flight plan is compared with all the historical flight plans of the same
flight (in this context, flight = callsign) at the same At, selecting all the past single
flight’s whose trajectories coincide with the current one.

o if'the current flight plan is not the first one recorded that day, also the previous
flight plans are compared with the corresponding past ones, discarding from the
previously selected single flights all the ones that do not match.

o for all the selected single flights, the last-before-off-block-time planned trajectory
1s retrieved.

e the predicted trajectory is the most frequent one in this set.

In this case, this methodology is applied on two sets of data, different form the one used in
first place for the dissimilarity measure:

e data from February Ist to May 31st, 2018 (in the following, denoted as spring)

e data from June 1st to September 30th, 2018 (in the following, denoted as summer)
and only to flights: classified as “Regular”, flying at least 3 times a week, pertaining to the
most frequent airlines, and with average levels of At sufficiently high.

To estimate the real usefulness of the prediction, its accuracy is compared with the one of
the “default” prediction (i.e., the last trajectory is predicted to be the current one).

Accuracy is the percentage of trajectories that are correctly predicted for each flight (see
Table 1 and Table 2).

SPRING 8h 4h 2h lh
average default accuracy 76% 75% 82% 86%
average prediction accuracy 82% 82% 85% 87%

Table 1: Average Default and Predicted Accuracy in the different time horizons for

the spring dataset analysed.

In spring the prediction is able, on average, to anticipate at At = 8 the accuracy that the

default prediction has at time At = 2, so it reaches the same level of certainty 6 hours

before.

SUMMER 8h 4h 2h 1h
average default accuracy 88% 76% 83% 88%
average prediction accuracy 92% 85% 87% 90%

Table 2: Average Default and Predicted Accuracy in the different time horizons for

the summer dataset analysed.
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It is important to remark the fact that the smallest accuracies appear in At =4 and not in At
= 8 can probably be explained with the fact that not all the flights considered record flight
plans with the anticipation of At = 8 every day, so the values are computed on slightly
different samples (and it can be reasonable to suppose that the sample relative to At = 8 is
somehow more “reliable”). For this reason, At = 8 in these tables can be considered as a

world apart.

Relative improvement in accuracy is computed for each callsign as follows:
(callsign prediction accuracy - callsign default accuracy) / callsign default accuracy

As could be expected, the relative improvement in accuracy is greater for and At = 4 than
for the smallest At’s, in both the seasons.

SPRING

&h

4h

2h

1h

average relative improvement

23%

29%

10%

6%

Table 3: Average Relative Improvement in the different time horizons for the spring dataset

analysed.

SUMMER

8h

4h

2h

1h

59%

23%

13%

average relative improvement 13%

Table 4: Average Relative Improvement in the different time horizons for the summer
dataset analysed.

Default VS Prediction accuracy
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Figure 8: Comparison between default and predicted accuracy.

In Figure 8, prediction accuracy (in blue) and default accuracy (dashed line) at At = 8h in
spring are represented (this representation is consistent with other At’s and seasons). In
view of this, three main considerations arise:
e the distribution of prediction accuracy is concentrated on highest values in general.
o the prediction accuracy has a negligible percentage of values lower of 0.5, so the
biggest difference with the default accuracy is with regards to the lowest values.
e if values greater than 90% are concerned, the two densities appear almost
overlapped.
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So, the main conclusion seems to be that this prediction is particularly useful in enhancing
accuracy for “very unpredictable” flights, while for very regular flights the default choice
and the prediction are almost always the same.

This conclusion is confirmed by the correlation between the default accuracy and the
relative increase due to the prediction, clearly represented in Figure 9 (At = 4h):

In the following, results about relative improvement are often reported only for At = 4h.
The reason is that this At is computed on a larger sample than At = 8h, and at the same time
the differences in relative improvement are more visible than for At = 2h and 1h.

Correlation default and relative i

Relative increase (%)

Defautt accuracy

Figure 9: Correlation between default accuracy and relative improvement for the At = 4h
time horizon.

From Figure 9, it is also possible to understand the global distribution of the relative
increase: the most frequent value is 0 and, though there are some (very few) negative
values (which means, cases in which the default prediction would suggest the right
trajectory while our prediction fails), the general mean is “pushed up” by the many high
values. The maximum is around 800%, which means there are flights for which the
accuracy of our prediction is 8 times greater than the default (e.g., 0.1 of default accuracy
and 0.8 of prediction accuracy).

Now, we have a look at how the prediction accuracy is distributed with regards to airlines.
These graphs are referred to spring; summer graphs are not reported since there are no
meaningful differences. For the comparison to be meaningful, At = 8h was not represented,
for the previously explained reasons.
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Figure 10 and 11: Average prediction accuracy for European Legacy and Low-Cost airlines.

Three main considerations arise:
e In most of the airlines the prediction accuracy increases as At decreases.
e There are some slight differences between airlines, but basically the prediction
reaches a similar level of accuracy in for all the airlines, apparently without any
bias.

e The level of accuracy is, on average, over 80% for the great majority of airlines.

What is probably of major interest is to evaluate the average relative improvement in
accuracy for each airline. In fact, this value is informative: if it is high, it means that the
unpredictability of that airline is “systematic enough” to become predictable, and so it is
likely to be part of a strategy.

Graphs are relative to At = 4h, both seasons. The number of flights involved in the analysis
is reported next to each bar. The horizontal axes have different scales in the two seasons
since the relative improvement in summer has highest values. European airlines show a
clear behaviour: Air Europa, Alitalia and Air Nostrum (legacy) and Vueling, Ryanair and
Iberia Express (low cost) have significantly higher values than the others, in both seasons.

Also, the companies with the smallest values are consistent in the two seasons. The
aforementioned airlines show the same behaviour also when we compare them with other
airlines traveling on the same routes, as represented in Figure 11.



R-EVOLUCIONANDO EL TRANSPORTE 43

Routes and airlines - SPRING

&~
=3

factor(airine)
B s europa
B sir Nostum
B i

B e minines
B oeria Express
[

w
=1
s

Lufhansa

N
=}
8

B nonwegian Ar inematonal

B Ryanair

B vusiing Aiines

Average relative improvement (%)

2
s

LEMD-LEPA LEMD-EDDF LEMD-LIRF
Route

Figure 11: Comparison between airlines flying the same route in the spring period analysed.

By means of the previously described predictive model, it is possible to estimate the
probability of change of every flight (given that the flight is a regular and frequent one).
The following graph (Figure 12: Average probability of change of Lufthansa for At = 4h for
different routes during the diurnal shift. is relative to the diurnal shift and it is referred to At =
4h. Callsigns with average probability of change less than 0.01 are not shown.
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Figure 12: Average probability of change of Lufthansa for At = 4h for different routes during
the diurnal shift.

Furthermore, the probability of change is not independent of the route; in Figure 13 and
Figure 14, it is clear that the same airlines can behave in quite different ways on different
routes, while on the same route, different airlines tend to behave in similar ways.
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Figure 13: Average probability of change in the route LEMD-LEBL for the airlines: Vueling,
Air Europa and lberia.
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Figure 14: Average probability of change in the route LEPA-LEBL for the airlines: Vueling,
Air Europa and Ryanair.

Another observation that deeper analyses suggest is that flights departing from some
airports (especially the biggest ones) seem to have higher probability of change, e.g.
LEMD.

4.2 Predictive model: Low-resolution scenario analysis

This scenario is referred to the ECAC (European Civil Aviation Conference) area, trying to
apply similar analysis. Is to be noted that the European-wide data source (DDR — Demand
Data Repository) is a determinant factor in what can be applied. The study has tried to
illustrate the result by applying a similar approach to this scenario, for reference.

In order to render the low-resolution analysis comparable with the high-resolution one, we
needed to find the correspondent definition of waypoints; to do so, we compared the
trajectory description of DDR with the one in the data from the first scenario, whenever the
same flights are involved (i.e., flights whose entire trajectory pertains to Spanish airspace).

Here is an example from the 1st of June 2018, a flight from Madrid to Valencia:

- high-resolution (spatial) trajectory description:
NMIDE: MD050; MD035; NANDO; MINGU; ABOSI; CLS; OPERA; VEGT

- low-resolution trajectory description:
20180601 142400:-:NANDO1U:20:0:A:402820N0033339W::Y
20180601142415::DCT:25:1:V:402759N0033304W:14:Y
20180601142443::DCT:35:4:V:402657N0033121W:57:Y
20180601142513:*MD50:NANDO1U:48:7:D:402554N0032937W::Y
20180601142517::DCT:50:8:V:402538N0032900W:6:Y
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20180601142600::DCT:70:13:V:402415N0032558W:38:Y
20180601142645::DCT:90:19:V:402237N0032219W:75:Y
20180601142709:*MD35:NANDO1U:100:23:D:402131N0031953W::Y
20180601142820::DCT:130:35:V:401902N0031206W:11:Y

This kind of behaviour is rather systematic, so to apply the model to the new scenario we
used as waypoints the information in the second field of the variable. The low-resolution
model was built by mimicking the high-resolution one, with the necessary adaptations. In
fact, since in this scenario we only have one flight plan per day, the predicted trajectory is
the most probable one given the flight plan of the day before.

The model, as in the high-resolution case, has two main functionalities: predict if the
trajectory will change and predict the final trajectory (and its probability). The following
results are relative to about 8000 flights (i.e., the ones flying every day) in June 2018.

The model was tested on the last week of the month; for each test day, all the preceding
ones are used as training set. This assessment methodology is slightly different from the
one adopted in the high-resolution scenario since in this case the order of days is absolutely
not negligible.

For each flight, the predictive accuracy of the model was computed. The performance on
low-resolution scenario is - quite predictably - lower than the high-resolution one. The
main reason for this is the probability of change:

e In the high-resolution scenario, we compared the last-before-EOBT trajectory with
the flight plan recorded 2h/4h/8h before, and in the vast majority of cases the input
trajectory was already reliable, with a probability of change on average around
20%;

e in this low-resolution scenario, we compare today’s trajectory with yesterday’s one,
and the probability of change is on average 55%.

Furthermore, this change rate (and therefore also the accuracy of the model) is distributed
in quite an uneven fashion. Figure 15 shows the distribution of airlines’ change rate, from
which there are a huge amount of extreme values.
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Figure 15: Airline’s change rate.

For this reason, the median accuracy is considered, instead of the average one, since is
more robust to extreme values:

e Median accuracy per flight of the model: 67%

e Median accuracy per flight without the model: 33%

As in the high-resolution case, we can retrieve some interesting information on airlines by
looking at the distribution of the average relative improvement per airline. The median
value is around 500% (e.g., if the probability of correctly predicting tomorrow’s
trajectories for an airline just trusting today’s trajectories is 15%, on median thanks to the
model it will be 75%). Also, in this case, values are actually very spread, and a central
value cannot be representative.

Figure 16 shows the average relative improvement of some airlines. In general, all the
values range between 0 and 3. Notice the x-axis is not expressed in percentage (e.g., 3 is
300%).

Relative improvement in accuracy per airline
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Figure 16: Average relative improvement of some airlines.
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4.3. Use case application/Mock-up tool

The proposed model generates, for each individual scheduled flight of a given day, the
prediction of the most likely flight plan (FP) submitted by the airspace user (AU) hours
before the expected off-block time. The purpose of this model, when applied to one
operational use case, is to provide the Network Manager (NM) and Air Navigation Service
Providers (ANSPs) with additional information about the upcoming flights and a
prediction of the demand of airspace that improves the current methods based on the FPs
issued by the AUs and on historical data.

To validate the use case and expected benefits of the model, we interviewed potential
target users, developed a static mock-up to demonstrate how the associated tool could be
integrated in the current workflow, and eventually collected target users’ feedback on the
developed mock-up.

The process is summarised as follows:
Interviews to target users
Definition of user needs and requirements
Redesign of strategic planning, enhanced by the proposed model

1

2

3.

4. Design of HMI (Human Machine Interface) mock-up

5. Analysis of data to be visualised into the HMI mock-up
6

Feedback from target users
5. RESULTS

5.1 Use case application/Mock-up tool results
The scheme in Figure 17 represents how the planning process of the NM could be
modified to include the information generated by the model.

Airline submits FP Demand Expected
predictions [ demand
—{ canbe [ from FPs

l compared

to

Diapason computes

best prediction on
an individual basis

I Capacity

Predictions about many threshold

flights is combined to

predict demand in time
slots of 15’

Figure 17: Schematic of the way the proposed tool predictions could be integrated in the
planning process at NM level.

Every time an airline submits a FP hours before the EOBT, the proposed tool (called
DIAPasON or Data-drlven approach for dynamic and Adaptive trajectory PredictiON)
computes the best prediction of what the final FP will be.
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While each prediction could be useful also on its own individually, the target users
expressed a need of aggregate information, about all flights predicted to cross specific
airspace sectors within a certain time interval. This prediction corresponds to the overall
demand of traffic as a function of time in every given sector.

As soon as FPs become available, the predicted demand computed with our model can be
compared to the expected demand calculated from the airline FPs. Both demands are to be
compared with the capacity of the sectors at any given time of the day. The objective of the
planning is to always keep the demand below the capacity threshold.

The main benefit occurs when the predicted and expected demands differ, and essentially
when one of the two exceeds the capacity threshold. In this situation, the planner must
choose between the model prediction and the expectation based on the FPs.

At this stage, the HMI mock-up is designed to display the flights exceeding the capacity
threshold and for which there is a discrepancy between the model prediction and the
expected FP.

As the model prediction comes with an indication of the prediction quality (in percentage),
a different design option would be to decide a threshold over which only this prediction is
considered.

To give a demonstration of how the model can be integrated in the tools for planning that
are already in use at the pre-tactical level, we developed a static HMI mock-up, which was
used to collect feedback from target users. The mock-up is meant to capture the benefit to
current planning processes, focusing on the role a new tool might play. The look & feel
simulates an interactive tool, and it was implemented using an off-the-shelf prototyping
software (i.e. Figma).

To design the role and the mock-up look&feel, we first designed a storyboard, describing:
e User input
e System reaction
e HMI sketch

We took 6 months of data from 01/02/2018 until 30/09/2018, which include 26369
individual flights, with focus on the flights connecting the two main Spanish airports,
LEMD and LEBL, with a limited number of European airports, LPPT, LFPG, EGLL, and
LIRF. To understand the extent to which the model prediction differs from the FP data 4-8
hours before EOBT, we plotted the trajectories on maps, as illustrated in the following
Figure 18.
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from the model with decreasing likelihood of being accurate. (right) submitted FP for flight
#2326321 BCN - LIS on 02/02/2018 (white line with open circles) and corresponding
predicted trajectory (green).

This illustrates how, compared to the FP submitted by the AUs 8 and 4 hours before
EOBT, respectively, the model prediction at the same time points leads to a more accurate
estimate of the last FP before operations. Figure 18 also depicts a problem encountered in
the majority of the trajectories selected at this stage: in particular, despite being more
accurate, the predictions of the model differ from the FP only in the regions immediately
surrounding the TMAs (Terminal Manoeuvring Areas), while the two coincide in most of
the en-route phase. This difference is only of limited benefit for the target users, as it might
be related to local needs emerged at contingency level (an issue on a runway, a change in
local weather conditions, etc.), and therefore as a follow up we choose a different approach
to select the flights to visualise on the map.

In our revised approach, we focus on one week dataset (25 — 31 May 2018) and we select
only flights that exhibit significant differences in the en-route waypoints Figure 19 and
Figure 20 below show some of the results obtained with this selection criterion. For these
flights, the model may enable a better demand prediction in en-route sectors.

LA.
Figure 19: FP (white) and model prediction (blue) 4 hours before EOBT for flight #3229838
LIRF - LEBL.
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Figure 20: Same as Fig. 3 for flight #3229078 LEMD - LEMH.

The next step to develop the HMI mockup is to visualise the map of the Spanish en-route
sectors of the Madrid, Barcelona and Sevilla ACCs (Area Control Centres). For these
sectors, we study the occupancy demand and capacity as a function of time. In particular,
we highlight in red the suffering sectors in which either the expected occupancy calculated
with the FPs or the model-predicted occupancy (or both) exceed the declared threshold
capacity of that sector at a given time. By selecting one such a sector, the user access to
additional information, namely:
e The expected occupancy as a function of time compared to maximum capacity.
e The predicted occupancy as a function of time compared to maximum capacity.
e The list of flights expected to cross the sector in the time interval in which the
demand exceeds the capacity.
e For these flights, the comparison of the trajectories in the FP and in the predictions,
with their associated probability.

These data are meant to support the decision process of the target users at pre-tactical level
as follows:
e By drawing attention on sectors that will be under stress in the course of the day.
e By enabling a more accurate estimate of the sectors’ occupancy than that obtained
from the FPs.
e By showing how the sectors under stress may vary in the forecasts based on FPs
and our model.
e By displaying the expected and predicted trajectories of flights that might overflow
sectors close to the capacity limit.

A second round of interviews has been conducted among target users to obtain their
feedback on the HMI mock-up (in terms of functionality), on the model, and on the way
the information generated by the proposed model could be integrated in the existing tools
currently adopted by air traffic controllers and the NM.
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During the interviews, the HMI mock-up was presented to the target users and
subsequently the following questions were asked to guide the discussion.

e What are your first impressions?

e What do you like/find useful in this tool?

e Would you change or add anything to the tool?

In general, the response was very positive. In the context of the development of an
innovative tool to support the decision process at a pre-tactical level, the most relevant
elements the interviewees appreciated include, among others:

e The graphical layout of the interface which resembles other tools currently adopted
by Eurocontrol and ANSPs.

e The way the information is delivered was perceived as very clear.

e The actions that were mimicked in the HMI mock-up (such as the selection and
visualisation of critical sectors or critical time intervals, the visualisation of
individual flights, etc.) were perceived as intuitive to understand and to perform.

e The histograms with the aggregated data about the evolution of the sector
occupancy in time were perceived as clear. The interviewees were very familiar
with this way of conveying the information and they consider it fundamental to
have a thorough view of how the demand of airspace will evolve in each sector.
The possibility to directly compare between the expected and predicted air traffic
load was considered very useful.

e The panel with the additional information about the reliability time of the airlines,
i.e. the threshold in time after which, on average, a given airline is unlikely to
change the FP, was found innovative and insightful.

The interviewed target users provided thorough advice on possible aspects to consider and
explore in the further development of the tool:

e Attention should be paid to the possible reasons that trigger a change in FP: this
could be related to the weather conditions, temporary needs of the company,
regulations, and so on. The case of imposed regulations should be studied
separately, as they force AUs to take a decision that normally they would not make.
Therefore, it is interesting to isolate the situations in which the AUs actively take a
decision from the cases in which they are subjected to a decision taken at ATM
level.

e A useful information to include is the dynamical evolution of the sectorisation. This
information would provide the users with elements to evaluate if the currently
planned sectorisation is the best possible or if it is possible to adapt it to the
forecasted traffic, for example merging two sectors that are both predicted with a
limited load. It would be useful for the controller to visualise the consequences of
this decision, namely by how much the traffic would increase on the merged sector,
for how long the new configuration could be sustainable, etc.
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e Target users consider useful to have the possibility to dynamically change the size
of the time window at which to look at when studying the overall traffic load on a
specific sector over time. In particular, at ATCO level it is common to visualise 20-
minutes or 60-minutes slots. Sometimes, in particularly trafficked situations, it
could be useful to visualise shorter time slots of 5-10 minutes.

e The interviewees confirmed that the tool is most useful in predicting variations in
the en-route phase of the flights. This is because variations in the TMA are most
often connected to local needs at airport level and consequently lack the regularity
that is necessary to have reliable predictions.

e The future tool could integrate data-based advice to the users on how to react to a
foreseen critical situation, for example by showing and comparing the impact of
different decisions, such as: imposing a regulation on one or several flights,
opening a new sector, collapsing two sectors, etc.

e The future tool should include the vertical dimension, which is considered a
fundamental information to optimise the air space management.

e An intriguing development of the tool to improve its efficacy at airport/TMA level
is to include the temporal dimension and a precise timing of the arrivals. This could
help avoid congestion at airport level.

5.2 Predictive Model results
In this Section we present a summary of the validation performed to the predictive model.

The objective is to show the differences in occupancy counts per sectors between the real
data in the planning phase and the output provided by our model.

It is important to note that for the validation of the model presented in this section, the time
and altitude were estimated (so that we had a 4D trajectory), while in the results presented
in section 3.1, it was only considered the 2D prediction of the waypoints.

The first step was to extract the information from the Network Manager in order to obtain
the number of occupancy counts based on the information of the flight plan just before the
EOBT (Estimated Off-Block Time) of the flight. The second step was to extract the output
from our model using the same time windows, that is, fifteen minutes width sliding fifteen
minutes, as showed in Figure 21.

15 min 15 min 15 min

00:00 00:15 00:30 00:45

Figure 21. Distribution of times windows.
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The third step was to compare the real data, flight plan before EOBT, with the computation
of occupancy counts extracted from the algorithm. It is key to highlight that our model
provides two different outputs: data that are just what would be predicted if the flight plans
were completely reliable (and so the knowledge from the week before), and data with the
prediction model. Both cases are provided in two different timestamps: eight and four
hours before EOBT.

The comparison aforementioned was carried out for six different days from summer and
winter season of 2018: 18th, 20th and 23rd of June, and 19th, 21st and 24th of November
(Monday, Wednesday and Saturday), and for two different sectors: LECMTLL and
LECMASU. A summary of the results are presented in Figure 22, Figure 23, Figure 24,
Figure 25 and Figure 26 , where the light blue line is the real data, “fp” stands for flight
plan (trusting in the reliability of the flight plan), “pred” corresponds to the output with the
model, and DT4 and DTS are the two different timestamps described.
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Figure 22. Comparison for 18th of June in LECMTLL sector.
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Figure 23. Comparison for 18th of June in LECMASU sector.

Figure 22 and Figure 23 show the comparison between the reality and the forecast for 18th
of June 2018 and for two different sectors: LECMTLL and LECMASU.
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In both cases, the trend of the occupancy counts is captured by the forecast, but it is
interesting to underline that the behaviour of the prediction is better in the case of
LECMASU than LECMTLL which is a sector with most of the flights in evolution, instead
of in en-route phase, more typical for LECAMSU sector. Moreover, zooming in to a
specific period, as seen in Figure 24 , it can be said that, in general, the prediction 4 hours
before the EOBT is better than the one 8 hours before.
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Figure 24. Comparison between DT4 and DT8.

Regarding the day of the week, there are no important differences, and the trend of the
occupancy counts is also captured, as it can be seen in Figure 25.
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Figure 25. Comparison for 23rd of June in LECMASU sector.

However, for winter season the difference between forecast and reality is higher than in
summer season, as it can be seen in Figure 26, which can be explained by the uncertainty
induced by bad weather.
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Figure 26. Comparison for 24th of November in LECMASU sector.

6. CONCLUSIONS

Our study focuses on the need of the ATM system to develop tools and methodologies that
are able to support traffic and trajectory management functions. For these activities,
trajectory and traffic prediction is key, in particular within the context of Trajectory-Based
Operations (TBO).

While there are previous research addressing these matters, we present a different
approach. In particular, the study aims at analysing patterns of flight plan evolution for
individual flights, and extract patterns and feature which can be applied in a wide number
of operational contexts where this information is available. The main result of the study is
the development of a methodology for TP and traffic forecasting in a pre-tactical phase
(from a few days to a few hours before the operations, when a only limited number of
flight plans are available). This can be adjusted to different time scales (planning
horizons), considering the level of predictability of each of them and the specific use case
to where it should be applied. These results have been explored with support of operational
staff to maximize the benefits in pre-tactical phase.

Hence, we aimed at developing a methodology for Trajectory Prediction and traffic
forecasting in a pre-tactical time horizon (covering from one to six days prior to operation),
period in which few flight plans are available.

As a result of the work conducted, the study has obtained a Trajectory Prediction
framework with the following characteristics:
e Data-driven, as the methodology is based on data analysis and its interpretation.
e Dynamic, as it can be adjusted to different planning horizons.
e Adaptive, as it the methodology can be enhanced through the inclusion of new
tactical data.
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e Airspace User oriented, as the framework is adapted to the characteristics and
strategies of different AUs.

Both the actual specific implementation based on operational Spanish data and the overall
methodological framework allowing extension to any similar context of operations are
considered sufficiently usable and having reached the targeted TRL4 maturity. In
particular, the implementation for Spanish data is considered a candidate for inclusion in
operational decision-making support tools.

The Trajectory Prediction Framework has been developed in both a high resolution and
low-resolution scenario:

e For the high-resolution scenario, a predictive model was developed using actual
high-quality operational data from the Spanish ANSP, ENAIRE.
Results of the predictive model derived in the study were analysed in different time
horizons to conclude that the lowest accuracy is found in At =4 and not in At = 8§.
This can probably be explained with the fact that not all the considered flights
submit flight plans with the anticipation of At = 8§ every day, so the prediction
accuracies for different At are computed on slightly different samples. The main
outcome is that the model significantly enhances the prediction accuracy for “very
variable” flights, while for very regular flights the default choice and the prediction
are usually the same.
The prediction accuracy of the model was also computed for different airlines,
concluding that in most of the airlines the prediction accuracy increases as At
decreases, being similar for mainly are airlines and over 80% in most of the cases.

e For the low-resolution scenario, the predictive model was developed using DDR
data instead, to cover the ECAC area. In order to make this scenario comparable to
the high-resolution one, the correspondence between both sources of data was
identified. The model, as in the high-resolution case, has two main functionalities:
predict if the trajectory will change, predict the final trajectory (and its probability).
The performance on low-resolution scenario is - quite predictably - lower than the
high-resolution one.

On the other hand, digging on the usability and feedback from operational TP end users,
the purpose of this predictive model is to provide the NM and ANSPs with additional
information about the upcoming flights and a prediction of the demand of airspace that
improves the current methods based on the FPs issued by the AUs and on historical data.

For this reason a series of interviews with potential target users were conducted and a static
mock-up to demonstrate how the proposed tool could be integrated in the current workflow
was developed. The most relevant elements the interviewees appreciated include, among
others:
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e The graphical layout of the interface

e The way the information is delivered was perceived as very clear.

e The actions that were mimicked in the HMI mock-up were perceived as intuitive to

understand and to perform.

e The histograms with the aggregated data about the evolution of the sector

occupancy in time were perceived as clear.

e The panel with the additional information was found innovative and insightful.

7. FUTURE WORKS AND LEASSONS LEARNED

To continue with the work already done in our study, two main aspects need be addressed:

e A refinement of the predictive model itself to obtain better accuracy in the low-

resolution scenario, though the use of more reliable data sources to cover ECAC

arca.

e A refinement of the tool to present the results of the predictive model. In this sense,

target users interviewed, proposed the following:

v
v

v

Attention should be paid to the possible reasons that trigger a change in FP.
A useful information to include is the dynamical evolution of the
sectorisation.

Target users consider useful to have the possibility to dynamically change
the size of the time window at which to look at when studying the overall
traffic load on a specific sector over time.

The interviewees confirmed that the tool is most useful in predicting
variations in the en-route phase of the flights.

The future tool could integrate data-based advice to the users on how to
react to a foreseen critical situation.

The future tool should include the vertical dimension, which is considered a
fundamental information to optimise the air space management.

An intriguing development of the tool to improve its efficacy at
airport/ TMA level is to include the temporal dimension and a precise timing
of the arrivals.

The first lesson learned in our study is related to the use of DDR data to perform data-

driven analysis based on flight plan information, as this source of information has shown to

not be useful in this purpose given the lack of data on the flight plan updates. For this

reason, for further works on this field, different sources of information at ECAC level

should be used to obtain more accurate results. The study was able to demonstrate the

importance of having high-quality operational information, such as the dataset used in the

high-resolution scenario.
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However, initial expectations were that, even only in the high-resolution scenario,
predictions of flight plan behaviour (planned trajectories) would imply a larger accuracy
when apply to an actual scenario, such as those described in the results section. The
potential of such information is observed in a non-constant way, despite a very wide set of
factors for predictability was addressed. This implies that this approach for TP is not
applicable to all cases as implemented in our model. The use case needs to be carefully
chosen to extract a maximum benefit (i.e., specific time advance, or specific shifts to be
applied). The possibility to consider not just individual flights factors but repeated patterns
in aggregated demand is considered to be a potential enhancement, as it would incorporate
“hidden” policies or behaviours of interest for global TP/demand forecast.

An additional lesson, not unknown but definitively highlighted in the study, is how
positive the input from operational staff is when applying methodologies to actual
operations. The operational staff guidance and vision brings a lot of practical value to
projects with a certain maturity level, such as the proposed model and tool.
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ABSTRACT

A new scale for assessing traveler experience in air trips is proposed. Here, passenger
experience is measured through travelers' perception of service quality, considering it as a
chain of services. The new scale is called air travel service quality (ATSQ). It considers
three service quality stages: departure airport service, airline service, and arrival airport
service.

This research applies the ATSQ scale to examine service quality in domestic travels in a
Colombian context. Given that traveler’s experience plays a crucial role in determining
passenger satisfaction, a structural equation model was applied to examine the relationship
between service quality stages, customer satisfaction, and behavioral intentions. Adding
the passengers' perception of the arrival airport to the integrated service quality
measurement is considering one of the main contributions of this study. The finding of this
research confirmed that all three stages of air travel service have a significant, positive
effect on passenger satisfaction. The scale found in this research should provide useful
information for developing effective operational and marketing strategies for the air travel
market. In this way, airports and airlines could better understand how traveler’s perception
of service quality may affect each choice related to which departure airport, airline, and
arrival airport combination to choose from.

1. INTRODUCTION

In the air transportation industry, airlines and airports enjoy high revenues when traveler
satisfaction increases because when travelers are satisfied, they are more likely to repeat
their purchase. Airports and airlines recognize the necessity of studying traveler’s
satisfaction and identifying service quality indicators for improving the travel experience
(Bogicevic, Yang, Bilgihan, & Bujisic, 2013). Some studies of airlines and the airport
industry have found a significant relationship between perceived service quality and
passengers’ satisfaction (Park, 2010; Hussain, Al Nasser & Hussain, 2014; Al-Refaie et
al., 2014; Prentice & Kadan, 2019).
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Therefore, in the air transportation market, traveler’s satisfaction plays an essential role in
assessing service quality and its influence on loyalty (Park, Robertson, & Wu, 2005).

Different instruments have been developed to assess service quality. Parasuraman et al.
(1988) proposed a model to measure service quality that included five dimensions known
as tangibles, reliability, responsiveness, assurance, and empathy. The instrument was
called the SERVQUAL scale. Cronin & Taylor (1992) instead developed the SERVPERF
scale, which measures service quality based on customer’s perceptions. Cronin & Taylor
(1994) found that the SERVPERF instrument explains more of the overall variance in the
measure of service quality than the SERVQUAL scale.

Bezerra & Gomes (2015)suggested that future works should be focused on integrated
service quality, by including dimensions related to airline and airport service quality
because they share a significant area of overlap. Airports act as the first and last contact
point for air travelers, and Kirk et al. (2014) found that negative airport experience can
influence future travel plans. Ekiz, Hussain, & Bavik (2006) tried to integrate service
quality in two stages and developed a new instrument called AIRQUAL scale. This
instrument measures airline service quality perception, by including a dimension related to
the departure airport. AIRQUAL identified five dimensions of service quality: airline
tangibles, terminal tangibles, personnel, empathy, and image. AIRQUAL scale has been
widely applied to national and international travels (Nadiri et al., 2008; Suki, 2014; Alj,
Lal Dey & Filieri, 2015; Alotaibi, 2015; Mohamed & Rani, 2016; Farooq et al., 2018).

Despite AIRQUAL applications in the air transportation industry, it might not be suitable
for measuring overall traveler’s experience through travel service quality measurement due
to the different features of service quality related to the airline, departure airport, and
arrival airport. This research attempts to extend previous works by incorporating traveler’s
experience with arrival airport into the perceived service quality measurement of the air
travel.

This research contributes to the air travel experience literature in three aspects: first, by
adding the traveler’s perception of arrival airport to the integral service quality
measurement. Second, by developing an assessment tool for evaluating traveler’s
experience in air travel, called here air travel service quality (ATSQ) instrument (Munoz,
Laniado, & Coérdoba, 2019). Finally, by investigating the relationship between service
quality in its different service stages and satisfaction, as well as the effect of traveler’s
satisfaction on future intention.
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2. HYPOTHESIS DEVELOPMENT

This study proposes a new instrument that measures air traveler’s experience through
passenger’s perceptions of service quality of their recent air travel. The proposed
theoretical model consists of dimensions related to the departure airport, airline, and arrival
airport. This study proposes following six hypotheses:

H1: Perceived quality related to airline tangibles will have a significant positive effect on
traveler’s satisfaction.

H2: Perceived quality related to airline staff will have a significant positive effect on
traveler’s satisfaction

H3: Perceived airline empathy will have a significant positive effect on traveler’s
satisfaction.

H4: Perceived quality related to the departure airport will have a significant positive effect
on traveler’s satisfaction.

H5: Perceived quality related to the arrival airport will have a significant positive effect on
traveler’s satisfaction.

HG6: Traveler’s satisfaction will have a significant positive effect on brand loyalty.

3. RESEARCH INSTRUMENT AND DATA ANALYSIS

The objective of this study is to measure air traveler’s experience through service quality
perception, by focusing on the Colombian domestic flights. The survey questions were
based on air traveler’s service quality perceptions. The questionnaire was divided into five
sections. The first and second sections contained demographic and the latest travel
information, respectively. Third survey component had questions about service quality
perception; some questions were based on the AIRQUAL scale (Ekiz, Hussain & Bavik,
2006).

The traveler’s satisfaction model in air transportation was assessed, by using the structural
equation modeling SEM with latent variables. The aim of constructing an SEM was to test
whether the five dimensions of air transportation service quality have a significant
influence on traveler’s satisfaction. Besides, the supposition of whether traveler’s
satisfaction leads to traveler’s loyalty was assessed.

The confirmatory factor analysis (CFA) was performed to confirm the measurement model
and to assess the degree to which the measured variables represent the number of
constructs. By using a maximum likelihood estimation method, 58 items were subjected to
a CFA with a seven-factor measurement model. The results of the CFA in Table 1 show
that composite reliability (CR) ranged from 0.85 to 0.97. These values were all greater than
the recommended threshold of 0.70 suggested by Hair et al. (2014), implying that multiple
items for each factor are internally consistent and reliable.
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The average variance extracted (AVE) was used to assess convergent validity. AVE ranged
from 0.53 to 0.82, exceeding the recommended threshold value of 0.5 (Hair et al.,2014),
which means that more than one-half of the variances observed in the items were explained
by their hypothesized constructs. Therefore, the data has good convergent validity.

. Average
Composite .
- Variance

Statements reliability

(CR) Extracted

(AVE)

Airline Tangibles 0.95 0.76
Airline Staff 0.97 0.78
Airline Empathy 0.85 0.53
Departure Airport Tangibles 0.96 0.61
Arrival Airport Tangibles 0.96 0.66
Satisfaction 0.92 0.62
Loyalty 0.95 0.82
Goodness-of-fit: y2/df = 2.7, CFI = 0.9, RMSEA = 0.075

Tabla 1 — Confirmatory factor analysis results

A detailed examination of Table 2 shows that airline tangibles (f=0.127; t-value=2.581;
p<0.05) have a significant positive effect on traveler’s satisfaction. Thus, hypothesis H1 is
supported. Table 2 also reveals that airline staff (=0.166; t-value=3.427; p<0.001) have a
significant effect on traveler’s satisfaction, which means that H2 is supported. Similarly,
the findings of this study also support H3, which proposes the significant influence of
airline empathy ($=0.480; t-value=8.455; p<0.001) on traveler’s satisfaction. Furthermore,
a high perception of service quality related to departure airport tangibles has a significant
positive effect on traveler’s satisfaction (B=0.203; t-value=4.088; p<0.001), supporting
hypothesis H4. It can also be noted that the arrival airport tangibles has a significant
relationship with traveler satisfaction (f=0.237; t-value=4.818; p<0.001). Lastly, H6
hypothesized that there is a relationship between satisfaction and traveler loyalty. The
results shown in Table 2 support this hypothesis (f=0.786; t-value=17.89; p<0.001).

Hypothesis EnQogenous Exogenous variable Stgndardlzed t-value Result
variable estimate

Hl Satisfaction Airline Tangibles 0.127 2.581** Supported

H2 Satisfaction Airline Staff 0.166 3.427%* Supported

H3 Satisfaction Airline Empathy 0.480 8.455* Supported

H4 Satisfaction Departure  Airport | 0.203 4.088%* Supported
Tangibles

HS5 Satisfaction Arrival Airport | 0.237 4.818%* Supported
Tangibles

H6 Loyalty Satisfaction 0.786 17.890* Supported

Notes: *p<0.001; **p<0.05

Tabla 2 — Standardized estimates of the air travel experience model
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4. DISCUSSION AND CONCLUSION

Empirical outputs via SEM demonstrated that service quality perception is a
multidimensional construct, which includes service quality of departure airport, airline
service quality, and service quality of arrival airport. The scale developed here is both
reliable and valid. Therefore, this study contributes to the literature on air traveler’s
experience assessment through the validation of the ATSQ instrument (Munoz et al.,
2019). This research extends on the current air traveler’s experience literature to examine
the effect of service quality on traveler’s satisfaction and, in turn, the relationship between
traveler’s satisfaction and traveler’s behavioral intention.

All the hypotheses formulated in this study were tested. One of the main results is that
traveler’s satisfaction is affected by service quality dimensions, here called airline
tangibles, airline staff, airline empathy, departure airport tangibles, and arrival airport
tangibles. The results of this paper indicate that departure airport tangibles, arrival airport
tangibles, and airline empathy factors are the most influential constructs in terms of
traveler’s satisfaction. In this regard, this research finding coincides with previous studies
(Nadiri et al., 2008; Mohamed and Rani, 2016; Farooq et al., 2018) due to fact that the
departure airport tangibles significantly affect traveler’s satisfaction.

The present study also supports previous empirical findings, where the traveler’s
satisfaction is an important prerequisite of traveler’s loyalty (Gures et al., 2014; Hussain et
al., 2014; Leong et al., 2015; Kos Koklic et al., 2017). Therefore, this study contributes to
traveler’s loyalty literature due to the fact that loyalty is characterized by repurchase
intention and word-of-mouth communications. Hence, airline and airport management
should try to keep service quality at a high level in order to increase traveler’s satisfaction.
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RESUMEN

La presencia de ciclistas circulando individualmente o en grupo es un fenomeno habitual en
las carreteras convencionales espafiolas. El uso compartido de estas carreteras por bicicletas
y vehiculos motorizados implica su interaccidén, pudiendo modificar la seguridad y la
funcionalidad de las vias. Este efecto puede ser mayor en carreteras convencionales
estrechas, donde las bicicletas deben circular por el carril, y los motorizados realizan una
invasion mayor del carril opuesto durante el adelantamiento, implicando maniobras
potencialmente peligrosas y una mayor duracion del adelantamiento.

La microsimulacion del trafico es una excelente herramienta para analizar la funcionalidad
del trafico y la seguridad en carreteras convencionales, pero los modelos actuales no
consideran a los ciclistas en este ambito, y mucho menos su interaccion con los motorizados.

En este estudio, a partir de observaciones del fenomeno, se ha adaptado un modelo, que ya
consideraba vehiculos motorizados en carreteras convencionales, a la circulacion de
bicicletas y a la interaccion entre estos dos usuarios. El modelo ha sido calibrado y validado
con datos reales recogidos mediante bicicletas instrumentadas y observaciones naturalisticas
en una carretera convencional estrecha considerando 7 configuraciones distintas de grupos
de ciclistas, variando el numero de ciclistas y su configuracién en linea o paralelo. La
calibracion se ha realizado en dos pasos, el primero a nivel microscopico con datos de
adelantamientos, y el segundo, a nivel macroscopico con datos de medidas de desempeno
del tramo. La duracién del adelantamiento se ha considerado una variable clave para calibrar
la longitud equivalente de cada grupo de ciclistas.

Los resultados confirman la reduccion en la funcionalidad causada por la presencia de
ciclistas, y apuntan a que se necesitan nuevas medidas de desempefio y/o la reformulacion
de las existentes, de modo que incorporen el efecto del trafico ciclista sobre la funcionalidad
del trafico y la seguridad en estas carreteras.
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1. INTRODUCCION

La circulacion de ciclistas por carreteras convencionales es un fendmeno frecuente en la
actualidad. La gran mayoria de ciclistas que se observan por carretera son ciclistas
deportivos que circulan de manera individual o bien forman parte de un grupo. En 2019 el
nimero de ciclistas y clubes federados en Espafia fue de 74768 y de 3878 respectivamente
(Ministerio de Cultura y Deporte, 2020). Al mismo tiempo que ha aumentado el nimero de
ciclistas en las carreteras también lo ha hecho el numero de accidentes con ciclistas
involucrados. En 2019 se registraron en Espafa 7837 accidentes con ciclistas implicados,
aunque la mayor parte se produjo en vias urbanas (72%), en vias interurbanas se registro el
60% de las victimas mortales. De hecho, en 2019 murieron 48 ciclistas en vias interurbanas,
5 mas que en 2018 (Direccion General de Trafico, 2019). Estos datos apuntan a la necesidad
de investigar las interacciones entre ciclistas y vehiculos motorizados en estas vias, y a
definir medidas que aumenten su seguridad.

Las carreteras convencionales suponen el 90% de la red de carreteras en Espafia (Direccion
General de Tréfico, 2019). Estas carreteras han sido disefiadas teniendo en cuenta solamente
a los vehiculos motorizados, y la mayoria de ellas no dispone de arcenes suficientemente
anchos ni de ninguna infraestructura disefiada para la circulacion de ciclistas. En la Diputacid
de Valencia un 68% de las carreteras convencionales disponen de arcén inexistente o
impracticable, presentando un ancho de via menor de 7 m (Ministerio de Fomento, 2019), y
muchas de ellas presentan una elevada presencia ciclista. Un estudio realizado por la
Universitat de Valéncia, junto con las fundaciones Ponle Freno y AXA, a partir de datos de
accidentes con ciclistas entre 2008 y 2013 en Espafia facilitados por la Direccion General de
Tréafico, concluyd que el 78% de los accidentes se produjeron en carreteras con arcén
inexistente o impracticable (Universitat de Valencia, 2016), demostrando que muchas de las
carreteras en las que interaccionan vehiculos a motor y bicicletas son secundarias, con arcén
estrecho o nulo. En este tipo de carreteras el adelantamiento a ciclistas supone una mayor
invasion del sentido opuesto y mas maniobras iniciadas desde el seguimiento, pudiendo crear
situaciones mas peligrosas.

En Espafia la circulacion de ciclistas y su interaccion con los vehiculos a motor viene
regulada por el Reglamento General de Circulacion (Ministerio del Interior, 2003). En este
Reglamento se permite la circulacion de las bicicletas por el arcén o por el lado derecho de
la calzada cuando el arcén es intransitable, y se les permite circular como maximo dos en
paralelo si existe suficiente visibilidad. También se regula el adelantamiento a ciclistas
exigiendo una distancia minima de 1,5 metros.

El uso compartido de las carreteras por bicicletas y vehiculos motorizados implica su
interaccion, pudiendo modificar no solamente la seguridad, sino también la funcionalidad
del trafico en estas vias. En Espafa la funcionalidad del trafico se determina mediante la
metodologia del Highway Capacity Manual (HCM) (Transportation Research Board, 2016).
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El HCM determina el nivel de servicio que ofrece una carretera basandose en tres medidas
de desempeiio: el porcentaje de tiempo en cola, la velocidad media de recorrido del tramo y
la velocidad en flujo libre. Para carreteras estrechas con una intensidad de trafico motorizado
relativamente baja, el porcentaje de tiempo en cola es la principal medida de desempeiio que
caracteriza la funcionalidad del trafico. Sin embargo, la metodologia descrita en el HCM
solamente tiene en cuenta a los vehiculos motorizados. En carreteras convencionales la
presencia de ciclistas supone un obstaculo para los vehiculos a motor, debido a la diferencia
de velocidades que existe entre ellos, siendo la posibilidad de adelantamiento esencial para
no penalizar la funcionalidad del trafico. En vias estrechas el adelantamiento requiere la
practicamente total ocupacion del sentido opuesto, y en muchos casos obliga a realizar un
seguimiento del grupo de ciclistas previo a su adelantamiento. Esto implica que tanto el
deseo, como la posibilidad de adelantamiento a bicicletas, sean mayores que entre vehiculos
motorizados, para una misma carretera. Por tanto, es necesario analizar en detalle la
interaccion entre bicicletas y vehiculos motorizados en estas vias para evaluar el efecto de
la presencia de trafico ciclista tanto en la seguridad como en la funcionalidad del trafico.

En los ultimos afos se han realizado numerosos estudios sobre la interaccion de bicicletas y
vehiculos motorizados en entorno interurbano. La mayoria de ellos estdn enfocados a la
seguridad durante el adelantamiento, centrandose en el andlisis de la separacion lateral y la
velocidad durante la maniobra de adelantamiento y el tipo de maniobra realizada, como los
realizados por Llorca et al. (2017), Bianchi Piccinini et al. (2018) y Farah et al. (2019).

Recientemente un estudio realizado por Feizi et al (2021) recogié datos de separaciones
laterales utilizando una bicicleta instrumentada en distintos tipos de carreteras de Estados
Unidos; una de sus conclusiones fue que en carreteras anchas con arcenes las separaciones
laterales eran mayores. En Espafia la circulacion de grupos de ciclistas es una realidad que
debe de tenerse en cuenta. Sin embargo, pocos estudios han considerado la circulacion de
ciclistas en grupos, solamente Garcia et al. (2019) y Lopez et al. (2020) realizaron un estudio
considerando grupos de hasta 3 y 10 ciclistas respectivamente. En el presente estudio se
consideran grupos de ciclistas circulando en linea y en paralelo.

A partir de observaciones en campo se pueden obtener medidas que permiten caracterizar la
seguridad y la funcionalidad del trafico en carreteras convencionales. Sin embargo, las
observaciones no cubren todo el rango de demandas de trafico existentes, y no es posible
obtener algunas medidas de desempefio mediante observacion directa del fenomeno. La
microsimulacion del trafico es una herramienta que permite simular escenarios geométricos
y de trafico diferentes a los observados, y obtener medidas de desempefio dificilmente
medibles en campo como el tiempo de demora acumulada de los vehiculos. En la actualidad
existen diferentes programas de simulacion del trafico, pero ninguno de ellos permite simular
la interaccion entre bicicletas y vehiculos a motor en entornos interurbanos. En este estudio
se ha utilizado el sofware de simulacion de trafico Aimsun Next (Aimsun, 2020).
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Aimsun Next dispone de un médulo que permite simular adelantamientos entre vehiculos
motorizados en carreteras convencionales desarrollado por Llorca et al. (2015), y que fue
calibrado y validado con observaciones en campo. En este estudio se pretende incorporar a
las bicicletas como un nuevo usuario en este modelo, con sus respectivas caracteristicas,
considerando la interaccion con los vehiculos motorizados y la circulacion de grupos en linea
y en paralelo.

El adelantamiento a grupos ciclistas presenta algunas particularidades que deben adaptarse
al modelo existente para vehiculos motorizados. El modelo debe de representar la realidad,
considerando las interacciones entre motorizados pero incorporando a las bicicletas, por
tanto, los parametros que rigen las interacciones entre motorizados deben adaptarse sin variar
el comportamiento entre ellos.

Las principales limitaciones del modelo actual son la imposibilidad de simular la invasion
parcial del carril opuesto durante el adelantamiento y la no consideracion de anchos de via
ni de vehiculos. Para superar estas limitaciones se ha modificado el modelo, calibrando las
longitudes equivalentes de los grupos de bicicletas de manera que las duraciones de los
adelantamientos coincidan con las observadas, incorporando asi el efecto de invasiones
parciales del carril opuesto, y la configuracion del grupo de ciclistas.

Se consideran diferentes longitudes para grupos circulando en linea o en paralelo,
considerando el diferente ancho de cada grupo de ciclistas.

Este estudio es la continuacion de Moll et al. (2021), donde se calibré y validé el modelo
considerando ciclistas; sin embargo, solo fueron analizados ciclistas circulando en paralelo.
Dado que la presencia de grupos ciclistas en linea también es muy habitual, este estudio se
centra en la influencia de esta configuracion y en la comparativa de las mismas con el
objetivo de analizar la seguridad y la funcionalidad del trafico en estas vias.

2. OBJETIVOS E HIPOTESIS

El objetivo principal de esta investigacion es analizar el efecto que tiene la presencia de
trafico ciclista en la seguridad y la funcionalidad del trafico en carreteras convencionales
mediante el uso de un microsimulador de trafico, considerando a los grupos de ciclistas
circulando en linea y en paralelo. Para ello se desarrollaron dos metodologias de tomas de
datos en campo que permitieron obtener los datos necesarios para adaptar, calibrar y validar
un modelo de microsimulacidn de trafico que incorpore a estos usuarios, su comportamiento
y sus interacciones.
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Las hipotesis de partida consideradas son las siguientes:
La presencia de ciclistas reduce la velocidad media de recorrido de los vehiculos
motorizados.
e A mayor numero de ciclistas que forman el grupo mayor sera su afeccion sobre la
funcionalidad y la seguridad.
e Cuando los ciclistas circulan en linea su afeccién es mayor que cuando lo hacen en
paralelo.
e El uso de microsimulacion del trafico permite obtener medidas de desempefio
dificilmente medibles en campo.

3. METODOLOGIA

Para llevar a cabo este estudio se han disefiado y realizado dos tipos de tomas de datos reales
en campo; por una parte, se han instrumentado bicicletas con la finalidad de obtener datos
relativos a la maniobra de adelantamiento a nivel microscopico, y por otra, se han realizado
tomas de datos en la entrada y salida del tramo de estudio para obtener medidas de
desempefio a nivel macroscopico.

Una vez recogidos y analizados todos los datos, tanto a nivel microscopico como
macroscopico, se modela el fendmeno en el microsimulador de trafico, y se calibra y valida
con los datos observados en campo, considerando la circulacion de los grupos de ciclistas en
linea y en paralelo.

Con el modelo de microsimulacion se obtendran las medidas de desempefio consideradas en
el HCM vy otras que caractericen el efecto de la presencia de ciclistas, y se verificara la
validez del modelo para simular carreteras convencionales estrechas con trafico motorizado
y ciclista.

3.1 Tramo de estudio

El tramo de estudio esta situado en el sur de Valéncia, en la carretera CV-502, entre los
PK1+315 y PK3+500. En este tramo se realizaron diversos aforos y se comprobd una
elevada presencia de trafico ciclista, tanto en dias laborables como festivos, ya que se trata
de un tramo habitual en los recorridos de los clubes ciclistas. La Fig. 1 muestra la ubicacion
del tramo y sus caracteristicas geométricas.
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Fig. 1 - Localizacion y caracteristicas del tramo de estudio.

Se trata de un tramo de carretera convencional sin arcén, con un ancho de carril de 3.5 m,
una IMD de 3544 veh/dia y un porcentaje de vehiculos pesados de 2.07% (Diputaci6 de
Valéncia, 2020). El tramo de estudio discurre paralelo a la playa, y la pendiente es
practicamente nula en todo el tramo.

La longitud del tramo es de 2185 m, y la velocidad limite es de 70 km/h. Se trata de un tramo
homogéneo, sin entradas ni salidas intermedias de vehiculos. Para poder modelar el tramo
en el simulador de trafico se ha realizado un estudio determinando las caracteristicas
geométricas del tramo, tales como lineas continuas, velocidades limite y sefializacion viaria.

Estos datos se han tomado en los dos sentidos de circulacién, y son necesarios para
incorporar el tramo en el simulador de trafico correctamente.

3.2 Datos a nivel microscopico

Para modelar correctamente las interacciones entre vehiculos motorizados y ciclistas es
necesario conocer en detalle la maniobra de adelantamiento, ya que esta es la interaccion
mas importante que se produce entre ellos. Para estudiar esta maniobra se ha disefiado una
metodologia de toma de datos basada en la circulacion, por el tramo de estudio, de bicicletas
instrumentadas que permitan registrar datos durante las maniobras de adelantamiento. La
instrumentacion detallada de las bicicletas puede consultarse en Moll et al. (2021), y puede
verse en la Fig. 2.

Los ciclistas recorrieron el tramo en las siete configuraciones de grupo mostradas en la Fig.
2. Los ciclistas que participaron en las pruebas tenian experiencia en el ciclismo de carretera,
y circularon libremente manteniendo la configuracion del grupo indicada. Para la realizacion
de las pruebas los ciclistas llevaron ropa deportiva adecuada y casco, ya que su uso en
obligatorio en carretera.
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| Videocamaras | 10 en Linea (10L)

1_0 en Paraiel_o (1 OP_) _ Individual
4 en Linea (4L) 2 en Linea (2L)

4 en Paralelo (4P) 2 en Paralelo (2P)

Dispositivo laser

Bicicleta totalmente instrumentada

Fig. 2 - Bicicleta instrumentada y configuraciones estudiadas.

En la reduccion de los datos registrados con las bicicletas instrumentadas se obtuvo la linea
temporal de cada adelantamiento. Se define la duracién del adelantamiento como el tiempo
desde que el vehiculo inicia la maniobra hasta que la termina regresando a su posicion natural
en el carril de circulacion, en la Fig. 3 corresponde con tf-ti. La duracion del adelantamiento
es la principal variable utilizada para calibrar las maniobras de adelantamiento a nivel

e e [' q }E@_.
1 = [ [Le

tl: tiempo de llegada a las bicicletas; ti: tiempo de inicio de la maniobra; tf: tiempo fin de
la maniobra; top: tiempo en que se observa el opuesto.
Fig. 3 - Linea temporal de la maniobra de adelantamiento.

microscopico.

3.3 Datos a nivel macroscépico

La metodologia de toma de datos a nivel macroscépico o de seccidon consiste en realizar
grabaciones desde una posicion estatica a la entrada y salida del tramo, con la finalidad de
registrar en estos puntos el tiempo de paso de cada usuario y su tipologia. En el caso de
agrupaciones de ciclistas también se registra el nimero de ciclistas que componen el grupo
y su configuracion en linea o en paralelo. Todas estas grabaciones se realizaron con
videocamaras de alta definicion colocadas de forma estratégica de manera que se
consiguieron grabaciones en las que se distingue perfectamente las variables de estudio sin
ser advertidas por los usuarios, no afectando asi a su comportamiento. La Fig. 4 muestra la
metodologia utilizada y las variables registradas en estas tomas de datos.
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Variables en salida
Tipo de vehiculo

Tiempo de paso

Numero de ciclistas y configuracion
Intervalo entre usuarios

‘ Porcentaje de vehiculos en cola

Variables en entrada
Tipo de vehiculo
Tiempo de paso
Nuamero de ciclistas y configuracion
Intervalo entre usuarios
Porcentaje de vehiculos en cola

Variables tramo
Intensidades de bicicletas y vehiculos
Velocidad media de recorrido del tramo para cada usuario
Adelantamientos producidos

Fig. 4 - Toma de datos y variables registradas a nivel macroscopico en el tramo de
estudio.

La reduccion de datos se realizéo mediante el software de procesamiento de videos Kinovea,
obteniéndose las siguientes variables:
e El tiempo de recorrido del tramo de cada usuario.
e Lavelocidad media de recorrido de cada usuario.
e Intervalos de tiempo entre usuarios en entrada y salida.
e Porcentaje de usuarios en cola a la entrada y a la salida del tramo. Se considera
que un vehiculo circula en cola si el intervalo con su predecesor es menor de 3 s,
siguiendo el criterio del HCM (Transportation Research Board, 2016).

A partir de estos datos se calcularon las intensidades en periodos de 15 minutos, tanto de
bicicletas como de vehiculos motorizados. Estas intensidades se calcularon con ventanas
deslizantes de 5 minutos, y para cada valor se obtuvo la intensidad horaria equivalente. Para
las bicicletas se tuvo en cuenta su agrupamiento, registrando el nimero de ciclistas que
formaban el grupo y su configuraciéon en linea o en paralelo. Estas intensidades horarias
equivalentes proporcionaron los escenarios de trafico necesarios para calibrar y validar el
modelo de microsimulacion.

3.4 Modelo de microsimulacion

En este estudio se utilizo el software Aimsun Next, en su version Aimsun Next 20. Esta
version incorpora una mejora que permite adelantar a vehiculos mas lentos incluso con linea
continua (Aimsun, 2020), esta novedad permite representar la realidad mas fielmente, ya que
la normativa espafiola permite adelantar a bicicletas en linea continua si existe suficiente
visibilidad segun el Reglamento General de Circulacion (Ministerio del Interior, 2003).

Aimsun Next dispone de un modulo de adelantamiento en carreteras convencionales
desarrollado por Llorca et al. (2015). En este estudio se adapta el modelo existente a la
circulacion de bicicletas y motorizados y a su interaccion, y se calibra y valida con datos
observados. La metodologia de desarrollo del modelo de microsimulacién, y la calibracion
y validacion se puede consultar en Moll et al. (2021).
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4. RESULTADOS Y DISCUSION

4.1 Resultados de la toma de datos a nivel microscopico

Mediante la metodologia de toma de datos a nivel microscopico se han recopilado un nimero
elevado de variables relacionadas con la maniobra de adelantamiento entre vehiculos a motor
y bicicletas. Para calibrar el modelo de microsimulacion solamente se utilizaron los datos de
las duraciones de la maniobra de adelantamiento a los diferentes grupos de ciclistas que
recorrieron el tramo en las configuraciones indicadas.

En la Tabla 1 se recogen los datos registrados de velocidades del vehiculo adelantante,
separaciones laterales y duraciones del adelantamiento a los distintos grupos de ciclistas. Se
observa que los resultados de las velocidades del vehiculo adelantante durante el
adelantamiento fueron similares para todas las configuraciones de ciclistas estudiadas. En
cuanto a las separaciones laterales durante el adelantamiento, cuando los ciclistas circularon
en linea se registraron separaciones mayores, y en todos los casos, las separaciones laterales
medias respetaron la distancia minima exigida de 1.5 metros.

) Observaciones Velocidad (km/h) Separacion (m) Duracion (s)
Configuracion - - -
N % Media Desv. Media | Desv. Media | Desv.

Individual (1) 37 16% 65.60 15.66 1.88 0.455 5.65 1.65
2 en linea (2L) 41 18% 66.39 19.35 1.78 0.461 6.71 2.11
2 en paralelo (2P) 42 19% 62.48 13.94 1.60 0.458 6.17 1.99
4 en linea (4L) 36 16% 68.46 13.55 1.91 0.42 8.58 2.22
4 en paralelo (4P) 31 14% 63.03 14.84 1.67 0.32 6.84 2.00
10 en linea (10L) 16 7% 62.06 9.72 1.99 0.39 9.44 2.22
10 en paralelo (10P) | 22 10% 64.68 12.75 1.83 0.51 7.59 1.97
Total 225 | 100% 64.85 14.91 1.79 0.45 7.03 2.30

Tabla 1 - Numero de adelantamientos registrados y datos de velocidad del adelantante,
separacion lateral y duracién del adelantamiento segin configuracion del grupo de
ciclistas adelantado.

4.2 Resultados de la toma de datos a nivel macroscépico

Se tomaron datos a la entrada y salida del tramo un dia laborable por la mafiana, iniciando a
las 9:15 y con una duracion poco mayor de 3 horas. Los datos se redujeron y analizaron en
los dos sentidos de circulacion. En la Fig. 9 se muestran las bicicletas y los vehiculos
motorizados ligeros acumulados registrados en cada sentido de circulacion durante el
periodo de toma de datos.
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Fig. 9 - Bicicletas y ligeros acumulados registrados durante el periodo de estudio en
cada sentido.

A partir de estas observaciones se decidid realizar el estudio en el sentido decreciente del
tramo, ya que fue el sentido con mayor niumero de ciclistas observados. Se obtuvieron los
escenarios de trafico horario equivalente, a partir de las observaciones cada 15 minutos (Fig.
10).

Intensidades horarias equivalentes (usuarios/h)
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Fig. 10 - Intensidades horarias equivalentes de usuarios en sentido decreciente.

A partir de los datos observados en inicio y fin del tramo se obtuvieron las distribuciones de
velocidades medias de recorrido de bicicletas y vehiculos ligeros. Estos datos de velocidades
son necesarios para definir las velocidades de los usuarios en Aimsun, y para calibrar y
validar los resultados de las simulaciones.
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Los datos de velocidades de bicicletas circulando individualmente y en pelotéon se
compararon mediante un analisis ANOVA y los resultados indicaron que no existe diferencia
estadisticamente significativa entre las medias de las velocidades medias de recorrido de
estos dos grupos (F=0.09, p=0.7591). Por tanto, a la hora de analizar las velocidades medias
de recorrido de ciclistas individuales y en grupo, se consideran todos los datos
conjuntamente, ya que todos ellos circulan a la misma velocidad.

La distribucion de velocidades medias de recorrido de los ciclistas presentd un valor
promedio de 29.52 km/h y una desviacion de 4.45 km/h. Las velocidades de los ciclistas
presentaron poca dispersion debido a que el tramo no presenta practicamente pendiente, y
los ciclistas observados eran semiprofesionales con una forma fisica desarrollada. Los 263
vehiculos ligeros que se registraron presentaron una velocidad media de recorrido con un
valor promedio de 62.08 km/h y una desviacion de 8.21 km/h.

Se seleccionaron los escenarios para calibrar el modelo en Aimsun Next y para validarlo a
partir de los datos de intensidades horarias observadas (Fig. 10). Para calibrar el modelo se
utilizaron los escenarios de demanda maxima y minima de bicicletas, y un tercer escenario
de demanda media, con sus correspondientes demandas de ligeros en el mismo sentido de
circulacion y en sentido opuesto. Una vez calibrado el modelo se valido considerando cuatro
escenarios de demanda diferentes a los utilizados en la calibracion. Para calibrar y validar el
modelo se consideraron los grupos de ciclistas circulando en linea y en paralelo.

Intensidades (usuarios/h) Calmin Calmed Calmax Vall Val2  Val3  Val4
Ligeros 128 144 120 76 64 136 108
Ligeros opuestos 156 160 152 136 156 88 84
1 12 36 40 24 16 24 20
2P/2L 4 12 8 16 0 16

4P/AL 0 0 4 0 4 4 8
10P/10L 0 4 12 8 0 0

Total ciclistas 20 100 192 136 32 72 52

Tabla 2 - Escenarios de tréafico utilizados para calibracién y validacion (usuarios/h).
4.3 Resultados del modelo de microsimulacion

4.3.1 Calibracion del modelo

Se realizaron varios procesos de calibracion del modelo, variando en cada uno de ellos los
parametros necesarios. En la Tabla 3 se muestran los resultados de los principales pardmetros
después del proceso de calibracion. Se calibraron las longitudes de los grupos de ciclistas
para conseguir las mismas duraciones de los adelantamientos obtenidas en las simulaciones
y en las observaciones de campo. El resto de los pardmetros del modelo se reviso con detalle,
y se intentd variar minimamente los valores originales para no afectar a la interaccion entre
motorizados, ya que en el modelo resultante los vehiculos motorizados también deben de
interaccionar entre si de manera correcta.
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Segmento
Diferencia de velocidades para adelantar en linea continua (km/h) = 20 km/h
Longitud tramos generacion de colas (m) =350 m

Usuarios
Longitudes Individual =4 m; 2P =6 m; 4P =10 m; 10P=16 m
equivalentes (m): 2L=11m; 4L =28 m; IOL=35m
Velocidad maxima deseada Ligeros = media 78 km/h (Desv. 10 km/h)
Velocidad maxima deseada bicicletas = media 30 km/h (Desv. 2 km/h)

Experimento

Demora entre adelantamientos simultaneos (s) =0 s
Numero de adelantamientos simultaneos permitidos = 5
Rango maximo en la cola para desear adelantar =2
Umbral de tiempo hasta fin de tramo (s) =5 s

Tabla 3 - Valores de los principales parametros calibrados.

El proceso de calibracion se inicié analizando los datos a nivel microscopico obtenidos de
las maniobras de adelantamiento a los diferentes grupos de ciclistas en el simulador.

En esta fase se calibraron las longitudes equivalentes de cada grupo de ciclistas mostradas
en la Tabla 3, de manera que no existieran diferencias estadisticamente significativas entre
las duraciones de los adelantamientos obtenidas en los escenarios de calibracion y las
observadas en campo. Los resultados de la prueba ANOVA mostrados en la Tabla 4
muestran que para todos los casos el p-valor es mayor de 0.05, por tanto, las medias de los
valores simulados y observados de las duraciones no presentaron diferencias
estadisticamente significativas con un nivel de confianza del 95%. Para cada escenario de
calibracion se compar6 una a una las distribuciones de duraciones obtenidas de las
simulaciones con las observadas para cada grupo de ciclistas mediante la prueba de
Kologorov-Smirnov (K-S). En total se realizaron 15 pruebas K-S, solamente para un ciclista
individual se obtuvieron valores de p <0.05, indicando en todos los otros casos que no existia
una diferencia estadisticamente significativa entre las dos distribuciones comparadas con un
nivel de confianza del 95%.

L Calmin Calmed Calmax Resultados ANOVA
Grupos de ciclistas . . .

N Media Desv. N Media Desv. N Media Desv. F p-valor
1 148 588 146 192 574 157 190 556 154 122 0.303
2L 45 689 1.82 35 634 181 41 671 211 0.51 0.673
2P 45 6.18 193 81 620 1.64 73 6.06 1.55 0.10 0.961
4L - - - - - - 51 831 215 032 0.571
4P - - - - - - 40 6.65 1.66 0.19 0.665
10L - - - 51 925 229 86 930 219 0.04 0.960
10P - - - 69 731 173 103 7.14 1.62 0.71 0.495

Tabla 4 - Resultados estadisticos de las duraciones de los adelantamientos (s) segun la
configuracién del grupo de ciclistas.
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En la segunda parte de la calibracion se obtuvieron los valores de los parametros que
minimizaban las diferencias entre los valores observados y simulados de las variables a nivel
macroscopico. Se calibraron las velocidades medias de recorrido, los intervalos de tiempo
entre usuarios y el porcentaje de vehiculos en cola a la entrada y salida del tramo para los
tres escenarios. Los resultados del proceso de calibracion a nivel macroscopico pueden
consultarse en Moll et al. (2021).

A la vista de los resultados del proceso de calibracion, se considera que el modelo esta
calibrado y funciona correctamente, tanto a nivel microscopico, observando las maniobras
de adelantamiento en detalle, como a nivel macroscopico o de seccion.

4.3.2 Validacion del modelo

El modelo se validdé en cuatro escenarios de trafico diferentes a los utilizados en la
calibracion, y mostrados en la Tabla 2. El proceso de validacion se realizd a nivel
macroscopico, comparando los resultados de las simulaciones con las observaciones en
campo de las velocidades medias de recorrido, y el intervalo de tiempo entre vehiculos y los
porcentajes de vehiculos en cola a la entrada y salida del tramo.

El proceso de validacion y los resultados obtenidos se pueden consultar en Moll et al. (2021).

Después de los procesos de calibracion y validacion, el modelo esta listo para ser utilizado
para calcular las variables necesarias para analizar la afeccion que el trafico ciclista puede
tener sobre la seguridad y la funcionalidad del trafico en carreteras convencionales estrechas
considerando los grupos de ciclistas circulando en linea y en paralelo.

4.4 Andlisis de la seguridad y la funcionalidad del trafico

En este apartado se analizan los resultados de las simulaciones de los tres escenarios
utilizados para calibrar el modelo de microsimulacion. Estos tres escenarios han sido
simulados considerando a los grupos de ciclistas circulando en linea y en paralelo.

A partir de las observaciones en campo realizadas mediante las bicicletas instrumentadas se
obtuvieron las distribuciones de las duraciones del adelantamiento considerando diferentes
agrupaciones de ciclistas. En la Fig. 11 se puede observar como la tendencia fue que a mayor
numero de ciclistas formando el grupo, se registraron mayores duraciones, y para grupos
formados por el mismo numero de ciclistas se registraron mayores duraciones cuando
circulaban en linea que cuando lo hicieron en paralelo. Mayores duraciones del
adelantamiento implican mayores tiempos en el carril opuesto, generando un mayor riesgo
de exposicion a colision frontal con los vehiculos opuestos.

En el tramo de carretera convencional estrecha donde se desarroll6 el estudio, la mayoria de
los grupos ciclistas observados circulaban en paralelo, esta configuracion presentd
duraciones menores del adelantamiento y por tanto una menor exposicion al riesgo para los
conductores. Estas observaciones difieren de la opinién de los conductores que realizaron
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las encuestas del estudio realizado por Lopez et al., 2019, donde la mayoria de los
conductores encuestados prefirieron que los ciclistas circulen en linea.

o o o
e =) 0
L LI i e e s e

Frecuencia acumulada

=
[¥]
T

Duracion del adelantamiento (s)

Fig. 11 - Distribuciones de las duraciones del adelantamiento (s) a los diferentes grupos
de ciclistas obtenidas en campo.

En la Fig. 12 se muestran las distribuciones de velocidades medias de recorrido de los
vehiculos ligeros resultantes de las simulaciones de los seis escenarios de calibracion.

Se observa que la velocidad media de recorrido del tramo se redujo a medida que aumentaba
la demanda de ciclistas. Se realiz6 la prueba de Kruskal-Wallis para comparar las medianas
de las distribuciones, ya que los datos no provienen de distribuciones normales, los
resultados mostraron que existe una diferencia estadisticamente significativa entre las
medianas con un nivel de confianza del 95%. Sin embargo, las medianas y las distribuciones
de las velocidades considerando los escenarios de demanda méxima y media no mostraron
diferencias estadisticamente significativas con una significancia del 5%. Esto indica que, a
partir de un cierto nivel de trafico ciclista cercano a la demanda media observada, el efecto
sobre la velocidad media de recorrido de los vehiculos ligeros es menor, a medida que
aumenta el volumen de ciclistas. Las medianas entre linea y paralelo no presentaron
diferencias estadisticamente significativas en la prueba de Bonferroni para los tres escenarios
de trafico.
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Fig. 12 - Distribuciones de las velocidades medias de recorrido de los vehiculos ligeros
(km/h) (izquierda) y medianas e intervalos del 95% de confianza (derecha) obtenidas
en las simulaciones de los escenarios de calibracion.
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Otra variable que sirve para caracterizar la seguridad y la funcionalidad del trafico es el
nimero de adelantamientos realizados por vehiculo en el tramo. En la Fig. 13 izquierda se
pueden observar las distribuciones del nimero medio de adelantamientos por vehiculo
obtenidos de las 15 simulaciones para los seis escenarios simulados. Es evidente que a mayor
volumen de ciclistas circulando en el tramo se realizan mas maniobras de adelantamiento.

Los resultados de la prueba ANOVA constataron las diferencias entre las medias de los
escenarios simulados (F=116.65, p<0.05). Sin embargo, para los escenarios simulados, no
se observaron diferencias estadisticamente significativas entre las medias de los
adelantamientos registrados considerando las configuraciones de los grupos de ciclistas en
linea y en paralelo (Fig. 13 derecha).
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Fig. 13 - Distribuciones de los adelantamientos realizados por vehiculo (izquierda) y

media e intervalos LSD de Fisher (derecha) obtenidos en las simulaciones de los
escenarios de calibracion para los grupos circulando en linea y en paralelo.

En la Fig. 14 se han representado los valores del tiempo de demora acumulada de los
vehiculos ligeros obtenidos en las 15 replicaciones de cada escenario de calibracion. Se
puede observar como el tiempo de demora aument6 al incrementar el trafico ciclista.

También se observa que, al aumentar la demanda de ciclistas, el tiempo de demora presentd
una mayor dispersion. Esta mayor dispersion se debe a que al simular escenarios con una
elevada demanda ciclista existen vehiculos que se encuentran con mas ciclistas y otros con
menos, y su tiempo de demora depende del nimero de ciclistas con los que interaccione. La
prueba ANOVA (F=63.37, p<0.05) indic6 que las medias de las seis distribuciones de
tiempo de demora presentaron diferencias estadisticamente significativas con un nivel del
5% de significacion. Cuando los grupos circularon en linea, la media del tiempo de demora
de los vehiculos motorizados no presentd diferencias estadisticamente significativas
respecto a la configuracion en paralelo, sin embargo, los valores de la demora media y las
dispersiones fueron ligeramente mayores para las configuraciones en linea debido a la mayor
longitud de los grupos (Fig. 14 derecha). Esta diferencia, a pesar de no ser significativa en
los escenarios simulados, va aumentando a medida que aumenta la demanda ciclista,
poniendo de manifiesto que la configuracion del grupo de ciclistas tiene mayor importancia
cuando el trafico es elevado.



86 BICICLETAS Y PEATONES

El tiempo de demora acumulada de los vehiculos ligeros es una variable dificil de medir en
campo, en este estudio se ha obtenido mediante el uso del modelo de microsimulacion,
poniendo en valor el uso de esta metodologia para obtener variables que pueden caracterizar
la seguridad y la funcionalidad del trafico.
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Fig. 14 - Distribuciones de las demoras acumuladas (izquierda) y media e intervalos
LSD de Fisher (derecha) obtenidos en las simulaciones de los escenarios de calibracion
para los grupos circulando en linea y en paralelo.

Otra medida de desempefio analizada en este estudio fue el porcentaje de vehiculos en cola
(VC) alaentrada y a la salida del tramo de estudio. Esta variable se calcul6 en los escenarios
considerando la demanda minima, media y maxima de ciclistas registrados. En la Tabla 7 se
pueden observar los valores calculados del porcentaje de vehiculos en cola. Para cada
escenario, la variacion entre el inicio y el final del tramo no es muy significativa, presentando
valores muy similares en los dos puntos para los tres escenarios analizados. Si se observa la
variacidn entre escenarios, si se aprecian mas diferencias.

El escenario con demanda minima de bicicletas present6 valores del porcentaje de vehiculos
en cola menores, cercanos al 20%, mientras que los escenarios con demandas media y
maxima presentaron valores mas elevados alrededor del 30%.

Por tanto, la presencia de trafico ciclista aumento el valor del porcentaje de vehiculos en cola
en carreteras convencionales estrechas. Los resultados obtenidos considerando a los grupos
de ciclistas circulando en linea y en paralelo fueron muy similares, no presentando
diferencias estadisticamente significativas entre las dos configuraciones.

Inicio del tramo Fin del tramo

Escenario VC Sim. VC Sim.
Calmin 18.80% 19.10%
Calmed 32.40% 28.20%
Calmax 29.40% 28.90%

Tabla 5 - Resultados estadisticos para el porcentaje de vehiculos en cola (VC) en los
escenarios de calibracion.
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Las diferencias entre las configuraciones en linea y en paralelo de los grupos de ciclistas en
los niveles de trafico analizados no fueron significativas para ninguna de las variables
analizadas. Sin embargo, la configuracion en la que circulan los grupos tiene mas influencia
sobre el tiempo de demora a medida que aumenta el volumen de ciclistas en el tramo. Como
lineas futuras de investigaciébn se propone simular escenarios de trafico disefiados
aumentando tanto la demanda ciclista como motorizada.

5. CONCLUSIONES

La presencia de ciclistas en carreteras convencionales no solamente afecta a la seguridad en
estas vias, sino también a la funcionalidad del trafico. Esta afeccion es especialmente
acusada en carreteras convencionales estrechas, con arcén nulo o impracticable, donde los
ciclistas deben de circular por el carril y los vehiculos realizan adelantamientos con una
mayor invasion del sentido opuesto y una mayor duracion.

En este estudio se han tomado datos de campo en un tramo de carretera convencional sin
arcén mediante dos metodologias distintas. Por una parte, se han recogido datos a nivel
microscopico utilizando bicicletas instrumentadas. Se ha observado que la circulacion de
ciclistas por el tramo ha aumentado el nimero de maniobras de adelantamiento necesarias
generando un mayor riesgo de colision frontal con los opuestos y de alcance con las
bicicletas. Uno de los principales resultados han sido las duraciones de los adelantamientos
a los diferentes grupos de ciclistas considerados en el experimento. Estas duraciones fueron
mayores a medida que habia mas ciclistas en el grupo, y en cuanto a su configuracion, para
un grupo formado por el mismo numero de ciclistas, la duracion del adelantamiento fue
mayor cuando circulaban en linea que cuando lo hacian en paralelo.

La segunda metodologia utilizada consistid en realizar grabaciones naturalisticas en los
extremos del tramo de estudio, obteniendo los diferentes escenarios de trafico utilizados para
calibrar y validar el modelo de microsimulacion, y para analizar la funcionalidad.

A partir de las observaciones en campo, se ha adaptado, calibrado y validado un modelo de
microsimulacion del trafico que permite simular adelantamientos en carreteras
convencionales, de manera que se represente el comportamiento de vehiculos motorizados,
bicicletas, y sus interacciones. Se ha utilizado el programa Aimsun Next 20. En el modelo
de microsimulacién se han calibrado las longitudes equivalentes de cada grupo de ciclistas
para obtener duraciones de los adelantamientos similares a las observadas, representando asi
la invasion parcial del carril opuesto y la configuracion del grupo de ciclistas. El uso de
modelos de microsimulacién del trafico, debidamente calibrados y validados, permite
estudiar el efecto de los ciclistas sobre determinadas medidas de desempefio que caracterizan
la seguridad y la funcionalidad del trafico. También permite obtener algunas medidas
dificiles de registrar en campo, como el tiempo de demora acumulada de los vehiculos
ligeros.
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Se han simulado seis escenarios considerando la demanda de ciclistas minima, media y
maxima observadas y considerando los grupos circulando en linea y en paralelo. Los
resultados obtenidos muestran que al aumentar el volumen de ciclistas la velocidad media
de recorrido de los vehiculos ligeros disminuye, y el nimero de adelantamientos realizados
por vehiculo y el tiempo de demora acumulada aumentan.

El aumento de la presencia de ciclistas también aumento el porcentaje de usuarios en cola
en los extremos del tramo. Para los niveles de trafico analizados en este estudio no se
observaron diferencias estadisticamente significativas entre las configuraciones en linea y
en paralelo de los grupos de ciclistas para ninguna de las variables analizadas. Sin embargo,
al aumentar el volumen de trafico, tanto ciclista como motorizado, puede que la
configuracion de los grupos si influya en los resultados, debido a la mayor longitud de los
grupos al circular en linea. Este estudio se propone como futura linea de investigacion.

La microsimulacion del trafico es una herramienta que puede ser explotada con diferentes
fines, pudiendo simular medidas y escenarios obteniendo resultados de una manera rapida y
economica. Uno de estos fines es la simulacion de escenarios variando la demanda, tanto de
motorizados como de ciclistas, y analizar como afecta a las diferentes medidas de desempefio
esta variacion. Por otra parte, se puede estudiar el efecto de medidas tomadas sobre el trafico
o la propia carretera, como reducciones de la velocidad limite o la incorporaciéon de
apartaderos que faciliten la maniobra de adelantamiento a los ciclistas. El uso de la
microsimulacion del trafico puede ayudar a las Administraciones a integrar a las bicicletas
y a los vehiculos motorizados en las carreteras de una manera mas segura y eficiente.
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RESUMEN

El Plan Director de la Bicicleta aprobado en 2007 para Sevilla, consigui6 impulsar el uso de
la misma hasta alcanzar un 6% de reparto modal. En el Programa de la Bicicleta Sevilla 2020
el Ayuntamiento se propuso como objetivo alcanzar al menos un 15% de reparto modal en
2020 en este modo. Para alcanzar esa cifra, es necesaria la promocidn, con actuaciones no
solo sobre la infraestructura, sino también con medidas de concienciacion e informacion,
con el fin de transmitir la idea de la bicicleta como un modelo eficiente y moderno, que
puede mejorar la habitabilidad de la ciudad y la calidad de vida de sus ciudadanos. Este
trabajo pretende aportar dicha vision por medio del mapa esquematico Metro-Bici,
presentado en un formato similar al de un modelo de lineas del modo de transporte publico
(metro), con el fin de hacer mas atractiva la idea de la bicicleta como modo de transporte.

Para su disefio, se han actualizado los datos de movilidad disponibles de tal forma que se
consigan obtener volumenes de demanda parecidos a los observados en las diferentes vias
que conforman la infraestructura de la bicicleta, mediante un proceso de optimizacion y
ajuste. A esto le ha seguido un posterior analisis de la demanda para concluir con un mapa
esquematico de la red de bicicleta, en el que se define un conjunto de lineas, sintetizando las
rutas principales obtenidas, presentando la bicicleta como un modo de transporte moderno y
eficiente. Con la creacion de estas lineas no solo se aspira atraer a la poblacion hacia el modo
de transporte en estudio, sino que también pretende identificar y jerarquizar corredores en
funcion de su demanda con el fin de priorizar las posibles futuras actuaciones sobre la
infraestructura.

1. INTRODUCCION

Para conseguir mejorar el modo de transporte de la bicicleta es necesario analizar por un
lado el comportamiento actual de sus usuarios y casi mas importante, las causas que motivan
el rechazo de los usuarios de los otros modos a usarla como modo de transporte para sus
desplazamientos. Para ello, se han realizado una serie de encuestas que permiten identificar
al tipo de usuario que hacen uso de esta infraestructura y a su vez, se decide encuestar a
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peatones con el fin de determinar si éstos utilizan la bicicleta asiduamente, y en caso negativo
conocer el motivo.

Las encuestas de las que se dispone han sido realizadas por varias promociones del Master
en Ingenieria de Caminos, Canales y Puertos al cursar la asignatura de Planificacion del
Transporte de la Universidad de Sevilla, siendo la distribucion del nimero de encuestas la
siguiente:

e 555 encuestas a usuarios de bicicleta realizadas en el curso 2016/17.
e 350 encuestas a usuarios de bicicleta realizadas en el curso 2018/19.

e 203 encuestas a peatones realizadas en el curso 2018/19.

El cuestionario de las encuestas dirigidas a los usuarios en bicicleta se basa en el modelo
propio de encuestas de SIBUS, 2015, con el objeto de contrastar el perfil de los usuarios y
validar las encuestas.

Las modificaciones realizadas sobre las encuestas originales buscan la eliminacion de los
posibles sesgos que pudieran darse, asi como destacar informacion relevante como la
duracion de los viajes, los pares Origen-Destino, e incluso se incluye un apartado de mejora
de la infraestructura asociada a la bicicleta en Sevilla.

En cuanto a la encuesta de peatones, se busca obtener la frecuencia de uso de bicicleta, asi
como los motivos de su no uso si corresponde.

En Garcia Sanchez, 2019 se presentan los modelos de encuestas utilizados y los resultados
pormenorizados del analisis de las encuestas, presentando aqui las conclusiones de dicho
analisis:

e Del proceso de encuestacion a peatones se extrae que el 10% de los encuestados afirma
no saber utilizar la bicicleta existiendo una relacion estadisticamente significativa con el
sexo, pues casi el 75% de estos eran mujeres. Esto puede influir en el hecho de que en el
proceso de encuestacion a usuarios de bicicleta tan solo el 35% eran mujeres.

e La edad es otro factor importante a comparar con otras variables, como por ejemplo el
tipo de bicicleta, las cuales presentan una relacion estadisticamente significativa, por lo
tanto, los grupos de edad mas jovenes presentan mayor proporcion de uso de la bicicleta de
alquiler. En el caso de analizar los tiempos de viajes en funcion de la edad, se obtiene una
significacion estadistica, de tal forma que a medida que avanza la edad, los tiempos de viajes
por lo general tienden a ser superiores.
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e Siguiendo con la dinamica anterior, se analizan los tiempos de viajes donde se observa
como los viajes realizados con bicicleta de alquiler son relativamente mas cortos, obteniendo
una asociacion significativa entre el tipo de bicicleta empleada y el tiempo de trayecto.
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Figura 1. Histograma de viajes en distancia (km) extraido de encuestas

e De todo el proceso de encuestacion cabe destacar la importancia, dada su implicacion en
el proceso de ajuste de la matriz, de:
- Histograma unitario de viajes en distancias, mostrado en la Figura 1.
- El motivo de viajes de los encuestados, donde el 75% de los viajes recogidos
eran por movilidad obligada

2. PROPUESTA DE POLITICA DE PROMOCION DE LA BICICLETA

Son de sobra conocidos algunos aspectos positivos del uso de la bicicleta, no solo para el
usuario, sino también para la ciudad, asi como ciertos inconvenientes que puedan derivar en
rechazo a este modo de transporte, y, por tanto, los que habrd que trabajar para hacer mas
llamativa la bicicleta.

En cuanto al individuo, PROBICI,2010, el uso de la bicicleta aporta como ventajas:

- Autonomia, flexibilidad y accesibilidad: a diferencia del transporte publico, la bicicleta
estd disponible en cualquier momento, ofrece un servicio puerta a puerta y no esta sujeta a
horarios ni rutas fijas. El individuo que la utilice goza de una libertad similar a la que ofrece
el transporte privado.

- Fiabilidad y econdémica: dado que el sistema de transporte asociado a la bicicleta no esta
congestionado, los tiempos de viajes se mantienen y son facilmente predecibles, a diferencia
del transporte privado. Ademas, esta requiere una menor inversiéon no so6lo inicial, sino
también de mantenimiento frente al automovil.
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- Eficacia: en distancias cortas, la bicicleta es mas competitiva que el transporte publico o
privado.

e Para viajes menores de los 2 km la bicicleta presenta mayor competitividad que el
automovil, siendo un factor primordial el aparcamiento disponible. Para distancias
menores que la presentada, los tiempos de viajes en ambos modos son parecidos,
presentando la bicicleta mayor eficiencia a la hora de aparcar dada su ligereza y
pequefias dimensiones con respecto al automovil.

e Para viajes menores de los 5 km, la bicicleta es mas competitiva que el transporte
publico, pues como se ha comentado esta presenta mayor autonomia y flexibilidad.
Para distancias mayores, el transporte publico presenta ventajas, siendo lo 6ptimo la
intermodalidad (situacién win-win o de ganancia mutua).

Analizando las encuestas realizadas, en particular el histograma en distancias mostrado en
la Figura 1, aproximadamente el 25% de los viajes estan por debajo de los 3 km y el 54% de
los viajes menor de los 5 km de distancia, mostrando eficiencia hasta los 7km de distancia.

Conociendo que la mitad de los trayectos urbanos en vehiculo privado en Espafia estan por
debajo de los 5 km, se puede establecer la bicicleta como una buena opcidn para realizar
estos trayectos.

A pesar de estas ventajas, también se encuentran inconvenientes que general rechazo al uso
de la bicicleta. Teniendo en cuenta diferente bibliografia, PROBICI, 2010 Civinet, 2015 y
las encuestas realizadas a peatones, las razones que llevan a un individuo a no optar por este
modo son:

- Condiciones climaticas

- Pendientes pronunciadas en el trayecto

- Incomodidad a la hora del transporte de mercancia o nifios
- Preocupacion por el robo

La bicicleta, no solo presenta beneficios para el usuario que la utiliza, sino que también
presenta ventajas para el resto de la poblacion, y, por tanto, para la ciudad, si y solo si esta
es capaz de aumentar su reparto modal atacando al de los vehiculos motorizados, es decir,
solo si se da una transferencia de demanda de vehiculos privados a la bicicleta.

Estas son:
- Menor tasa de sedentarismo, lo que conlleva un aumento de la salud de la poblacion.

- Menos contaminacion (de agua, suelo y atmosférica) y ruido, lo que aumenta el
bienestar social.



R-EVOLUCIONANDO EL TRANSPORTE 95

- Humanizacion, pues facilita el contacto interpersonal

- Mayor seguridad vial, pues se reduce el trafico motorizado.

- Mayor disponibilidad de recursos al reducir el consumo de petroleo.

- Menor impacto sobre el territorio y mayor eficiencia, pues la bicicleta requiere menor
ocupacion del suelo urbano, ademés de menor mantenimiento, menor inversion inicial
y apenas requiere gastos policiales, lo que conlleva a su vez un ahorro econémico.

De aqui se extrae que la bicicleta es un modo de transporte bastante favorable y necesario
teniendo en cuenta las situaciones desfavorables debido al trafico motorizado que se estan
alcanzando en algunas ciudades espafolas.

2.1 Promocidn de la bicicleta: mapa esquematico

En esta comunicacion se presenta una propuesta concreta para la promocion de la bicicleta,
particularizada para la ciudad de Sevilla pero extensible para cualquier otra ciudad: la
generacion de un mapa esquematico de la red bici, con un disefio atrayente que presenta la
bicicleta como un modo moderno y eficiente. Con este plano se pretende por un lado
presentar una imagen del transporte en bicicleta como una opcion moderna, de ahi su
semejanza en el disefio a un plano de lineas de un sistema metro urbano. Por otro lado, se
quiere mostrar que es un modo eficiente, que conecta los puntos mas importantes de la
ciudad en un tiempo competitivo con el de los otros modos.

Para la realizacion del plano, se contemplan las siguientes fases:

- Determinacion de puntos de interés. Establecer puntos de interés en un mapa guia de lineas,
ayuda a los usuarios a localizar rapidamente su destino. Estos puntos o lugares de interés se
refieren a estaciones de metro, estacion de autobuses y cercanias, los cuales permiten la
intermodalidad, zonas de gran interés turistico y centros comerciales (para incentivar el uso
de la bicicleta para viajes no obligados), siendo muy importante la localizacion del servicio
de bicicleta publica mas cercano a dichos puntos.

- Eleccion de arcos principales. En la realizacion del mapa esquematico es necesario
estipular una serie de arcos principales, asi como la localizacion de grandes centroides de
atraccion y generacion.

Esta necesidad reside en el deber de establecer un conjunto de lineas del modo de transporte
de la bicicleta con el fin de hacer atractivo el uso de la misma por medio de lineas simples y
directas uniendo los principales origenes destinos. Para conseguir esto, se seleccionan
aquellos arcos que presenten mayor volumen de usuarios, el cual se ha obtenido gracias a la
asignacion realizada en el apartado 4.4, que serian aquellos arcos con un volumen mayor a
4900 usuarios Estos arcos deben formar parte de las lineas principales a desarrollar en el
siguiente apartado, ayudadndose a su vez de otras lineas de menor volumen.
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- Eleccion de las lineas o rutas principales. El proceso de creacion de las lineas principales
de desplazamiento en bicicleta se ha realizado por medio de un estudio simplificado de la
demanda asociada a cada par. Para ello, ha sido necesario desarrollar la modelizacion
completa de la demanda de los usuarios, asi como el modelo de red de los carriles bici de la
ciudad de Sevilla. En el apartado 3 se resume la macrosimulacion desarrollada.

3. MACROSIMULACION DEL MODO DE TRANSPORTE BICICLETA EN
SEVILLA

Para poder realizar la macrosimulacion del modo de transporte “bicicleta” en Sevilla, uno
de los datos previos mas importante es la matriz Origen-Destino, que muestra el volumen de
usuarios que viajan entre cada par de Origen y Destino.

En este apartado, se presenta la matriz OD en la que se basa el presente trabajo y el proceso
de ajuste de la misma con el fin de obtener resultados que muestren la realidad de la forma
mas fidedigna posible.

3.1 Matriz OD base

La matriz OD de la que se parte es la matriz de movilidad global de Sevilla (EDMO07), la
cual agrupa todos los viajes de los diferentes modos de transporte que se dan en la ciudad en
un dia medio, basado en la encuesta de movilidad llevada a cabo en 2007.

Dado que esta matriz recoge todos los modos es necesario extraer de la misma la
correspondiente a las bicicletas. El reparto de bicicleta estimada en el 2010 es del 6%, Ayto.
de Sevilla, 2010. A falta de informacidn para una mejor distribucion, puede suponerse como
matriz OD de partida para el modo bicicleta la resultante de imponer un reparto modal
uniforme en todas las zonas de transporte, obteniéndose:

Thici = 0.06 - Tglobal (1)

Pero las hipotesis planteadas anteriormente presentan una deficiencia principal, aparte del
desfase temporal de la misma, y es que la matriz global representa viajes realizados en otros
modos como es el privado y el transporte publico, que presentan caracteristicas muy
diferentes a los realizados en bicicleta. Un usuario que utiliza la bicicleta esta condicionado
por el tiempo de viaje, trayectos demasiado largos pierden interés, como se puede observar
en el histograma de viajes en distancia extraido de las encuestas.

Esto significa que el reparto modal del modo en estudio no se produce de la misma forma
que el transporte publico o el privado.
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La matriz global se estim6 hace mas de 10 afios, y se ha observado como en general ha
aumentado el nlimero total de viajes en bicicleta desde el estudio de movilidad de 2010 que
establece el reparto de la bicicleta en un 6%; por ello, se decide actualizar la matriz para que
el numero total de viajes sea representativo del actual.

3.2 Ajuste de la Matriz OD

3.2.1 Eleccidn del criterio de ajuste de la matriz

Para modificar la matriz, se opta por implementar un método de ajuste de matriz, incluyendo
informacion adicional de conteos de trafico en arcos de la red y una serie de restricciones.

El objetivo de este proceso es disminuir la discrepancia con los volimenes observados
mientras se controla la distorsion de la matriz.

Como criterio de optimalidad en el proceso de ajuste de la matriz, se utiliza el de la maxima
entropia o de minima informacion, donde se busca extraer una matriz de viajes nueva a partir
de una base. Bajo este criterio la funcidn de distancia utilizada para medir la diferencia, tanto
entre los aforos y los volumenes modelados como entre la matriz resultante y la previa, es la
funcion de entropia relativa, Van Zuylen y Willumsen, 1980 , Cascetta, 1980.

A lo largo del proceso de estimacion de la demanda, se establece la hipotesis de que el
mecanismo que utilizan los usuarios para escoger ruta es el minimizar su coste generalizado
(que en el modo de transporte de la bicicleta basicamente se basa en la distancia de los
recorridos). Esto es debido a que el fenomeno de la congestion todavia no es apreciable, y
se supone que no tienen incidencia en la seleccion de ruta.

Por otro lado, la aplicacion de maxima entropia tiene en cuenta una matriz de referencia, y
el problema formulado tiene multiples soluciones, siendo importante para el resultado final
la solucion inicial de partida. Se considera que los aforos no son fuentes de informacion
creible, puesto que se establece que estos no contienen suficiente informacion para la
estimacion, por ello, una buena decision seria incluirlo en la funcion objetivo, puesto que los
flujos en el modelo incluidos como restriccion son de obligado cumplimiento:

Minimizar Z(g,v) = ¥1 Xpep (gp (log (j:i) - 1)) + V2 2aca (va (log (Z:Z) - 1)) (2)

siendo g la matriz Origen-Destino con el flujo viajes para cada par origen-destino ordenada
en formato vectorial, v el vector de flujos o volumenes en los arcos, P y A los conjuntos de
pares Origen-Destino y de arcos aforados en la red, respectivamente.
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A pesar de lo anterior, y dado el reducido nimero de puntos de aforo de los que se dispone,
se deciden incluir como restriccion por simplicidad.

Minimizarr, Z = Ypep gp <log <§:Z) — 1) (3)

donde gp es el flujo de viajes correspondiente al par p de los O/D

3.2.2 Restricciones del ajuste

Para realizar el ajuste de la matriz, se decide incluir una serie de restricciones que permitan
obtener una mejor distribucion de los viajes totales estimados en la matriz OD. Una posible
alternativa es imponer un modelo fisico, como el modelo gravitatorio o el de radiacion, para
explicar la demanda de este modo de transporte, infiriendo los pardmetros del modelo de
modo que se ajusten lo mas posible a los datos de la realidad. Sin embargo, estos modelos
se definen por semejanza a fendmenos fisicos que poco tienen que ver con los mecanismos
que tienen los viajeros para decidir si realizan determinados viajes y qué modo utilizarian
para ello. En este trabajo se opta por imponer una serie de condiciones matematicas que
deberia verificar una matriz de demanda, que resuman la informacion real conocida del
modo de transporte, evitando asi formular una serie de hipdtesis sobre el comportamiento de
los usuarios dificiles de validar. El concepto de restriccion estd asociado a una condicion de
obligado cumplimiento, es por ello, que se debe discutir la conveniencia de incluir o no cada
posible restriccion en el proceso final de ajuste. La informacion disponible para la definicion
de este conjunto de restricciones es la siguiente:

- Aforos.

- Histograma unitario de distancia del trayecto.
- Poblacion.

- Usos del suelo (Catastro).

- Empresas de >50 empleados.

- Universidades

3.2.2.1 Aforos

Se dispone de la informacion de 10 Eco-contadores localizados a lo largo de la red ciclista
de Sevilla. Estos dispositivos cuentan, almacenan y transfieren permanentemente el nimero
de ciclistas que circulan sobre ellos. Esta informacion es controlada por la Gerencia de
Urbanismo de Sevilla. Hay informacion disponible en datos diarios y también en tramos
horarios. Esta informacion es relevante para completar el ajuste de la matriz, apareciendo
los datos de flujo conocidos en arcos en la funcion objetivo.

Para el ajuste de la matriz se utilizaran los datos de los eco-contadores disponibles en la
Gerencia de Urbanismo de Sevilla pertenecientes a un dia que sea representativo y lo
suficientemente proximo a la fecha actual, una vez eliminados los registros pertenecientes a



R-EVOLUCIONANDO EL TRANSPORTE 99

fines de semana y festivos, asi como los pertenecientes a los meses de verano. se decide
escoger la media de los valores como volumen aforado para cada uno de los eco-contadores
de los que se dispone informacion. Dado que se buscan valores representativos, se deciden
despreciar los dias en los que se obtiene una bajada significativa de los voliimenes causados
por ejemplo por la existencia de precipitaciones.

En cuanto a la formulacion del ajuste de la matriz, la restriccion asociada a los aforos sera
tal que relacione los pares origen-destino con el aforo, de tal forma que quede registrado
todos los pares OD que transiten por cada uno de los aforos disponibles.

v=IT.g VaeA (4)

Donde g es la matriz de viajes ordenada en formato vectorial, v es vector con los volumenes
de los aforados en los eco-contadores y I'T la matriz de incidencia que relaciona los Pares
Origen-Destino con los arcos aforados, en la que el elemento /7 a es 1 si la ruta minima del
par p contiene el arco a, 0 en otro caso.

La asignacion de rutas minimas empleada conlleva una asignacién de trafico lineal,
limitdndose a un unico célculo de la matriz de incidencia I (aforos-pares OD, constante por
no considerarse la congestion) y una multiplicacion de matrices que equivale a la suma de
los pares que utilizan un arco determinado.

3.2.2.2 Histograma de viajes

Con un numero razonable de encuestas, si puede extraerse informacion cualitativa y
cuantitativa sobre la disponibilidad de los usuarios a realizar o no un determinado viaje
atendiendo a una informacion transversal a todos los pares en funcion del coste generalizado,
como puede ser la distancia o el tiempo de viaje, aunque no sean encuestas suficientes para
estimar una matriz OD.

De la idea anterior se extrae el histograma distancia-frecuencia de viajes, el cual recoge el
nimero de viajes realizados segun el tiempo o distancia de viaje. Esta informacion es
bastante valiosa, puesto que puedo afectar al reparto modal de tal forma que, dependiendo
de la distancia de viajes, ese par OD puede ser mas o menos atractivo para ser realizado en
bicicleta u otro medio de transporte.

El histograma de viajes que se ha obtenido de las encuestas es el mostrado en la Figura 1.
Al definir los intervalos del histograma de viajes, se extrae de las encuestas la proporcion de
viajes observados pertenecientes a cada uno de estos intervalos; es decir, para cada intervalo
b del conjunto de intervalos B se obtiene una proporcién P, respecto al total de viajes
realizados en bicicleta.
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Por tanto se puede establecer una restriccion en la que la suma de los viajes de aquellos pares
incluidos en un intervalo dado, se corresponda al total de viajes correspondientes a dicho
intervalo. Esta restriccion se puede expresar de forma matricial sin mas que definir la matriz
de incidencia A histograma-pares Origen-Destino, Ortiz 2017, que relaciona los pares OD
con su intervalo en el histograma.

Yper)9p =P T VbeB (5)

Donde el subindice en la matriz indica que se trata de la fila b. Esto significa que el modelo
debe de cumplir que los viajes de la asignacion para cada intervalo definido en el histograma
deben coincidir con las proporciones obtenidas de las encuestas mostrada en el histograma,
Figura 1.

3.2.2.3 Pablacion

La poblacién es un factor importante a la hora de generacion de viajes, por ello, se decide
introducir como restriccion en el modelo de ajuste. Ante la ausencia de informacidn para la
obtencion de modelo de Generacion — Atraccion, se decide asumir que los viajes generados
por cada TAZ estan proporcionalmente relacionados con su poblacion.

Figura 2. Distribucién zonal de la Poblacion 2017

Para imponer la restriccion ha sido necesario contabilizar el total de la poblacion y el % de
poblacion en cada una de las TAZs que intervienen en el modo de la bicicleta, Xpob. Se
puede definir una matriz de incidencia ® Origenes - pares OD, que relaciona los pares OD
con su origen, de tal forma:
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0-9=X,pT (7)

3.2.2.4 Numero de empresas >50 empleados y Universidades

De las encuestas realizadas, se observa como uno de los principales motivos del uso de la
bicicleta es el desplazamiento al trabajo, por lo que se decide introducir una restriccion
relacionada con el numero de empresas y los asalariados de las mismas asociadas a cada
TAZ. Los apartados anteriores trataban de actuar sobre la generacion de viajes, pero en este
caso, afectara a la atraccion de los mismos. Con el nimero de empresas con mas de 50
asalariados se busca relacionar el uso de la bicicleta con factores socioeconémicos.

Esta restriccion se impone segun los establecimientos que se encuentran dentro de cada una
de estas TAZs, y, mas tarde, se ponderan sus valores de atraccion teniendo en cuenta los
asalariados, obteniendo finalmente una proporcion para cada TAZ.

En el ajuste, se impone la restriccion por columnas, de tal forma que la atraccion de viajes
de una zona j sea proporcional a los establecimientos y el total de asalariados de la zona

A .
— J : e , . .
(Pemp‘ i = San ), siendo P, la proporcion, A el nimero de asalariados (o coeficiente de

diferenciacion) y j la TAZ en estudio.
Xp/owy=j9p = Pempj - T VjeD ®)

Siendo D el conjunto de destinos, que de nuevo coincide con Z al considerar todas las zonas
de transporte como posible Origen/Destino de viajes.

Para expresar esta restriccion en formato matricial, se define la matriz de incidencia ®
Destinos - pares OD, que relaciona los pares OD con sus destinos, de tal forma:

(D'gzpemp'T )]

Como en el caso anterior, otro de los motivos principales que llevan al usuario a utilizar la
bicicleta es por necesidad de desplazamiento hacia el centro de estudio, por tanto, se decide
afectar la atracciéon de viajes con la inclusién de las diferentes facultades y centros
universitarios existentes en Sevilla. Se extraen las diferentes facultades existentes en Sevilla
y se asocian a los centroides que definen el modelo. Dada su similitud con la restriccion
anterior, y a fin de simplificar el ajuste de la matriz, se decide introducir la informacion de
las universidades en la restriccién de atraccion que versa sobre los asalariados de las
empresas de mas de 50 empleados.
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3.2.3 Algoritmo de ajuste

El proceso de ajuste que finalmente se propone se define en la expresion (10). Consiste en
un problema de optimizacion en el que se minimiza una funcién objetivo que mide la
distancia con respecto a una matriz previa g y las restricciones anteriormente comentadas.

La funcién de distancia finalmente adoptada para la funcion objetivo es la de la entropia
relativa, que como puede verse sin mas que desarrollar en serie en torno la matriz previa, es
una funcion intermedia entre el error absoluto y el relativo. A este sistema es necesario
incluir una ultima restricciéon en la cual se establece la obligatoriedad de que todos los
volumenes entre cada par OD sea positivo (g = 0), pues no tiene sentido fisico un flujo de
viajeros negativo. Con esta configuracion, y dado que las restricciones impuestas son todas
lineales, puede utilizarse como algoritmo de resolucion el algoritmo de equilibrado iterativo,
Bregman, 1967. Finalmente, se obtiene la siguiente formulacion basada en la minimizacioén
de la funcion objetivo, sujeta a las restricciones anteriormente mencionadas:

Minimizarr, Z = Ypep 9p (log (j:p) - 1) (10)
p

ssa wv=TIT-g Va€A Restriccion Aforos
A,-g=P,-T Restriccion Histograma
©-9=X,, T  Restriccion Poblacion
®-g=P.u, T Restriccion Empresas

gp =0 Vp € P Volumenes reales

En la Figura se muestra la diferencia entre la matriz ajustada y la matriz base. Se destacan
los valores de méaxima diferencia, los cuales llegan hasta los 630 usuarios en algunos pares.
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Figura 3. Diferencia entre matrices
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En cuanto al histograma de viajes obtenidos, se aprecia como cumple perfectamente la
restriccion impuesta.

30%
25%

20%

15%

10%

| WIS
0% 6.25 -

1.25- 2.5- .25- 7.5-  11.25-
0-1.25 5 375 3.75-5 5-6.25 75 11.25 15 15-30
Histograma encuesta ,555%  7,772% 21,207%25,427%23,206% 6,884% 11,658% 1,665% | 1,888%
Histoframa Matriz Ajustada ,555%  7,772% 21,207%25,427%23,206% 6,884% 11,658% 1,665% | 1,888%

W Histograma Matriz 6% Actualizada 11,128%27,277%16,731% 8,732% 8,556% 6,398% 15,413% 5,525% ,501%

Figura 4. Histogramas extraidos de encuestas, de la matriz ajustada y la del 6%
actualizada

4. DISENO DEL MAPA ESQUEMATICO.

Finalmente, esta tarea ha consistido en un proceso estético por el cual se busca llamar la
atencion de los potenciales usuarios de tal forma que vean la movilidad en bicicleta de una
forma sencilla, con el fin de incitar al cambio de modo. Para conseguir esto se han llevado a
cabo las siguientes acciones:

- Inclusion de los puntos de interés ya sea por medio de iconos o iméagenes de sitios
de interés turistico.

- Ubicacion de estaciones Sevici cerca de los puntos de interés comentados.

- Identificacion de las principales vias de transito, recogidas en la figura 5.

- Rectificacion y esquematizacion del trazado.
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Figura 5. Trazado real de las lineas propuestas para incluir en el plano esquematico

Ademas, se decide no incluir informacion sobre el tiempo y distancia de recorrido asignado
a cada uno de los arcos que componen las lineas, con el fin de evitar crear rechazo al
individuo, pues la distancia y tiempo se relaciona con el esfuerzo fisico que el individuo
estima que debe realizar, y estos son las principales barreras que llevan a gran parte de la
poblacion a rechazar este modo de transporte. En la figura 6 se aprecia un recorte del plano
resultante, disefiado a semejanza de un plano de Metro con recorridos idealizados como
lineas rectas que unen los puntos de interés.
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Figura 6. Fragmento del disefio final del plano esquematico de lineas de Metro-Bici
Sevilla.
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ABSTRACT

The first Irish public Bike Sharing Scheme (BSS) was launched in Dublin in 2009.
Dublinbikes has been internationally recognised as one of the most successful bike-sharing
rental schemes in the world. For this reason, among others, the cities of Cork, Limerick and
Galway launched their own BSSs at the end of 2014.

The objective of this paper is to compare the performance of the four BSSs during the first
two years of implementation in each Irish city according to endogenous factors, such as the
physical design of the schemes, and exogenous factors, such as city size and population
density. In terms of population, Limerick and Galway are small cities, Cork is a medium-
sized city and Dublin is a large city. In consequence, the results cover the main relevant
aspects of BSSs according to the size of the scheme, pointing out similarities and differences
among BSS of different sizes. The main findings indicate that the number of daily rentals
per bike is a good metric from the point of view of the transport operator. However, a higher
density of bikes, stations and docking points does not imply greater usage, whereas the size
of the deployment area could be a key factor in improving bike usage. Finally, a synopsis of
the essential aspects to consider when designing a BSS deployment based on types of users
in small cities is provided.

1. INTRODUCTION

The expansion of Bike Sharing Schemes (BSSs) across the world accelerated when the third
generation of such schemes emerged. The third generation of BSSs refers to Information

Technology (IT)- based systems which apply computer technology tools to the operation of
the schemes, such as electronic locks, telecommunications systems, smart cards, mobile
phones or on-board computers. Moving around the city by bicycle has several advantages;
for example, it reduces carbon footprints, reduces car use, provides a last-mile connector
mode of transport or develops tourism. These are some of the main reasons why BSSs have
grown exponentially around the world (see DeMaio, 2009; Shaheen & Guzman, 2011 or
Midgley, 2011 for more detail).
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Following this general trend, the first Irish public BSS (Dublinbikes) was launched in Dublin
in 2009. Dublinbikes has been internationally recognised as one of the most successful bike-
sharing rental schemes in the world, surpassing initial predictions and reaching one million
journeys 11 months after its launch. Twenty months later, the two-million mark was attained
(according to the reports of the Dublin BSS website: www.dublinbikes.ie). Besides the
several advantages cited above, Dublinbike’s success inspired the cities of Cork, Limerick,
and Galway to launch their BSSs at the end of 2014. These four Irish cities: Dublin, Cork,
Limerick and Galway, are the cities under study in this paper.

Recent works have addressed the multi-city scenario of BSSs. BSSs in European cities (for
example, London, Barcelona, Paris or Dublin) and North-American cities (Denver, Chicago,
Washington D.C. and Miami, among others) are compared to try to understand aspects such
as the diffusion patterns of BSSs, considering the characteristics of cities and operator
models, learning processes and future developments (see Parkes et al, 2013; Austwick et al,
2013; Sarkar et al, 2015). A global view of bike-sharing characteristics based on data
analysed from 38 systems located in Europe, the Middle East, Asia, Australasia and America
can be found in the research conducted by O’Brien et al (2014). In this study, the BSSs are
characterised on a city level, comparing them in terms of system size, daily usage and
compactness, to eventually build a hierarchy of cities sharing similar characteristics. Besides
this, Chardon et al (2017) provide a comparison of 75 BSSs, mainly in Europe and North
America, using the metric of trips per bike per day.

These studies have attempted to compare very different BSSs, and their main common
results are; (1) BSSs are attractive and adaptable urban-mobility systems that are showing
rapid development and expansion; (ii) there are a good number of quantitative factors
characteristic to BSSs that are easily measurable, however, it is difficult to provide a
benchmark to determine the success of BSSs, even when they have no explicit or measurable
target; and (iii) the success of a BSS surviving over time depends on policy-makers' goals or
other external inputs, such as inclusion within an effective public transport system.

In relation to the lack of a measurable target for some BSSs and their survival over time, this
paper aims at pointing out similarities and differences arising from the different sizes of
BSSs, mainly in small cities. It generates an open discussion about what the target users of
a BSS should be according to the size of the city and its characteristics, in order to achieve
a successful BSS that could be maintained over time. Moreover, whether BSS performance
in one city could be extrapolated to another city with similar characteristics will be analysed.

Insights on these issues will be obtained from the study of real BSSs in the same country;
Ireland. Specifically, the BSS of a large city, Dublin, during the 2009-2011 period; the BSS
of a medium-sized city, Cork, during the 2015-2016 period and; the BSSs of two small cities,
Limerick and Galway, during 2015-2016 will be analysed, corresponding to the first two
years of their implementation in all the cases.
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The paper compares how each BSS has performed according to the following differentiating
factors: scheme size and density of bikes, stations and docking points (endogenous items)
and city size and population density (exogenous items). These observed quantitative factors
facilitate a simple comparison of many BSSs to understand each BSS in general terms. From
this general perspective, it will be easier to conduct future detailed research.

This paper is structured as follows. Section 2 briefly describes the characteristics of the four
Irish cities under study and their BSSs. In Section 3, data analyses focused on the density of
bikes, stations and docking points of each BSS and their usage are shown, to finish with a
discussion about the relevant issues found. Finally, in Section 4, some conclusions and
possible future works are provided.

2. LITERATURE REVIEW AND CHARACTERISTICS OF THE BIKE SHARING
SCHEMES STUDIED

2.1 Literature review

Several articles can be found about Irish BSSs; mainly about the Dublin BSS due to its
success. For example, O’Neill and Caulfield (2012) analysed the mobility patterns of
Dublinbikes during the first stage of the system, and Jiménez et al. (2016) focused on
understanding the use of the bike stations according to user mobility patterns in 2015.
Murphy and Usher (2015) studied the Dublin BSS from a social point of view, to find out
the socioeconomic characteristics of the users, the impact of this mode of transport on modal
choice and on driver awareness of cyclists. Caulfield (2014) investigates whether the pro-
cycling policies (e.g., bicycle-purchasing schemes, reducing speed limits and the
construction of segregated cycle lanes) to promote cycling applied by Dublin Council had
an impact on cycling rates during the years after their implementation. Apart from these, this
scheme has been researched from an economic point of view by Bullock et al (2017), whose
paper places the benefits of BSSs in the economic context of private individual benefits and
public good benefits, and they examine the relative value of these benefits and their impact
on the spatial functioning of the city. Lawson et al (2013) have looked at the issue from a
safety point of view, identifying and analysing the factors influencing cyclists’ safety
experiences in an urban, signalled multi-modal transportation network in their paper.

With regard to Cork, Limerick and Galway, a Technical Feasibility Study was conducted on
the introduction BSSs in these regional cities, which is very useful for understanding the
basis of these systems (Jacobs, 2011). Apart from this study, little more can be found about
the BSSs of these three cities. Caulfield et al (2017) and McBain and Caulfield (2018)
examine the trends of the bike-sharing scheme in the city of Cork, and an MNL Regression
model is proposed to predict variations in the journey times of different bike trips based on
spatial variables such as bike station location, distance from the city centre and type of
services (shops, restaurants, public transport) along the route.
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The effectiveness of the BSSs in Limerick and Galway based on station turnover ratios are
described by Jiménez et al (2018). Regarding Galway BSS, Maher et al (2016) work with
user surveys and stakeholder interviews to understand the beginning of the scheme (from
January 2015 to September 2015); and O’Regan et al (2016) analyse the use of a smartphone
application to collect rich trip and mode share data from the Limerick BSS to propose a
methodology based on current feasibility studies to expand the existing schemes to other
neighbourhoods.

Little research can be found related to BSSs developed in small cities. From a multi-city
scenario, Audikana et al. (2017) study the Swiss experience with small BSSs spread across
different cities to find out about the opportunities and challenges of BSSs in small cities.
Among their different conclusions, the authors point out that more research is needed to
ensure levels of success similar to medium-sized and large cities, and that partnership,
communication and accountability are critical aspects to achieving successful small BSSs.

Thus, the findings of this paper could help to improve BSS performance in small cities,
which usually enjoy ease of pedestrian and cycle movement.

2.2 Characteristics of the Irish bike-sharing schemes studied
The main characteristics of each Irish BSS (Dublin, Cork, Limerick and Galway) are
described in this section.

Dublinbikes, is a public bicycle rental scheme which has operated in Dublin city since
September 2009. At its launch, the scheme used 450 bicycles with 40 stations spread across
Dublin city centre. Its acceptance was very positive during the first months. Therefore, in
2010, a mini-extension was made with 4 stations and 100 more bikes. Thus, during its first
stage, Dublin Bikes consisted of 44 bicycle stations and 550 bicycles, with an estimated
deployment area of 8.75 km?; approximately 7.5% of the total area of the city (see Figure
la). The subsequent extensions counted on up to 101 bike stations and 1,500 bikes
(www.dublinbikes.ie), which increased this scheme to 20 km?; about 17% of the total
metropolitan area. In order to compare results at the same level as other cities; that is, after
two years of the BSS implementation, the data collected from Dublin are related to the year
2011, considering the data of the first period of the scheme.

Figure 1b shows the deployment area of the scheme, the location of the 44 bike stations, the
third-level campus located in the area, i.e., Trinity College Dublin, and the defined attraction
area of the city. The attraction area includes numerous banks, offices, shopping centres,
museums, tourist attractions, restaurants, cafés, clubs, hotels, pedestrian areas and green
areas. That is to say, the attraction area has been defined by the high density of services
offered. Most of the bike stations are located within the attraction area. They give access to
businesses, shops, restaurants, tourist attractions and services, except the northern part of the
system, which serves a more residential area.


http://www.dublinbikes.ie/
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The deployment area of 2.5 km per 3.5 km provides an appropriate distance to cross the city
by bicycle with an average travel time of 12 minutes.

b) i » =
= = b o ©
o B3 .. : ‘@
ek ” [
2 o 0o® @ A0  Jisim
- =0 - o o]
- o ®
° @ (] le) o
: e ©
. Bike station SERUCUNT  Dcey s 65 . o) .q
‘ Third level campus .
.. [¢] =
Attraction area . o
W8 S D y
o < .
; SR 25km C

Fig. 1 — a) Dublinbikes deployment area in 2011. b) Detail of Dublinbikes extension in
2011. Source: Google maps. Digital globe 2016.

Cork's Coca-Cola Zero Bikes has operated in the city since December 2014. At its launch,
the scheme used 330 bicycles with 31 stations spread across Cork city centre. It is estimated
that the area occupied by this scheme is 2.5 km?; approximately 6.5% of the total area of the
city (Figure 2a), which is very similar to the first stage of the Dublin BSS.

Figure 2b shows the deployment area of the scheme in the main part of the Cork city centre
(on the island between the two river channels), the location of the 31 bike stations and the
third-level campus located in the southwestern part of the area, University College Cork.
Most of the bike stations are located within the attraction area. Therefore, they give access
to businesses, shops, restaurants, tourist attractions and services, but the scheme is enlarged
to the Northeast to give access to the train station, and to the Southwest to cover the
university, typically associated with higher BSS demand. The extension of this deployment
area of 2.5 km per 1 km also provides the appropriate distance to cross the city by bicycle
with an average travel time of 7 minutes; probably shorter distances than the Dublin scheme,
but still efficient for bicycles.
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Fig. 2 — a) Cork Bikes extensio.n. in 2016. b) Detail of Cork Bikes extension in 2016.
Source: Google maps. Digital globe 2016.

Limerick's Coca-Cola Zero Bikes has operated in the city since December 2014, like the
Cork BSS. The scheme uses 215 bicycles with 22 stations spread across Limerick city centre.

It is estimated that the area occupied by this scheme is 3 km?; approximately 10% of the total
area of the city, and the largest area of the four Irish cities at the beginning of their BSS
implementation (Figure 3a). The deployment area of the Limerick scheme, the city centre,
is shown in Figure 3b, together with the location of the 22 bike stations. Most of the bike
stations are located within the attraction area. They give access to businesses, shops,
restaurants and tourist attractions, although the scheme has some bike stations near to
residential neighbourhoods in the East and Southwest. The extension of this deployment area
of 1.5 km per 2 km is within the limit of an appropriate distance to go by bicycle. This means
that to ride 2 km across the city takes 8 minutes with an average speed of 15 km/h
(comfortable speed), whereas walking these 2 km across the city takes 24 min (average speed
of 5 km/h for pedestrians). Generally, half an hour is the maximum time commuters will
consider walking. Thus, it can be said that a distance of 2 km is the lower limit for the use
of bicycles because distances lower than 2 km are also comfortable to walk, and people
would not have to change their mode of transport. Note that this BSS does not cover the
demand of the University of Limerick, located about 6 km from the city centre towards the
East.
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Fig. 3 — a) Limerick Bikes extension in 2016. b) Detail of Limerick Bikes extension in
2016. Source: Google maps. Digital globe 2016.

Galway's Coca-Cola Zero Bikes has also operated in the city since November 2014. The
scheme uses 195 bicycles with 15 stations spread across Galway city centre. It is estimated
that the area occupied by this scheme is 1.2 km?; approximately 2% of the total area of the
city, the lowest value among the four cities (Figure 4a). The deployment area of the Galway
scheme, as well as the city centre, is shown in Figure 4b, together with the location of the 15
bike stations. Most of the bike stations are located within the attraction area. This means
they give access to businesses, shops, restaurants and tourist attractions. Related to the third-
level campus, the location of a bike station near the Galway Technical Institute (lower left
corner) and the lack of them near the National University of Ireland - Galway (upper left red
point in Figure 4b) stand out because universities are a source of potential bike-sharing users.
On the other hand, the extension of this deployment area of 1 km per 1.2 km is also
remarkable because the possible distance covered by bicycle (an average travel time of 5
min from extreme to extreme) can also be done by walking; thus, people might not be
encouraged to use bicycles in the same way as in Limerick.

Note that in these specific cities, university campuses are relevant to understanding current
and future BSS usage because (i) the scheme is used by students, faculty and staff members
to access the university, (most of them combine bicycles with the train if they live in the
outskirts), (ii) the bike stations related to these universities become part of the general
scheme of the city, (iii) the universities are tourist attractions, especially in Dublin and Cork,
and (iv) the students living on university campuses use bikes to move around the city.
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Fig. 4 — a) Galway Bikes extension in 2016. b) Detail of Galway Bikes extension in 2016.
Source: Google maps. Digital globe 2016.

Table 1 provides data about population density, potential BSS users (considering that
citizens between 20 and 39 years old are the main target group for bicycle usage on a daily
basis), the area of the city occupied by the scheme and the number of bikes, stations and
docking points of each BSS for each city. From this table two aspects are highlighted: (i)
Dublin, Cork and Limerick have greater population density than Galway, and (ii) the
percentage of the city area with bike stations during the first stage in all the cities could be
considered to be similar, except for Galway. Galway has a low value with 2.4% of the area
with bike stations; 5 points below the percentage of the first stage of Dublinbikes, and 8
points below the Limerick BSS. Both issues are important because they could affect the
usage of the system in each city.

Dublin 2011 Cork 2016 Limerick 2016 | Galway 2016
Population (inhabitants) 527,612 125, 657 94, 192 78, 888
Area of the city (km?) 116.58 38.59 28.38 50.00
Population density (inh/km?) 4,526 3,256 3,319 1,578
Main potential BSS users 208, 489 44, 561 26, 033 30, 693
(20-39 years old) ’ ’ ’ ’
% main potential BSS users over 19 35 )8 39
the total population
Area of the city with bike 8.75 250 3.00 120
stations (km?)
% area of the city with the bike 751 6.48 10.57 4
stations over all area

BSS basic data

Number of bikes 550 330 215 195
Number of stations 44 31 22 15
Number of docking points 1, 145 574 406 250

Table 1 —Basic demographic data and number of bikes, bike stations and docking
points for each Irish city studied. Data source: Census 2011 and 2016 of Ireland and
Northern Ireland. Central Statistics Office. Dublinbikes. Coca Cola Zero bikes.
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3. DATA ANALYSIS

3.1. Research context

This paper focuses on a multi-city scenario (most of them small to medium-sized) within a
country to identify similarities and differences among the different sizes of BSSs. Also, the
role of BSS target users in relation to a city’s size and its characteristics are investigated to
see what makes a BSS successful over time. Moreover, the question about whether the BSS
performance of a consolidated scheme, such as Dublinbikes, could be extrapolated to other
schemes with similar characteristics except city size, will be analysed.

To achieve these objectives, the European research study, Optimising Bike Sharing in
European Cities — A Handbook (OBIS, Biittner et al 2011) has been taken as a reference. Its
main objective is to encourage the implementation and optimisation of BSSs all over Europe
and worldwide. This project collects relevant information about more than 50 BSSs from
different European countries. Data are analysed and the results presented according to city
size, providing a good overview and guidance for cities with similar conditions.

Therefore, according to their population and the definition of the OBIS project, Limerick
and Galway are small cities because their population is between 20,000 and 100,000
inhabitants, Cork is a medium-sized city because its population is between 100,000 and
500,000 inhabitants and Dublin is a large city with a population greater than 500,000
inhabitants (Table 1).

Furthermore, the OBIS document gathers factors influencing BSSs, which are divided into
endogenous and exogenous factors. This classification is used as the guide to select the
factors analysed in this paper.

Regarding endogenous factors, only the physical design of the schemes (size and density) is
analysed because it is the main differentiating factor among the BSSs involved. The rest of
the endogenous items are similar for the four BSSs. All the services are available all year
round, 7 days a week, from 5 am to 00.30 am, though a bike can be returned to available
stands at any time of day or night.

They all offer two types of registration; annual subscription and 3-Day subscription for
occasional short-term use or for visitors to the cities. Thus, all stations are equipped for
Annual Card and 3-Day Ticket users because the hardware and technology consist of card-
based access in each station. The first 30 minutes of each hire is free. For longer hires, a
charge is applied.

With reference to exogenous factors, city size is the most relevant. The other exogenous
factors such as climate, topology, economy and policy exhibit secondary importance. In fact,
climate is not a key factor because the weather is similar in all four cities.
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They have a mild oceanic climate with abundant rainfall and a lack of extreme temperatures.
Thus, the use of bicycles is typical of warm cities with regular use all year and a slight fall
in winter and summer (according to the description of the OBIS document). In relation to
general geographical factors, all the cities have a main river and/or river channels, they are
not hilly, the bikes are integrated into the traffic flow (except in Dublin, where there are a
few segregated cycle lanes), and the core of the bicycle scheme is located in the main
attraction area of the city (with several businesses, restaurants, shops, tourist attractions and
services).

Thus, the cities depart from a similar starting point in terms of local conditions. However,
the size of the deployment area and its extension into residential areas or university campuses
are different in each city, and these will be the aspects to compare and explain.

In particular, the density of the bikes, stations and docking points of each BSS related to the
population, the entire city area and the city area with bike stations, together with other ratios
regarding the docking points are analysed. These figures provide a general view of the scale
of bicycle-sharing network coverage (relatively dense), allowing comparison with average
European values (according to the OBIS document), which are helpful in understanding the
possible relationship between BSS coverage scale and the usage and development of the
schemes. With regard to BSS usage, the data are divided according to the type of user (annual
or occasional).

An estimation of the degree of success of a BBS will depend on the point of view of the
stakeholders. In this case, the point of view is the transport company’s, based on the usage
and efficiency of the systems, which is understood as the number of daily rentals per bike.

The aggregated data used in this study allows for the estimation of the degree of success
from this perspective. The larger the values, the more successful the system is. This criterion
is widely used because it is an easily comparable measure. Besides, it is of interest to identify
possible patterns in the usage data of the first years of BSS implementation in the four cities
and to find specific characteristics of BSSs in small cities.

3.2. Dataset description

The dataset has been obtained by open sources and previously published manuscripts. The
data related to Dublinbikes are obtained through the reports available on its website
(www.dublinbikes.ie), and in the cases of Cork, Limerick and Galway BSSs, from the
reports available on the common website (www.bikeshare.ie). In addition, the provided data
from Caulfield et al (2017) and McBain and Caulfield (2018) are consulted to complete Cork
bike information, whereas for the BSSs of Limerick and Galway, data from Jiménez et al
(2018) are also used.
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The proposed approach is not data intensive. Thus, it is easily scalable by adding new cities,
and allows a good picture of the main BBS characteristics without overwhelming the analyst
with an overly extensive list of indicators.

3.3. BSS infrastructure

In order to compare the four BSSs, the density of bikes, stations and docking points of each
BSS are calculated. Table 2 provides the main results in relation to the density of each bike,
station and docking point over the population, over the entire area of the city and over the
deployment area of the scheme. The ratios regarding docking points based on the figures of
Table 1 are also analysed.

| Dublin2011 | Cork 2016 | Limerick 2016 | Galway 2016
Bike/station/ docking point density over population
Number of bikes / 10, 000 inhabitants 10 26 23 25
Number of stations / 10, 000 inhabitants 0.8 2.5 2.3 1.9
Number of docking points / 10, 000 inhabitants 22 46 43 32
Bike/station/ docking point density over the whole city area
Bike density (unit/km?) 4.72 8.55 7.58 3.9
Station density (unit/km?) 0.38 0.80 0.78 0.30
Docking point density (unit/km?) 9.82 14.87 14.31 5.00
Bike/station/ docking point density over the city area with bike stations
Bike density (unit/km?) 62.86 132.00 71.67 162.50
Station density (unit/km?) 5.03 12.40 7.33 12.50
Docking point density (unit/km?) 130.86 229.60 135.33 208.33
Ratios regarding docking points

Number of docking points / bike 2.1 1.7 1.9 1.3
Average number of docking points / station 26 18 18 17
Standard deviation of docking points / station 5.5 6.6 4.5 3.8

Table 2 —-Scheme size and density of bikes/stations/docking points of BSSs for each
Irish city studied.

In relation to the density of bike/station/docking points over the population, the Cork,
Limerick and Galway BSSs (the medium-sized and the two small-sized, respectively) have
approximately double the value than the Dublin BSS This means that they provide more
physical components per inhabitants. The figures of these three cities are also higher than
the average values indicated in the BSS key figures of the OBIS sample (14.8 bikes per
10,000 inhabitants and 1.5 stations per 10,000 inhabitants), whereas Dublinbikes is below
these references.

When comparing the schemes according to city area or the deployment area of the BSSs,
two aspects are highlighted. The first one is that Cork and Limerick’s ratios of
bike/station/docking point density over the entire city area stand out above the rest, and the
second one is that the ratios of bike/station/docking point density over the deployment area
of the BSSs are similar between Cork and Galway, and, in turn, higher than Dublin and
Limerick’s.
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Ratios of docking points show that each bike has roughly two docking points. However, the
ratio in Galway is close to one; the minimum value required to be able to operate. However,
it corresponds to the figure in the OBIS document (1.2) for this item in small cities.

Concerning the capacity of the stations, the Dublin bike stations are bigger than the bike
stations in the other cities; that is, they have more docking points. Interestingly, the capacity
data are opposed to the sample given in the OBIS project, where results show an average of
9.5 docking points per station for large cities and 23.5 and 22.9 docking points per station
for medium-sized and small cities, respectively.

3.4. BSS usage
Regarding the usage data shown in Table 3, three aspects are highlighted.

The first feature is the large number of trips in Dublin; four times greater than Cork, thirty-
five times greater than Limerick and almost seventy-seven times greater than Galway. This
figure is closely related to the number of users; that is, there are four times more users in
Dublin than in Cork, and about twenty times more than in Limerick and Galway.

The second aspect to point out is the share of annual and occasional users. Dublin and
Galway BSSs have a large number of tourists since occasional users are 40% of the total.
However, the Limerick BSS has high annual user demand, with these users making up 90%
of the total. Similarly, regarding the total number of trips during the two first years of
implementation, the average number of daily trips is greater in Dublin, and this value
decreases according to the size of the BSS.

The third point to highlight is related to the daily rental ratio per bike. Specifically, the low
values in Limerick and Galway show practically no daily use of bikes.

This indicates that the trips and users are insufficient to keep a steady level of usage
throughout the year, and use is concentrated over several months in spring and autumn. Thus,
neither of these systems are considered to be efficient in terms of the regular usage of the
scheme.
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Dublin Cork Limerick Galway
2009-2011 2015-2016 2015-2016 2015-2016

Total number of trips 2,500, 000 518, 000 71,595 32,460
Total number of users 62, 000 N.A. 3,230 2,743
% Annual users 60 N.A. 90 64
% Occasional users 40 N.A. 10 36
Average daily trips 3,425 710 98 44
Daily rental per bike 6.2 2.2 0.5 0.2
Average number of trips per user 40 NA. ” 2
(all types of users)

Table 3- Usage of each BSS studied. (N.A. — Not available)

3.5. Discussion

Dublinbikes, a large city scheme, has been well received by society. Proof of this is the
second enlargement of the system in 2014. Some of the main reasons are (i) Dublin’s high
population density, 4,526 inh./km2 in 2011 (see Table 1), and (ii) the size of the deployment
area of the BSS; that is, the extension area where the bike trips are efficient and can be
combined with trips on foot and by car to access work or when enjoying leisure activities.

Additionally, other characteristics and practical measures such as the percentage of young
population, cycling facilities, 30 km/h zones, communication campaigns and council favour,
have supported its development. However, the values of the density of bikes, stations and
docking points over the population and the entire city area are lower than the values of the
other three cities and the reference values of the OBIS document.

Related to Cork, a medium-sized city, when comparing the data of trips and population with
the data of trips and population in Dublin in 2011, the same proportion is shown. Thus, the
same trend experienced by Dublin could be expected there. Some of the main reasons for
achieving these numbers of trips and users could be the city’s population density and the
deployment area of the BSS. Indeed, this area is within the limit of efficient bike trips; that
is, an area of 2.5 km? providing appropriate distances to cross the city by bicycle with an
average travel time of 7 minutes (in an area smaller than 2.5-3.0 km?, the possible routes are
also appropriate for walking, and the impact of the scheme might be lower due to the low
level of usage).

Usage is reinforced with the university connection, which provide an important group of
system users. Note that neither Limerick nor Galway have bike stations near their university
campuses.

The findings of this paper show that usage in Galway and Limerick is lower than in the other
Irish schemes, with average daily bike rental near zero (Table 3). One possible strategy to
increase this usage could be to expand the scheme.
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This coverage growth could result in an upturn in usage numbers. Considering that both
cities have small deployment areas in the schemes, a modal shift from pedestrians to cyclists
is complicated. Moreover, a large group of potential demand, the staff and students of the
universities, are outside of both BSSs. However, the cities have different characteristics.

Limerick has similar population density to Cork, whereas Galway has lower population
density than the other cities. The type of users in each city is also different. This indicates
that the development of each BSS for the short-term should be addressed from different
perspectives according to the characteristics of each target group.

The main outcomes of the analysis based on real experiences could be summarised as
follows:

e Only data from Dublinbikes could be partially comparable to the Cork scheme
(medium-sized city), according to the ratio of number of trips and population, which
have the same proportion. Moreover, deployment areas have a large enough
extension to encourage bike usage, being close to the university.

e The number of daily rentals per bike is the most objective indicator of success in
relation to usage from the perspective of the transport operator. Thus, the schemes of
Dublin and Cork have good performance, whereas Limerick and Galway show a
value below 1 (some bikes are unused each day).

e A higher density of bikes, stations or docking points does not imply greater usage;
whereas the size of the deployment area could be a key factor in improving bike
usage.

e BSS performance in small cities should not be compared with the BSSs of large cities
by means of only quantitative data.

The identification of a successful BSS is indeed a difficult issue to solve because each city
is conditioned by many aspects such as the characteristics of the surrounding area, the initial
scenario of implementation and operational management. Moreover, the success of a system
cannot be based only on a single ratio (e.g., number of daily rentals per bike) despite its good
performance. In fact, the success of a BSS will depend on the desired goals of the council or
the promoting body of the project in the short and long term and on the indirect benefits
expected. That is, assessing whether a BSS is successful or not will depend on what and who
it is for. Therefore, and according to the obtained results, the question to answer is how to
improve the performance of BSSs in small cities. To answer this question, some
considerations were analysed, from which Figure 5 emerges.
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Figure 5 shows a synopsis of key aspects and recommended questions to consider before
designing a BSS deployment or when improvements are desired after a few years of working.
The identification of city characteristics from the point of view of the offer available is the
first analysis to carry out; that is, to identify the attraction areas of the city such as business
areas, third-level campuses, shopping areas, outdoor leisure and indoor zones and museums
and areas of cultural activities. Next, the generation areas are also determined, such as
residential and tourist accommodation areas, to consider that all attraction areas become
generation areas when they are the origin of the trip.

Geographical barriers are also described to discover uncomfortable paths, inaccessible areas
or critical points in bicycle trips. Space syntax would be a useful tool for this purpose. At
the same time, the potential users, residents and/or tourists are also identified, in addition to
the definition of the attraction and generation areas involved with each one (right upper
corner of Figure 5). For example, the main attraction areas for residents are the business
areas and third-level campuses because they make these trips on a daily basis, although they
also visit the rest of the identified attraction areas during their leisure time. However, tourists
are usually interested in visiting all types of leisure areas and places with cultural activities.

Once all these elements have been identified according to the target user of the BSS, some
questions should be considered to design an adequate deployment area able to attract users
and make the BSS profitable. As the lower part of Figure 5 shows, if the main target users
are residents, the key is the extension of the deployment area to make bicycle trips efficient;
that is, there will be sufficient bicycle stations to link residential areas with attraction areas.
Moreover, the distance should be far enough to make the trip by bike worthwhile.

This type of user guarantees a steady level of usage, although detailed studies on seasonality
and student mobility patterns should be developed to continue improving the scheme. If the
target users are tourists, becoming aware of the seasonality of their visits is essential to
understanding the usage of the system, as might be Galway’s case in the first stage. In this
case, the deployment area would be less important because tourists usually make circular
trips, enjoying the city while stopping for sightseeing and shopping, so they use the BSS in
a different way than residents. Finally, if the BSS covers both types of users, in addition to
the two previous questions, it is important to identify possible overlapping between resident
and tourist attraction areas to be able to take advantage of this overlapping and make the
BSS more profitable. Obviously, these are general considerations that help in initiating the
layout of a BSS in small cities. They should be complemented with specific studies for each
city.
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What are the seasonality
characteristics of the tourists?

efficient?

Fig. 5 — Synopsis of key questions to consider when designing a BSS deployment area
in small cities.

4. CONCLUSIONS

A BSS in Dublin (large city), a BSS in Cork (medium-sized city), and two BSSs in Limerick
and Galway (small cities) have been analysed during their first two years of implementation

to try to understand how the size of the city and its scheme could affect the usage of each
BSS.

The number of daily rentals per bike is a good metric from the point of view of the transport
operator. However, a higher density of bikes, stations or docking points does not imply
greater usage, whereas the size of the deployment area could be a key factor in improving
bike usage.
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In general terms, the development and operation of BSSs in medium-sized to large cities are
usually satisfactory because of the high population density, the several groups of interest and
the suitable distance covered by bicycle trips. In contrast, the usage level of BSSs in small
cities is different from large cities because the deployment area is usually inefficient for
bicycle trips and the management of potential users is not adequate. Thus, based on these
current experiences, to extrapolate general results from the BSSs of large cities to schemes
in small cities would not be recommendable.

Improving BSS performance, mainly in small cities, requires the identification of the city’s
characteristics from the point of view of the offer available, attraction and generation areas,
along with possible geographical barriers and the identification of the potential users,
residents and tourists. All these elements could help to guide the initial design or new
measures to put into practice to improve BSS performance in the short term.

In fact, studying the first two years of BSS implementation in small cities is very helpful to
be able to understand the mobility patterns of users and how to manage a BSS to obtain
successful operation in the future. Developing a BSS depending on the characteristics of the
main group of users registered during the studied period, i.e., annual or occasional users, to
achieve the desired results in the short term, and then expanding the system to other types of
users if desired, is recommended. Thus, studies on each group of specific users and how to
adapt BSSs to them in small cities will be the next topic to research in order to improve the
knowledge in this area and to be able to adapt better schemes to achieve efficient and
profitable results. For these studies, not only the identified critical issues should be
considered, but also how to improve cycling infrastructure, new 30 km/h zones or
communication campaigns for the development and operation of small BSSs.
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RESUMEN

En los ultimos tiempos ha cobrado fuerza en las ciudades espaiolas la necesidad de contar
con una red de carril bici con gran parte de su recorrido segregado del resto del trafico. En
paralelo, la pandemia de COVID-19 iniciada en 2020 provocd el interés de muchos
municipios por crear redes provisionales de carril bici segregadas, mediante obras que se
limitaban a alterar la senalizacion del viario. Para ambas situaciones -planificacion de una
red definitiva o una red provisional- se desarrolla un método de planificacion rapida basado
en herramientas GIS que consiste en analizar el conjunto de vias urbanas consolidadas,
recabando datos de parametros como la geometria transversal y longitudinal, la existencia
de aparcamientos o la definicion del trafico en su seccion tipo. A partir de los datos se obtiene
el conjunto de calles que estan en condiciones de ser modificadas para introducir en ellas un
carril bici sin alterar el esquema circulatorio previo. El método se aplica a la zona centro de
la ciudad de Gijon, Espana.

1. INTRODUCCION

Las ventajas del empleo de la bicicleta como medio de transporte urbano son harto
conocidas, y alcanzan la sostenibilidad ambiental o la repercusion positiva en la salud de los
ciudadanos, por citar algunas (Frank et al., 2006; Gotschi, 2011; Mueller et al., 2018). Pese
a ello, Espaiia ha mostrado una fuerte reticencia a la bicicleta como vehiculo urbano. Asi, el
Eurobardmetro sobre la actitud de los europeos hacia la movilidad urbana (European Union,
2013) preguntaba la frecuencia con la que se empleaba la bicicleta, y Espafa estaba en las
ultimas posiciones (s6lo por delante de Chipre y Malta) con un 4% de los ciudadanos que
reconocian el uso diario de la bicicleta (lejos del 43% de los Paises Bajos, y de la media
europea, que se situaba en el 12%).
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Del mismo modo, en el Eurobarémetro sobre calidad del transporte (European Union, 2014)
a la pregunta “En un dia normal, ;qué modo de transporte utiliza con més frecuencia?” el
8% de los europeos citaba la bicicleta por el 3% de los espafioles, y lejos por tanto de
neerlandeses (36%), daneses (23%) o hiingaros (Plasencia-Lozano, 2021).

Sin embargo, en los ultimos afos se han puesto en marcha politicas y proyectos que
incrementan el nimero de carriles bici con el propdsito de cambiar el paradigma tradicional
de la movilidad urbana, que situaba al coche particular en el centro durante décadas. No en
vano, los informes del Observatorio de la movilidad urbana (Monzén de Céceres, Lopez
Garcia de Léaniz, Del Cuvillo, Julio Castillo, y Sanchez Sacristdn, n.d.) muestran un
incremento significativo de las infraestructuras ciclistas construidas en Espafia (Tabla 1):
Sevilla fue la primera gran ciudad en plantear una red amplia, tras el Plan Director de la
Bicicleta del 2007 (Morales Carballo, 2011); en ciudades como Madrid, Barcelona o
Alicante el incremento ha sido significativo desde el 2012, mientras que los casos de Malaga,
Granada o Tarragona prueban que aun hay ciudades reticentes al cambio.

2008 2010 2012 2014 2016 2018
Madrid
Longitud 151 151 290 447 590 601
Densidad 47 46 90 88 186 186
Barcelona
Longitud 140 159 187 558 1167 1468
Densidad 87 98 115 - 725 906
Valencia
Longitud 80 139 137 168 168 175
Densidad 99 171 172 174 212 220
Sevilla
Longitud 147 147 136 136 166 166
Densidad 210 209 194 195 240 241
Malaga
Longitud 25 30 35 - 35 44
Densidad 44 53 62 - 62 77
Granada
Longitud 9 9 9 27 27 27
Densidad 38 38 38 116 115 117
Alicante
Longitud 23 41 111 155 155 174
Densidad 69 122 332 - 469 522
Tarragona
Longitud - 6 10 11 13 14
Densidad - 42 75 76 91 99

Tabla 1 — Longitud (km) y densidad (km /millon de habitantes) de los carriles bici
construidos en algunas ciudades espafiolas. Incluyen todo tipo de carriles concebidos
para bicicletas, incluyendo calles compartidas. Fuente: Observatorio de la Movilidad
Metropolitana
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En paralelo, la irrupcion de la COVID-19 ha provocado profundos cambios en la movilidad
de nuestras ciudades (Awad-Nufiez, Julio, Moya-Gomez, Gomez, y Sastre Gonzalez, 2021).

Los nuevos habitos de transporte indican una tendencia decreciente del uso del transporte
publico, y un aumento en la movilidad en vehiculos individuales, especialmente bicicletas o
patinetes, que ha provocado la construccion de nuevos carriles bici en todo el mundo. No en
vano, durante la pandemia, las mas diversas ciudades realizaron modificaciones en el uso
del espacio publico (con mayor o menor €xito) para implantar redes de carriles bici
provisionales (Soengas, 2020): en ocasiones, la actuacion se limitaba a introducir alguna
sefal vertical y a disponer sefializacion horizontal, pintando sobre la propia calzada o acera
(Abad, 2020). Aparentemente, no habia un trabajo previo de planificacion.

Figura 1 — Carriles bici provisionales construidos en diversas ciudades durante la
pandemia: Oviedo (Abad, 2020), Vigo (Vila, 2020), Barcelona (Blanchar, 2020) y Berlin
(Redaccién).

La planificacion en detalle de una red de carril bici, dentro de una estrategia amplia de
movilidad es una tarea compleja que implica muchas horas de trabajo. El espacio publico en
los centros urbanos suele ser escaso y por ello la introduccion de una nueva malla de
transportes (el carril bici) implica la reduccion o eliminaciéon de alguno de los usos
existentes. En tiempos recientes, se han desarrollado métodos para poder realizar determinar
con eficacia una red (Koh y Wong, 2013; Winters, Davidson, Kao, y Teschke, 2011), entre
los que destacan aquellos derivados del método BLOS (Bicycle Level of Service)
desarrollado por el Transportation Research Board, que evaluan las condiciones de las vias
urbanas para incorporar un espacio ciclista (Terh y Cao, 2018).
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En paralelo, las herramientas GIS estan revolucionando la planificacion gracias a la
capacidad que ofrecen para plasmar informaciéon diversa en relacion a una realidad
territorial.

En esa linea, creemos interesante desarrollar una metodologia rapida de planificacion que
pueda ser usada tanto para realizar una primera evaluacion de red, dentro de un proceso
prolongado de planificacion integral de la movilidad urbana, como para determinar con
rapidez la viabilidad o no de poder implantar una red de carril bici de forma provisional sin
afectar especialmente a los esquemas de circulacion de vehiculos privados. Esta metodologia
se realizara con herramientas GIS, a partir de datos publicos y de otros datos recabados en
trabajo de campo.

El propdsito sera, por tanto, evaluar si las condiciones geométricas del conjunto de calles
permitiran introducir un carril bici en ella sin afectar al esquema de circulacion ya existente.

Aquellos ayuntamientos que deseen introducir una red provisional mediante la insercion de
sefalizacion vertical y horizontal pueden encontrar util este método para analizar si puede
plasmarse con rapidez una red valida que no afecte al esquema circulatorio; aquellos
consultores que estan realizando un plan de movilidad pueden encontrar valido el método
para determinar, a priori, qué conjunto de calles son las idoneas para intervenir en ellas
introduciendo un nuevo carril bici.

El método desarrollado se aplica a la zona centro de Gijon, ciudad de tamafio medio situada
en el norte de Espana, donde la red de carril bici se encuentra atn poco desarrollada pese a
que ya hay planes para ampliarla (Ayuntamiento de Gijon, 2021).

i mA A [ S

Figura 2 — Ubicacion de Gijén y area de estudio.
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2. METODO

El método desarrollado se basa en la recopilacién de datos y en el uso posterior de una
herramienta GIS para tratarlos y analizarlos.

En primer lugar, se seleccionan una serie de guias de disefio y publicaciones de referencia
relacionados con la planificacion y disefio de carriles bici. Las publicaciones de referencia
son: el Manual CROW (2011), el Cycle Infrastructure Design del Department for Transports
(2020); Focus on cycling, de Copenhague (2013); Cycle concepts, de Dinamarca (Andersen
et al., 2012); el manual Sustrans (2015); las recomendaciones incluidas en el Plan Andaluz
de Bicicleta 2014-2020 (2014); y las Recomendaciones para el proyecto y disefio de viario
urbano del Ministerio de Fomento de Espafia (2000). En ellos se buscan los valores
recomendados para los siguientes parametros: pendiente maxima de la calle; anchura
necesaria para un carril bici adosado al viario al mismo nivel; velocidad maxima del trafico
rodado en la calle; tipo de pavimento; idoneidad o no de coexistencia de la bicicleta en calles
peatonales. Los valores obtenidos seran cotejados con los valores reales de las calles
incluidas en la zona de estudio, y permitiran determinar qué tramos viales cumplen con
criterios teoricos.

En paralelo, se determina el valor minimo que pueden tener las distintas bandas de las
distintas zonas: aparcamiento y calzadas; para ello se emplea como referencia las
recomendaciones para el proyecto y disefio de viario urbano del Ministerio de Fomento de
Espana. Con estos valores se podra determinar qué espacios actuales pueden ser sustituidos
por carriles bici futuros sin modificar el esquema de circulacidon existente: esta sera la
premisa minima que debe cumplir la red de carril bici resultante. Para realizar el analisis se
emplea el software libre QGIS, que permite introducir el viario junto con los valores reales
y realizar asi el estudio de cada tramo de calle. Finalmente, se analiza el viario resultante, y
se extraen conclusiones.

3. RESULTADOS

3.1. Datos procedentes de documentos técnicos

En primer lugar se realiza la comparacion de los valores otorgados por los documentos
técnicos utilizados a los diferentes pardmetros (Tabla 2). Se observa que la pendiente
maxima admisible suele establecerse en el 5%. Con respecto al tipo de pavimento, se
consideran adecuadas las superficies suaves como las mezclas bituminosas o incluso el
hormigon, y se desaconseja el empleo de adoquines.

En cuanto a la anchura adecuada para un carril bici adosado a una via con trafico, sin
separacion fisica, se ha buscado informacion para dos casos: carril bidireccional y carril
unidireccional.
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La opcion de disponer un carril bici bidireccional adosado a uno de los sentidos es desechada
porque las publicaciones analizadas lo desaconsejan o ni siquiera lo consideran.

En cuanto a la opcion de disponer un carril bici unidireccional adosado a cada uno de los
sentidos, se establece que el valor minimo es de 1,5 m, con lo cual el total de la calzada a
ocupar sea de 3,0 m. Otro pardmetro importante para la seguridad de circulacion es la
velocidad maxima admisible de la circulacion rodada de la calle cuando no existe una
separacion fisica clara. En general, los manuales no recomiendan un carril bici adosado en
calles donde se circule a mas de 50 km/h, y se decide que esa velocidad sea el limite maximo
admisible. En calles con una mayor velocidad de circulacion admisible si se podria introducir
el carril bici igualmente, pero tendria que limitarse la velocidad a 50 km/h.

Finalmente, se evalua la posibilidad de incluir bicicletas en calles peatonales. En los
documentos técnicos consultados no se recomienda cuando hay bastante afluencia de
peatones. En Gijon no hay aforo de peatones: por ello se decide no utilizar las calles
peatonales dentro de la malla.
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5% maximo 5%, maximo 5% maximo 6% maximo 5% maximo 7% maximo
Pendiente de la calle recomenda recomenda - recomenda recomenda recomenda recomenda
ble ble ble ble ble ble
Caso de
Anchode  un carril .
. . No No Minimo 2,5 No
un carril bici i - - - . .
. o . recomienda recomienda m recomienda
bici bidirecci
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aun Minimo 1,5
) Caso de » iy » . iy
carril con " m; Minimo 1,5 Minimo 1,6 Minimo 1,5 Minimo 1,5 Minimo 1,8
un carri
trafico al bici adecuado m; m; Minimo 1,5 m; m; m;
ici
mismo di 2,0m; adecuado 2 adecuado m adecuado 2 adecuado adecuado 2
unidirecc
nivel . maximo 2,5 m 2,2m m 1,8m m
jonal
m
Prohibido
. en vias > 50 .
Prohibido Prohibido
. . ) mph. Poco B
Velocidad del trafico en vias > 70 en vias > 55 - -
recomenda Prohibido Prohibido
rodado en la calle en km/h. Poco i km/h. Poco ., i
L . ble en vias - envias>40  envias>50 -
un carril bici al mismo recomenda recomenda
) ) > 30 mph. i mph km/h
nivel ble en vias ., ble en vias
Precaucion
>50 km/h i >35km/h
en vias > 20
mph
Asfalto
bien; Asfalto Asfalto Asfalto Asfalto Asfalto
. . . . Asfalto . .
i . hormigén bien; bien; bien; X . bien; bien;
Tipo de pavimento . . i obligatorio . .
adecuado; adoquines adoquines adoquines adoquines adoquines
. en rampas
adoquines mal mal mal mal mal
mal
Sélo si hay
Hasta 300 X
menos de Desaconse;j
Calles peatonales. peatones
. i 100 aeluso
Espacio compartido por hora, - . - - -
, peatones mixto en
con el peaton. en calle de
por horay general
3m
por metro
Sélo si hay
Hasta 300 X
menos de Desaconse;j
Calles peatonales. peatones
. . 100 aeluso
Espacio compartido por hora, - . - - -
, peatones mixto en
con el peaton. en calle de
por horay general
3m
por metro

Tabla 2 — Parametros obtenidos en los documentos técnicos consultados.
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3.2. Anchuras minimas de las franjas de espacio viario. Arbol de decision
Una vez cuantificados los valores adecuados para los pardmetros se determinan las anchuras
minimas que presentan las distintas franjas de espacio viario ocupado por los vehiculos.

Para ello se toman los valores minimos establecidos por las Recomendaciones del Ministerio
de Fomento, como documento de referencia en Espana (Tabla 3). Gracias a ello, podra
decidirse qué espacios de tipo calzada o aparcamiento pueden ser sustituidos por sendos
carriles bici unidireccionales.

Espacio Ancho (m)
Carril bici unidireccional. Un carril de 1,5 m por cada sentido 3m
Aparcamiento en linea 2m
Aparcamiento oblicuo 30° (mds restrictivo que oblicuo 45° o0 60 °) 3,6m
Calzada 3m

Tabla 3 — Anchura minima de los diferentes espacios urbanos.

A partir de esos datos se establece un arbol de decision (Figura 3). Se establece que la
modificaciéon menos contundente es la sustitucion de un carril de calzada por dos carriles
bici unidireccionales, siempre y cuando uno de los sentidos de la calle tenga més de un carril.

Con ello se logra no alterar el sistema de circulacion existente y tampoco disminuyen las
plazas de aparcamiento ofertadas. Una modificacion que altera algo mas el statu quo de la
calle seria eliminar plazas de aparcamiento. Se tiene asi que una calle con dos lineas de
aparcamiento puede ver sustituidas dichas lineas por dos carriles bici unidireccionales.

Asimismo, una fila de aparcamiento oblicuo puede ser sustituida también por dos carriles
bici.
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¢Hay mids de una . Una calzada se
calzada? convierte en CB

El aparcamiento es Se podra realizar
solo una fila en algiin tipo de
linea modificacion

N2 de sentidos de la dHay
calle aparcamientos?

No puede hacerse
carril bici

¢Hay mds de una
calzada en alguno
de los sentidos?

Una calzada se
convierte en CB

Figura 3 — Arbol de decision.

3.3. Andlisis con QGIS

Como consecuencia de los pasos anteriores, se generan una serie de capas en QGIS que
recogen los distintos parametros. Las pendientes de la zona de estudio son adecuadas para
la circulacién en bici, salvo en la zona sur. En relacion a los pavimentos, s6lo se aprecian
adoquines en el conjunto de calles de la peninsula de Cimavilla, asi como algunas vias en la
zona central y occidental presentan adoquines. Del mismo modo, se ha comprobado que
todas las calles del ambito tienen limitada la velocidad méxima permitida a 50 km/h; por
tanto este parametro lo cumple todo el conjunto. Por ultimo, se han determinado el conjunto
de calles de tipo A, B y C en funcion de lo definido en el apartado anterior. Se puede
comprobar que la mayor parte de las vias de la zona occidental son C, mientras que en la
mitad oriental son de clase B. Las vias tipo A quedan reducidas a algunos tramos puntuales.
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.y |

Figura 4 — Datos de pendientes, tipo de pavimento, velocidad maxima permitida y tipos
de calles (A, B o C, en funcién del arbol de decision citado).

A partir de estos resultados se establece una clasificacion de vias (tipos 1, 2 y 3; Tabla 4) y
se determina el conjunto de vias aptas para trazar la red de carriles bici (Figura 5). Se observa
que en el ambito no hay calles tipo 2. El esquema resultante pone de manifiesto que seria
factible realizar una ampliacion notable del carril bici en la zona este; asimismo, podria
realizarse una conexion con la zona oeste. Ademas, se comprueba que es inviable introducir
un carril bici adecuado en la zona central de la ciudad sin modificar el esquema de
circulacion de la ciudad.

Tipo Descripcion Detalle

Pendiente menora 5%
y pavimento bituminoso
Tipo 1 Vias iddneas para la circulacion en bicicleta y velocidad maxima de
50 km/hy ser de tipo A
oB

. ) o Pendiente menor a 5 %,
Vias a las que se puede incorporar un carril bici )
o o 0 pavimento
) segregado, pero incdmodas para el ciclista por ] ]
Tipo 2 ) ) o ) ] adoquinado, y velocidad
incumplir un criterio (pendiente excesiva o o
) ) maxima de 50 km/hy
pavimento inadecuado) )
serdetipoAoB

Vias a las que no se puede incorporar un carril bici Tipo C.
sin modificar el esquema de circulacién actual. Tipo Ay B con
Tipo 3 Vias a las que se puede incorporar un carril bici, pendientes iguales o
pero son excesivamente incémodas por tener mayoresa 5 %y
pendiente excesiva y pavimento inadecuado pavimento adoquinado

Tabla 4 — Tipos de calles, en funcién de la idoneidad o no para albergar un carril bici
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Clasificacion
e Clase 1

w— Clase 3

= Zona de estudio

Figura 5 — Vias en las que se podria insertar un carril bici
4. DISCUSION Y CONCLUSION

Los nuevos paradigmas de movilidad en los nticleos urbanos, aceleradas por la pandemia
asociada a la COVID-19, han provocado un interés creciente de las ciudades hacia la
planificacion de redes de carril bici segregado del trafico rodado, provisionales o
permanentes. Este texto propone un método de evaluacion rapida de las condiciones actuales
del viario urbano que permite determinar con facilidad qué vias son aptas para introducir en
ellas un carril bici segregado, de doble sentido, adosado a los carriles de circulacion.

El andlisis de diversos documentos técnicos de referencia ha permitido establecer las
condiciones minimas requeridas por un carril bici segregado de doble sentido en un entorno
urbano: una pendiente menor a un 5%; una anchura de 3 m; una velocidad maxima de 50
km/h en los carriles de trafico rodado aledafios; un pavimento suave (hormigén o mezcla
bituminosa). Se ha observado que, en general, hay notables similitudes entre ellos a la hora
de determinar los valores recomendados y no recomendados de los pardmetros.

Ademads, a partir del estudio de las anchuras minimas de carriles bici, bandas de
aparcamiento y carriles de circulacion, se ha generado un arbol de decision que permite
determinar la aptitud de una calle para ser reconfigurada con el proposito de introducir en
ella un carril bici, y que por tanto es otro de los resultados de esta investigacion. El criterio
tomado ha sido el de sustituir bandas de aparcamiento o carriles de circulacion (cuando hay
mas de uno en alguno de los sentidos) por un carril bici de doble sentido.
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El método desarrollado se ha aplicado en la zona centro de Gijon. Los resultados han
permitido mostrar su aplicabilidad para la planificacion futura de carriles bici en centros
urbanos, donde las calles suelen ser més estrechas que en las periferias y los aparcamientos
escasean, y para la generacion de mallas provisionales como las surgidas durante la
pandemia, consiguiendo asi aumentar el espacio publico destinado a la bicicleta. Del mismo
modo, el método podria aplicarse para otros propésitos, como el aumento de la superficie de
espacio publico destinado al peaton.

Los resultados particulares de Gijon permiten también caracterizar el carril bici ya existente.
Asi, se ha comprobado que el carril bici actual discurre por calles particularmente anchas
(de Clase A, seglin el método empleado), con pendientes inferiores al 2 % y con una
velocidad de trafico rodado limitada a 50 km/h. Es decir, el viario por donde discurre el carril
bici es idoneo para albergarlo, segiin nuestra investigacion.

En relacién con la malla obtenida tras la aplicacion del método en Gijon, se observa que un
numero relevante de calles analizadas si podria albergar un carril bici segregado, y por ello
podria ser sencillo realizar una ampliacion provisional o permanente de la actual malla
urbana para las bicicletas.

También se observa un posible recorrido de union entre el Este y el Oeste de la ciudad que
podrian completar la red de carril bici y prolongarlo a las zonas aledafias. En la zona mas
céntrica se acumulan calles que no permitirian introducir el carril bici sin realizar un estudio
detallado que comprendiera el estudio de la presencia de garajes y accesos rodados a
determinados negocios (talleres, aparcamientos de pago...) para redefinir el sistema
circulatorio actual, y sin un estudio geométrico particular de cada via. El método, asi, ha
permitido restringir la necesidad de realizar dicho estudio detallado a menos de la mitad de
las calles del ambito, con el consiguiente ahorro en tiempo.

En vista a futuros estudios sobre redes de carril bici en centros urbanos, podrian tenerse en
cuenta algunos parametros adicionales como las servidumbres citadas (garajes, talleres, etc.),
el porcentaje de vehiculos pesados que circulan por cada calle, que podria afectar al confort
de los ciclistas en el caso de ser muy elevado, los radios de giro en las intersecciones (muy
importantes para los ciclistas), etc. Otra investigacion futura que se desprende de ésta es la
aplicacion de este mismo método en otras ciudades de tamafo similar a Gijon para realizar
una comparacion de los pardmetros obtenidos en cada una de ellas, de este modo, se podra
caracterizar cada una de las ciudades y encontrar similitudes entre ellas.
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ABSTRACT

Bike sharing systems (BSS) have gained great acceptance in many cities arround the world.
Since the deployment of the first system, many cities promote the public bike not only as a
sustainable mode of transportation, but also as a way to make visible the use of bicycles in
urban environments. Four generations of BSS with great advances in between are
recognized. BiciMAD in Madrid is one example of the last generation. A system deployed
in mid-2014 with 1,560 bicycles and 123 stations.

During the early stage, TRANSyT-UPM conducted a series of studies to identify the
intention of use, before the system deployment, and the user satisfaction and the relation
between the use intention and real adoption, after the deployment. Since the last study in
2016, the system experienced some substantial changes and improvements in order to
subsist.

Now that the system has reached its maturity, we conducted a survey in May of 2019, to
study the evolution in the user satisfaction with the main factors that conditioned the success
of BiciMAD. We asked subscribers, occasional users and non-users about their satisfaction
with the elements of the system obtaining over 6,500 valid responses.

First, we compare the results obtained in previous surveys (2015 and 2016) with the latest,
in order to identify changes in user profile and the conditioning factors for bike-sharing use.

Our results suggest that there are external and internal characteristics of the system that made
it successful. For instance, the electric pedaling assistance is an attribute positively valuated
that make user consider the streets slope unimportant. Also, the system had achieved some
important goals, such as reduce the total trips in private car of the subscribers and not
deterring users from walking.
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1. INTRODUCTION

The phenomenon of urbanization, driven by the continuous rise in the population moving to
cities, is prompting public authorities to pay more attention to the design, operation and
management of urban transportation systems (Banister, 2005; Goldman & Gorham, 2006).

Therefore, transportation professionals and researchers are devoting efforts to promote
sustainable travel alternatives, such as foster the use of public transport, and active modes
such as walking and cycling, both affordable options to counter the negative effects of
private car usage.

In this line, one popular strategy implemented among many cities since the early years of
the 21 century is the installation of public bike-sharing systems (PBSS) (Fishman et al.,
2013). Bike-sharing systems have enjoyed a widespread acceptance around the world. Since
the deployment of the first system, many cities have promoted public bikes not only as a
sustainable mode of transportation, but also as a way to give bicycles visibility as a practical
mode of transport in urban environments. This popularization phenomenon is so called the
“renaissance of bike-sharing systems™ (Pucher et al., 2011 ;Shaheen et al., 2010), especially
in Europe, East Asia and North America.

PBSS have gained popularity in cities at the time they did in scientific literature. The
research on PBSS could be divided in three research lines: the history and evolution of bike-
sharing systems and the suitability of their implementation, functioning and governance;
PBSS integration in the transport network; and user satisfaction.

With this work, we aim to combine the study of the evolution of a bike sharing system, at
the time we intend to identify the key elements that made BiciMAD a successful system and
would enhance the user satisfaction. This is done by comparing the results of a series of
surveys (2015, 2016 and 2019) on some special attributes of the user profile and the factors
that influence the use of bicycles, as well as performing an Importance Performance Analysis
(IPA) and applying the Three-Factor theory (3FT) to identify the key elements of the system.

2. LITERATURE REVIEW

Bike-sharing is a relatively new concept, since the implementation of the first system in the
Netherlands in 1965. Since, the systems evolution could be divided in four generations. The
first generation, “white bikes” consisted of unlocked bicycles randomly located throughout
the city. The bicycles were painted in one bright color. They could be picked up and left
anywhere in the city, and their use was free of charge. In most of the cases where this scheme
was implemented, bikes were vandalized and the attempts were not successful. The second
generation of BSS, the coin-deposit system, was introduced in the 1990s. In this generation,
the system was properly organized by a transportation authority and some features were
introduced in order to avoid the first generation problems.
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These systems were characterized by the particular, strong construction and bright color of
the bicycles. The designated docking stations where bicycles were borrowed and returned
were also a special characteristic, and the fact that a payment was required for using the
bikes (DeMaio, 2009).

These systems were mainly introduced in north European countries such as Denmark and
the Netherlands (Bachand-Marleau et al., 2012). In addition to the second generation, the
third incorporated transaction kiosks that allowed for identification of users that deter the
misuse the bicycles. These introductions succeeded in reducing theft rates as users were
subject to penalties if they failed to return the bicycles to the stations. The latest generation
of BSS is the demand responsive (Shaheen et al., 2010). The main innovations include the
solar powered stations, the use of mobile apps and smart carts, and the incentives for
automatic redistribution of bicycles.

User satisfaction is one success determinant of a provided service. The greater the increase
in satisfaction, the more likely it is that the user will continue to be a client of the service
(Anderson & Sullivan, 1993; Boulding et al., 1993; Y1, 1991). With this consideration, there
has been an increase in the analysis of the perceived quality of BSS and the keys to its
success. Manzi & Saibene, (2017) investigate the reliability of PBSS customer satisfaction
surveys and the potential of emerging technology to improve transportation systems.. Kim
et al., (2017) evaluate policy strategies for optimal PBS implementation. Alvarez-Valdes et
al., (2016) investigate the impact of bicycle distribution imbalances across stations on user
perceptions of service quality, which is one of the attributes considered in this study as
station occupancy/bicycle availability. According to Albinski et al., (2018), several factors
affect the performance of a bike-sharing scheme, but the two that have the biggest impact
on customer satisfaction are bike accessibility and pricing.. (Médard de Chardon et al., 2017)
conduct a comprehensive analysis of 75 PBSS to identify the determinants of success in
terms of number of uses per day, while (Eren & Uz, 2020) analyse external factors such as
weather, land use, PT connection and the influence of safety on bike-sharing demand.

Finally, Morton's (2018) assessment identifies how the PBSS in London will maintain or
attract new customers by improving service quality.

3. DATA AND METHODOLOGY

3.1 Case study

Madrid is the capital city of Spain. It has 3.27 million inhabitants (2019) and traditionally
was not considered a “cycling city” (Mufioz et al., 2013). Some special characteristics, such
as the lack of extensive cycling infrastructure, their inhabitants’ mobility behavior and the
hilly topography (differences in elevation of up to 200 m) make it less attractive for cyclists
than other European “cycling capitals”. However, there is a positive movement by cycling
collectives and public authorities to foster cycling. The implementation of BiciMAD.
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Madrid was the first to introduce a city-center-wide large bike-sharing fleet of pedal-assisted
bicycles in Western countries (Munkacsy & Monzon, 2018). As well as the development of
segregated cycling infrastructure — 282 km in 2018 (MITECO, 2020) —, the prioritization of
roads in the city center for cyclists and pedestrians and active campaign strategies for raising
awareness of the benefits of cycling are encouraging people to cycle.

BiciMAD, Madrid’s public bike-sharing system, was implemented in 2014. BiciMAD was
originally deployed in the inner and denser districts of Madrid with approximately 15,000 to
30,000 inhabitants per km2. At that time the system had 123 stations and 1,560 bicycles; the
system has now grown to 258 stations, 2,964 bicycles and over 60,000 subscribers.

BiciMAD was a pioneer of demand-responsive systems (Munkéacsy & Monzén, 2017). Its
general configuration is:

e The first city-wide bike-sharing system with electric pedal-assisted bicycles only
(pedelecs)

e The whole fleet is GPS tracked

e Minimum fee per use of €0.50, including the 30 first minutes

e User-based redistribution, rewarding users by applying a discount of €0.10 for
taking a bike from a full station and €0.10 for returning it at an empty station.

e User interface fully supported by online mobile applications and solar-powered
totems at the stations.

e Occasional user scheme, with a €4 per hour pay-by-use fee structure.

The general characteristics of BiciMAD subscribers (Ayuntamiento de Madrid, 2017) are:

e 35% woman, 65% men

e 40% between 30 and 40 years old, 25% between 20 and 30 years old

e 85% have a university degree, 13% general certificate of education or vocational
studies, and 2% primary or secondary studies

3.2 Data collection

This research is based on data collected in a series of surveys. The first conducted in 2014,
with 1859 responses, the second in 2015 with 430 responses, the third in 2016 with 336 and
the fourth and last in 2019 with 5540 valid responses. The first one at an early stage, before
the system deployment to evaluate the intention of use, the second, on year after, as part of
a before-and-after panel survey and the third to explore the effects of pedelec-sharing on
travel patterns, and the fourth to evaluate the system maturity and evolution.

The latest survey was specially tailored to evaluate the influence of specific service attributes
performance and influence over overall satisfaction. The attributes were selected ad-hoc,
considering the system particularities as recommended in the literature (De Ofia & De Ofia,
2015).
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A hybrid methodology was applied to achieve a representative sample to the four surveys.
The method combines the advantages of personal intercept interviews and online
questionnaires to fulfil the basic requirements of a survey, namely good data quality,
representativeness and minimal costs (Monzon et al., 2020).

3.3 Methodology
The first part of this study, is a comparative analysis of the results obtained with three of the
four surveys. The results of the 2014 ex-ante survey are dismissed, as the questions posed

were exclusive for this stage and do not allow further comparison. Therefore, we use only
the results of the 2015, 2016 and 2019 surveys.

For the comparative analysis, we will address only the responses given by the subscribers,
as they are more frequent users and compose the BiciMAD system orientation, rather than
occasional leisure usage.

To study the relationship between the cycling experience of the respondents and the
assessment of the factors that influence the use of bicycles the different aspects of use were
distinguished.

- Frequency of use. We have distinguished 6 discrete scales of frequency of use of the
bike. Respondents had to choose between whether they used the bike to commute daily,
sometimes a week, once a week, sometimes a month, sometimes or never. These categories
have been summarized for ease of interpretation in the results section.

- Reasons for use. The reasons for use have been analyzed from two close perspectives
but not matching:

- By forced mobility or not: we understand by forced mobility that whose motive is a
permanent and systematic daily activity such as work or study. The rest of reasons (leisure,
sports, personal affairs, shopping, others) are not required mobility.

The subjective factors that influence the use of the bicycle have been selected after a
extensive review of the literature (Fernandez-Heredia and Monzon, 2010). The factors have
been valued by respondents on a semantic Likert scale graduated in 6 levels to judge the
degree of importance between nothing, very little, little, something, very important or
fundamental.

4. RESULTS

4.1 Sociodemographic evolution

Regarding the socio-demographic characteristics of the users, it is possible to observe that
the gender distribution remains equal since the system deployment, with men slightly
overrepresented with an average of 64% versus 36% of woman.
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Figure 1. Gender and age evolution of BiciMAD subscribers

It is also possible to observe in figure 1, the aging of BiciMAD users, as all the intervals
have increased in percentage on intervals over the 35 years and reduced on the lower
intervals, from 14 to 34 years old.
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Figure 2. Academic degree and occupation evolution of BiciMAD subscribers

Regarding the academic degree, it is possible to observe that the average user of BiciMAD
is becoming more educated. Especially if we concentrate in the difference between graduate,
master and PhD. In 2015 and 2016 the majority of the sample was graduate, while in 2019
60% has a Master. This change could be explained with the introduction of the Bologna

Process, in which many careers demanded professionals to have a Master degree. The
proportions of occupations remain steady. 85% of BiciMAD users have an income, either as
employees or self-employed. It is noticeable that the percentage of students slightly
decreased, while the retired slightly increased. Coherent with the aging of the user profile.
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4.2 External factors evolution
We evaluate some external factors, general in the bicycle usage. This attributes are
considered as a the more influential for the general cyclist.

General bicycle factors

Weather
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slope
Flexibility! A;g:ge;ts
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Figure 3. Evolution of factor importance

In general, subscribers of BiciMAD pose higher importance to all the attributes in 2019,
compared with the results of previous years. Moreover, most of the factors have proportional
increase along the years. That is to say, that factors such as the street slope remain as the less
important. This might be conditioned due that BiciMAD is a fully electric BSS, then the
effort needed for cycling using the service is less than a normal bicycle, therefore in Madrid,
street slopes are not important.

The most important factors reported in the three surveys are “flexibility”, “good for the
environment” and the “accident danger”. The first received the highest score for importance.

The absence of attachments for the use of BiciMAD, such as the storage, helmet and parking
space make one of the most flexible modes for transportation in the city center of Madrid.

The good environmental perception of cycling is an important factor for subscribers, this
factor could foster the use of bicycle and the promotion of the service in this sense could
increase the use frequency.
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Figure 4. Evolution of infrastructure importance and satisfaction

In general, subscribers assign higher importance than satisfaction to Madrid cycling
infrastructures. Regarding the importance, the “separated bike lanes™ and the “safe public
parking” are the infrastructures that receive more importance from subscribers. Moreover,
BiciMAD do not require private parking places, users recognize that it is important for the
general use of bicycle among all the years when surveys were conducted. Regarding the
separated bike lanes, there is a clear change in the importance assigned to this infrastructure.

We consider that as cyclist are more familiar with sharing space with motorized vehicles, at
the time there are more separated bike lanes than when the two first surveys were conducted.
Therefore, this attribute is less important that at the beginning of the service introduction. It
is possible to observe that the parking and showers at work and study places are gaining in
importance, this is probably due to the popularization of cycling, then users demand better
conditions on the facilities they regularly use.

There is a steady increase in satisfaction with all the infrastructures along the years. This
might be due to a combination of familiarity with the bicycle usage, and the improvements
in this regard.
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4.2 Changes in use frequency and travel patterns

Use frecuency evolution
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Figure 5. Evolution of use frequency

The frequency of use has reduced in general for all the purposes. It is notorious that the most
intensive use categories have reduced significantly when, especially when it comes to the
daily and sometimes a week frequency. If we focus on the work/study purposes, the
percentage of daily use drops from 45% to 22%. The sometimes a week use for shopping
reduces constantly all the years, from 17% in 2015 to 7% in 2019. Similar drops in use
frequency could be observed for errands (26% in 2015 to 12% 2019), for visits (23% in 2015
to 12% in 2019), leisure (25% in 2015 to 12% in 2019) and go out by night (13% in 2015 to
7% in 2019).

The category that increases the most among the trip purposes is sometimes. It is worth of
further studies to investigate the possible reasons for the drop in frequency of use, as well as
to analyze the evolution of the number of subscribers
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Figure 9. Evolution in travel patterns since the BiciMAD deployment

The respondents claim that they reduced their usage of public transport, this is possible to
observe on a steady tendency since 2015 to 2019, if we focus on the values of much less and
less putted together. This could be considered as a drawback of the BSS, as the purpose is
not to take users out of the public transport, but from private vehicles, especially from the
car.

In this regard, it is possible to observe that car usage also decreased from a 40% in 2015, up
to a 48% in 2019, if we put together the values of less and much less together. A positive
outcome of the implementation of the BSS.

There is a slightly increase in the use of the private bicycle, from around the 3% in 2015 to
7% in 2019. This positive effect is also compensated with the drop from 39% in 2015 to the
33% in 2019.

It is also positive that the walking passed from a 66% of reduction in 2015 to 46% in 2019.
This is an indicator that the fee per use is effective when deterring the subscribers to take a
bicycle that they could do walking. Indeed, it is possible to observe that from 2014 and 2015,
the percentage of users that walk more since they subscribed to BiciMAD passed form
around 5% to 15%.

Since 2015, less subscribers declare that the total travel time have reduced. A similar result
with the trip distance, that almost remain steady since 2015.
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4. CONCLUSIONS

As a result of the comparative analysis, it is possible to observe that there is significate
change in some attributes and related with the user profile, perception of cycling factors and
service use behavior and mobility patterns. This could be considered as conditioning factors
for the evolution of BiciMAD system.

The profile of the user remains steady in most of the attributes, except the age and the
academic degree, where is possible to observe the ageing of the subscribers, as well as
possible effects of the Bologna Program, as there is a higher percentage of users with a
master degree.

Pedelec bicycles are an influential factor of success. Due to this feature, the users assign
little importance to the slopes of the streets in Madrid.

It is worthy to study the possible reasons for drop in use frequency, and if this is related with
the number of daily use, and overall system performance in terms of Trips per Day per Bike
(TDB) (Médard de Chardon et al., 2017). It is possible as well that user’s perception of the
use intensity would be due to the familiarity with the system, then their perception of use
intensity is less than the reality. To conduct this verifications, it would be worthy to analyze
the data of use intensity and number of subscribers in the system, as the administration claim
that this values have stabilized in nearly 8 TDB and the number of subscribers is nearly
63,000.

The system has double effect over cycling, as it is possible to observe an increase in use of
private bicycles, maybe because more users realize that it is possible to move by bicycle in
Madrid, then are encouraged to start using it. At the same time, it reduces the usage on others,
possibly because the convenience of BiciMAD, as there is no need of storage, maintenance,
and other issues related to a bicycle ownership.

BiciMAD achieved the goal of not deter subscribers from walking, or at least reduce the
number of users that stopped in 2015, that was much higher than in 2019.

Based on the results of this study, we identify a research gap, on the reasons conditioning
the decrease in use frequency and its relationship with the above mentioned factors and the
data from the service administration. This future research line could be conducted by
performing and ordered logistic regression to understand the influence of each common
variable among the three waves of surveys with the use frequency.
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RESUMEN

El comportamiento de los ciclistas es esencial a la hora de evaluar la seguridad vial de una
carretera convencional con una alta demanda ciclista y, especialmente, a la hora de proponer
mejoras en este tipo de carretera. Para su analisis, una de las principales variables es la
Percepcion Subjetiva de Riesgo (PSR) que manifiestan los ciclistas ante determinadas
configuraciones de la infraestructura, ya que esta puede condicionar su manera de circular.

En este estudio se presenta una nueva metodologia para obtener datos de PSR de ciclistas,
basada en encuestas y en realidad virtual. Para ello, se ha preparado una sala con el siguiente
equipamiento: una bicicleta sobre un rodillo de entrenamiento, unas gafas de realidad virtual
y un video wall. En estas instalaciones, 26 ciclistas, con diferente experiencia en circulacion
por carretera, han recorrido 10 tramos de carretera convencional con diferentes
infraestructuras ciclistas, con las correspondientes intersecciones, que fueron previamente
grabadas con camaras 360°.

Durante cada recorrido, los ciclistas manifestaron su PSR para cada uno de los elementos
que componian los diferentes tramos recorridos, valorando el riesgo de 1 a 5. Asimismo,
valoraron en una escala de 1 a 7 el grado de inmersion al realizar los recorridos con las gafas
de realidad virtual (sistema inmersivo) y con la video wall (sistema semi-inmersivo).
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Los resultados del estudio han permitido identificar qué elementos de la carretera y
configuraciones de esta son considerados mas y menos peligrosos por los ciclistas, asi como
las diferencias que hay entre ciclistas dependiendo de su grado de experiencia en la
circulacion por carretera. Estos resultados seran la base para valorar el potencial impacto de
posibles medidas de seguridad vial en su comportamiento y su percepcion del riesgo.

1. INTRODUCCION

De acuerdo con el Anuario Estadistico de Accidentes 2019 de la DGT, en 2019 fallecieron
48 ciclistas en vias interurbanas y 2363 resultaron heridos en accidentes de trafico siendo el
90% de ellos hombres. Esta cifra que ha ido aumentando progresivamente en los ultimos
afos, a diferencia de lo que ocurre con los accidentes con vehiculos motorizados que ha
disminuido progresivamente. De los 2530 accidentes con victimas con bicicletas
involucradas, 567 se produjeron debido a infracciones de los conductores, mientras que en
1023 no se produjo ninguna infraccion. Por lo que es posible que una de las causas sea la
infraestructura.

Este aumento en la siniestralidad relacionada con la bicicleta estd relacionado con un
aumento también en su utilizacion. De hecho, de acuerdo con el barémetro de la bicicleta en
Espana de 2019, desarrollado por GESOP para la DGT, alrededor de 9 millones de espafioles
utiliza la bicicleta semanalmente y mas de 4 millones la utiliza alguna vez en los
desplazamientos por trabajo o estudios.

Por todo ello, es importante considerar la circulacion ciclista a la hora de evaluar la seguridad
vial de una carretera convencional con presencia de bicicletas, asi como en el momento de
implementar medidas para la mejora de su seguridad. El desafio es conocer el
comportamiento que los ciclistas tienen en la carretera y este aspecto estd intimamente
relacionado con el riesgo que perciben al circular por ella, representado por su Percepcion
Subjetiva de riesgo (PSR).

Para el andlisis del comportamiento de los ciclistas en carretera pueden utilizarse
metodologias de toma de datos basadas en grabaciones desde camaras fijas (Silvano, 2015),
en el uso de bicicletas instrumentalizadas (Lopez et al., 2020) o incluso de simuladores de
conduccion (Thorslund y Lindstrom, 2020). Sin embargo, con camaras unicamente se
obtienen datos del comportamiento ciclista en una localizacion concreta y no se dispone de
informacion sobre la percepcion del riesgo de los ciclistas. En el caso de las bicicletas
instrumentalizadas puede disponerse del dato de la percepcion subjetiva del riesgo de los
voluntarios que las conducen, pero la muestra es reducida. Esta metodologia es mas idonea
para el analisis del comportamiento de los conductores que interaccionan con la bicicleta.
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Mientras que, en el caso de los simuladores de conduccion, generalmente los escenarios son
reducidos por la carga que supone su modelizacion. Por ello, para llegar a una mayor muestra
y aumentar la casuistica, se recurre, en ocasiones, a las encuestas, muy utilizadas en la
planificacion para conocer las preferencias de los usuarios.

En este sentido, Monsere et al. (2012) evaluaron el nivel de aceptacion de una nueva
infraestructura ciclista tanto de ciclistas, como también de peatones y de conductores de
vehiculos motorizados.

Posteriormente, McNeil et al. (2015) utilizaron esta misma metodologia para analizar el
grado de comodidad que sentirian los ciclistas al circular por infraestructuras ciclistas con
diferentes elementos de separacion con el trafico motorizado, mostrando estas
configuraciones en imagenes de escenarios simulados. Por su parte, Ng et al. (2017)
centraron su investigacion, basada en una encuesta, en el grado de seguridad declarado por
ciclistas ante imagenes de diferentes configuraciones de intersecciones no sefializadas y con
diferentes maniobras. Los resultados de estas encuestas, aunque con una alta participacion,
son aplicables a una poblaciéon muy limitada y podrian no ser extrapolables a otros paises
por la diferencia de comportamiento y de percepcion del riesgo y comodidad de los usuarios
de diferentes paises e, incluso, regiones.

En Espafia, Lopez et al. (2019) llevaron a cabo una encuesta online sobre habitos, situaciones
de riesgo, cumplimiento de la normativa y percepcion de los ciclistas ante diferentes medidas
de seguridad vial y diferentes disefios de la infraestructura, tanto en cuanto a seccion
transversal como disefio de intersecciones. En este caso, la encuesta también estuvo basada
en imagenes, algunas fotografias de ubicaciones reales y otras simuladas.

Los resultados de estas encuestas al referirse a imagenes aisladas reflejan la percepcion del
riesgo mostrada por los ciclistas teniendo en cuenta mas su experiencia anterior que el riesgo
que pudieran suponerles las configuraciones reales.

El objetivo del estudio que se presenta es el desarrollo de una nueva metodologia basada en
entrevistas a voluntarios durante la realizacion de una serie de recorridos en una bicicleta de
carretera sobre una bancada mientras visualizan los recorridos con gafas de realidad virtual
y en PowerWall, mostrando asi una percepcion del riesgo que se ajusta mas a la realidad.

2. METODOLOGIA

2.1 Seleccion de los tramos

El objetivo de la investigacion es analizar la percepcion del riesgo de los ciclistas ante
diferentes configuraciones de la infraestructura ciclista en carreteras convencionales,
incluyendo el tronco de las carreteras, asi como también las intersecciones. Por ello, la
seleccion de los tramos sobre los que realizar las entrevistas a los voluntarios se basé en
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identificar tramos de carretera con conocida afluencia ciclista en la provincia de Valencia,
con diferentes disefios de seccion transversal y equipamiento préximos a intersecciones.
Ademas, teniendo en cuenta que cada voluntario realizaria 10 recorridos y que el tiempo
maximo del total no deberia superar los 15 minutos, en la seleccion de los tramos se
consider6 la necesidad de que cada recorrido pudiera realizarse en no mas de 1.5 minutos.

Teniendo en cuenta estas consideraciones, se seleccionaron para el analisis seis glorietas y
dos intersecciones, para analizar la percepcion del riesgo en ellas y en los tramos de carretera
que en ellas concurren. A continuacion, se muestra un analisis somero de cada uno de los
recorridos seleccionados.

2.1.1 Glorieta CV-333/ CV-25

La glorieta en la que confluyen la CV-333 y la CV-25 dispone de un tnico carril en su anillo
central y seis entradas/salidas, tres de ellas se corresponden con las vias citadas, una
corresponde a una via acondicionada para trafico de vehiculos motorizados circulando a baja
velocidad y dos corresponden a vias de menor entidad, teniendo una de ellas un carril bici
paralelo.

En su entorno se han seleccionado dos recorridos (Figura 1):

e RI1.1: comienza en el carril bici segregado paralelo a la CV-25, cruza la interseccion
por el paso ciclista habilitado en la rama sur y se incorpora a la via de trafico mixto,
para continuar hacia el norte.

e RI1.2: comienza por la via de servicio paralela a la CV-25, se incorpora a la glorieta
por la entrada de vehiculos motorizados y realiza la glorieta completa para

incorporarse a la rama sur de la CV-333.

2.1.2 Glorieta CV-25

La glorieta en la que confluyen la CV-25 y el acceso al municipio de Olocau dispone de dos
carriles en su anillo central y cuatro entradas/salidas, dos de ellas se corresponden con la
CV-25, una con la entrada al municipio de Olocau y otra con una con un camino.
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En su entorno se han seleccionado dos recorridos (Figura 2):

e R2.1: comienza desde el oeste por el carril bici adosado a la CV-25 (separado por
bordillos y bolardos), cruza la glorieta por el cruce diseiado para tal efecto y continua
por el carril bici hacia el norte.

e R2.2: transcurre desde el oeste hacia el norte por la CV-25, circulando por el arcén de
la calzada de la carretera e incorporandose a la glorieta junto con el trafico

motorizado.

Fig. 2 — Recorridos R2.1y R2.2

2.1.3 Glorieta e interseccion T CV-333/ Urb. Torre Porta Coeli

El tramo seleccionado estd delimitado por una glorieta y una interseccion en T. La glorieta
dispone de un tnico carril central y cinco entradas/salidas, dos se corresponden a la CV-333,
una al acceso a la Urbanizacion Torre Porta Coeli y dos a vias de menor entidad. Por su
parte, la interseccion en T, canalizada y con carriles centrales de espera, constituye el acceso
sur a la citada urbanizacion.

En su entorno se han seleccionado dos recorridos (Figura 3):

e R3.1: comienza en la via de trafico a la altura de la glorieta, cruza la misma por el cruce
disefiado para ello y se incorpora al carril bici segregado, circulando hacia el sur hasta
llegar a la interseccion, que cruza por el cruce habilitado para ciclistas.

e R3.2: comienza en el acceso de la glorieta correspondiente a la via de trafico mixto,
realiza la glorieta por el anillo de la misma en convivencia con el trafico motorizado,
para continuar por el arcén de la CV-333 y girar a la derecha en la interseccion.
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Fig. 3 - Recorridos R3.1y R3.2

2.1.4 Glorieta CV-310/ CV-305y glorieta CV-310 / Urbanizacién Mont Ros

El tramo esta delimitado por dos glorietas. La glorieta situada mas al norte une las carreteras
CV-310 y CV-310, disponiendo de dos carriles en su anillo central y 4 vias confluyentes,
dos de ellas se corresponden con la CV-310, en la que en su rama norte se dispone de una
via de servicio paralela y en la sur un arcén coloreado, una con la CV-305 y otra con una via
de menor entidad.

En su entorno se han seleccionado dos recorridos (Figura 4):

e R4.1: comienza al sur de la glorieta norte, transcurre por el arcén coloreado que finaliza
en dicha glorieta y la cruza en convivencia con el trafico motorizado.

e R4.2: comienza al norte de la glorieta norte, en la via de servicio, se incorpora a la
glorieta para atravesarla junto con el trafico motorizado, se incorpora al arcén coloreado
de la rama sur de la CV-310, que finaliza unos metros antes de llegar a la glorieta,
volviendo a mezclarse con el trafico motorizado para atravesar la glorieta sur.
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2.1.5 Glorieta CV-315/ CV-305 e interseccion CV-305 / Urbanizacion Bonanza

El tramo estd delimitado por la glorieta que une las carreteras CV-315 y la CV-305 y la
interseccion que da acceso a la Urbanizacién Bonanza desde la CV-305. La glorieta dispone
de dos carriles en su anillo central y cuatro patas, tres de ellas se corresponden con las
carreteras que une y una con el acceso a una urbanizacion, mientras que la interseccion en T
da acceso desde la CV-305 a la Urbanizacion Bonanza, siendo canalizada y con carriles
centrales de espera.

Entre ellas, se han seleccionado dos recorridos (Figura 5):

e RS5.1: comienza al este de la interseccion, circulando por el arcén coloreado, cruza la
interseccion, donde el ciclista tiene prioridad de paso, y se dirige a la glorieta, en cuyo
acceso el arcén coloreado para a carril bici segregado, para volver a convertirse en arcén
coloreado al norte de la glorieta.

e RS5.2: comienza al norte de la glorieta, circulando por arcén coloreado, atraviesa la
glorieta por un carril bici segregado, que se convierte de nuevo en arcén coloreado al
sur de la misma.
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2.2 Grabacion de los recorridos
Los 10 recorridos seleccionados fueron grabados con una bicicleta instrumentada, equipada

con una camara Nikon KeyMission 360, que cuenta con dos objetivos ultra gran angular a
cada lado de la camara, que se combinan para crear el entorno 360° (Figura 6).

Fig. 6 — Camara Nikon KeyMission 360

A pesar de que la camara ya cuenta con una funciéon de reduccion de la vibracion, fue
necesario utilizar un estabilizador tras comprobar en el primer recorrido que los movimientos
de la camara recogidos en el video no permitian una visualizacion adecuada para la
realizacion de las pruebas, especialmente con las gafas de realidad virtual.

El estabilizador utilizado fue el G360 Panoramic Camera Gimbal (Figura 7) que tiene un
sistema de cuatro contrapesos verticales que garantiza un video estable. Este estabilizador
hace que la cdmara gane altura con lo que colocado en el manillar queda a la altura del punto
de vista del ciclista, dando una mayor sensacion de inmersion en su reproduccion.
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Fig. 7 — Estabilizador G360 Panoramic Camera Gimbal

2.3 Preparacion de la sala

Para la realizacion de los recorridos por parte de los voluntarios, el Instituto de Investigacion
e Innovacién en Bioingenieria habilit6 una sala insonorizada, permitiendo asi que la
sensacion de inmersion fuera mayor. La sala contaba con los siguientes equipos (Figura 8):

e PowerWall: sistema semi-inmersivo que consta de dos proyectores de video Mirage
HD3 (Christie Digital Systems USA Inc, Cypress, CA, USA), que proporciona una
pantalla estereoscopica de 2 metros de alto por 6 metros de largo.

e (afas de realidad virtual: unas gatas de HTC Vive Pro Head Mounted Display
(HMD), suponiendo un sistema totalmente inmersivo.

e Bicicleta de carretera sobre una bancada, de forma que los voluntarios pudieran
pedalear durante los recorridos, llegando incluso a poder girar la rueda delantera.

Fig. 8 — Sala habilitada para la realizacion de las pruebas

El hecho de que los voluntarios puedan pedalear y girar el manillar y la rueda delantera
proporciona una inmersion mayor en el escenario.
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Si bien es cierto que la velocidad de pedaleo puede no corresponderse con la velocidad del
ciclista del video, la diferencia se estima en £ 5 km/h, por lo que no es excesivamente
perceptible.

2.4 Recorridos de los voluntarios

Para la realizacion de las pruebas, se solicitd la colaboracion de diferentes asociaciones
ciclistas de la provincia de Valencia. Asimismo, se dio difusion de las pruebas por las redes
sociales del grupo de investigacion, de la Escuela y de la Universidad. Con todo ello, se
obtuvo la colaboracion de 31 voluntarios, de los cuales 4 eran mujeres y 27 eran hombres.

De ellos, durante la realizacién de las pruebas, cuatro hombres y una mujer sufrieron
episodios de mareo que les impidio6 realizar los recorridos adecuadamente, con lo que sus
datos no han sido contabilizados en el analisis.

De esta forma, se dispone unicamente de 26 voluntarios, contando solo con 3 mujeres. En
funcion de su experiencia en ciclismo por carretera se observaron 3 perfiles diferenciados
(Figura 9):

e Ciclistas semiprofesionales con alta experiencia en ciclismo deportivo por carretera y
un alto nimero de kilémetros recorridos semanalmente. Todos ellos son hombres.

e Cicloturismo. Son ciclistas con un alto numero de kilometros recorridos
semanalmente, pero, generalmente, no por carreteras con un elevado trafico vehicular.
Todas ellas mujeres.

e Ciclismo urbano/montana. Ciclistas que utilizan la bicicleta de forma habitual pero no
por carretera.

Semiprofesional
Cicloturismo

Urbano/Montafia

Fig. 9 — Distribucion de voluntarios en funcién de su experiencia
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Los voluntarios que completaron todos los recorridos realizaron 10 recorridos, cinco de ellas

con el video proyectado en el PowerWall y cinco con las gafas de realidad virtual.

La distribucion de los recorridos entre estos dos sistemas de visualizacion entre los diferentes
voluntarios se realizd de forma aleatoria, asi como también el orden en el que fueron
visualizados. Finalmente, el nimero de veces que fue visualizado cada uno de los recorridos

fue el que se muestra en la Tabla 1.

Recorridos Gafas Realidad Virtual PowerWall
R1.1 11 15
R1.2 16 10
R2.1 15 11
R2.2 12 14
R3.1 14 12
R3.2 15 11
R4.1 11 15
R4.2 14 12
R5.1 10 16
R5.2 12 14

Tabla 1 — Visualizacion de cada recorrido en funcién del sistema

A cada uno de los voluntarios se les realizé una serie de preguntas antes de comenzar las

pruebas, al finalizar cada recorrido y al finalizar las pruebas:

e Previo a los recorridos. Los datos recogidos se referian a sus datos personales:
0 Nombre
0 Experiencia en ciclismo por carretera (afios)

0 Kilometros recorridos semanalmente

0 Formacion o experiencia en seguridad vial y/o trafico

e Al finalizar cada recorrido:

0 Valoracién de la seguridad de la interseccion (1 mas segura — 5 menos

segura)

0 Valoracioén de la seguridad del tramo (1 més seguro — 5 menos seguro)

0 Percepcion de la realidad (1 menos real — 7 mas real)

e Al finalizar todos los recorridos:

0 En general, ;prefiere usted el uso del carril bici o de la calzada?

Carril bici en todo momento

Carril bici solo cuando voy solo
Carril bici solo cuando voy en peloton
El carril bici en ningin momento
Ninguna de las anteriores
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0 Valoracién de la sensacion de mareo con las gafas de realidad virtual (1
menos mareo — 5 mas mareo)

0 Valoracién de la sensacion de mareo con el PowerWall (1 menos mareo — 5
mas mareo)

Adicionalmente, la mayor parte de los ciclistas, durante la realizacion de los recorridos
comentaban su percepcion del riesgo de los elementos que consideraban de mayor riesgo.

Aunque inicialmente no se habia contemplado esta posibilidad, la informacion facilitada por
los ciclistas, especialmente por los mas experimentados fue muy valiosa.

3. ANALISIS Y DISCUSION

A lo largo de este apartado se analizan diferentes aspectos, comenzando con aspectos
relacionados con el comportamiento ciclista, como son la percepcion subjetiva del riesgo
declarada por los ciclistas y la preferencia de uso de los carriles bici, para continuar con la
comparativa entre ambos sistemas en cuanto a sensacion de mareo y a grado de inmersion.

3.1 Percepcion subjetiva del riesgo

La percepcion del peligro que tienen los ciclistas sobre una infraestructura puede animarlos
a circular por ella o todo lo contrario, es lo que se denomina la Percepcion Subjetiva del
Riesgo (PSR). Esta depende de cada persona, pero a la hora de realizar una encuesta, depende
también de como se muestre la infraestructura. En el caso del presente estudio, se han
utilizado dos sistemas: un sistema semi-inmersivo, como es el PowerWall, y las gafas de
realidad virtual, que suponen, en principio, una inmersion mayor.

En la Figura 10 se muestran los resultados de la PSR para cada una de las glorietas de los
recorridos realizados, contabilizando tanto las visualizaciones con PowerWall como con
gafas de realidad virtual. Como puede observarse, las glorietas con una mayor PSR son por
las que han circulado en el recorrido R2.1, en el R5.2 y en el R4.2. La glorieta del R2.1 se
encontraba en obras en el momento de llevar a cabo las grabaciones, siendo esta la causa
principal del aumento del PSR, segiin comentaron la mayor parte de los ciclistas.

En el R5.2 los ciclistas circulan por arcén coloreado que, al aproximarse a la glorieta, pasa
a ser un carril segregado, realizando el cruce por uno de los ramales. Los ciclistas indicaron
como uno de los problemas la falta de visibilidad, asi como la falta de claridad en quien tiene
la preferencia de paso.

En el R4.2, los ciclistas indicaron como principales problemas la proximidad de las entradas
a la glorieta, la alta intensidad de trafico y la ausencia de arcén.
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R1.2
R2.1
R2.2
R3.1

Recorrido

R3.2
R4.1
R4.2
R5.1
R5.2

N
N
w;
IS
w

PSR

Fig. 10 — PSR de las glorietas analizadas

Estos resultados, como se ha mencionado, estan basados en la PSR indicada por los ciclistas
que realizaron las pruebas tanto con el PowerWall como con las gafas de realidad virtual.

En la Figura 11, se muestran los resultados distinguiendo segun el sistema utilizado para la
visualizacién. Como puede observarse, la percepcion del riesgo varia segin el sistema
utilizado. De hecho, en la mayor parte de los casos la PSR es mayor al realizar la
visualizacion con el PowerWall que con las gafas de realidad virtual. Unicamente en los
recorridos R2.1, R3.2 y R4.1 la PSR es mayor con las gafas de realidad virtual. En todo caso,
la variabilidad es alta y los valores medios no varian sustancialmente entre un sistema y otro.
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Fig. 11 — PSR de las glorietas analizadas segun el sistema de visualizacion

Ademas de las glorietas, los ciclistas también valoraron los tramos por los que circularon.
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Sin embargo, no seria adecuado establecer un valor de PCR por recorrido, ya que dentro de
un mismo recorrido los voluntarios indicaron elementos que podrian hacer aumentar su
percepcion del riesgo y otros que les aportaban seguridad, siendo estos similares a los
identificados en las encuestas de Lopez-Maldonado et al. (2019).

Los principales elementos que son decisivos a la hora de valorar un tramo de carril bici
segregado como mas o menos peligros desde el punto de vista de los ciclistas son:

e Falta de mantenimiento de la infraestructura, tanto por el estado del firme como por el
estado de la vegetacion, que reduce la visibilidad, especialmente en las proximidades
de los cruces.

e Falta de senalizacion, indicando la preferencia en los cruces.

e Entradas y salidas al carril bici mal disefiadas. Los ciclistas deportivos alcanzar una
velocidad relativamente alta y, al circular en peloton, si tienen que reducir la velocidad
para incorporarse o salir de un carril bici, pueden producirse caidas.

En el caso de la circulacion por calzada, los elementos que suponen una mayor influencia en
la percepcion del riesgo son:

e Anchura del arcén.

e Estado del pavimento del arcén, asi como la invasion del arcén por parte de la
vegetacion.

e Color del arcén. En general, los ciclistas consideran mas seguros los arcenes
coloreados, siempre y cuando tengan un ancho suficiente, ya que, en caso de no
tenerlo, los vehiculos motorizados no dejan suficiente distancia lateral con el ciclista.
Este resultado es similar al observado en las encuestas realizadas por Lopez-
Maldonado et al (2019). Sin embargo, en el caso de las encuestas online, inicamente
dispusieron de porcentajes de valoraciones de los encuestados, sin los comentarios
adicionales de los que se dispone después de este proyecto, en el que la conclusion es
que la PSR depende del ancho del arcén coloreado.

e Las barreras de seguridad metalicas. Estas barreras son la causa de heridas en las
piernas de los ciclistas.

e Los elementos situados en los margenes. En los margenes con acequias adosadas a la
carretera o con desniveles, la PSR aumenta considerablemente ante la posibilidad de
una caida.

Ademas de estos elementos relacionados con la infraestructura y su equipamiento, los
ciclistas indicaron que el elemento que mas hacia aumentar su percepcion del riesgo son los
vehiculos motorizados. De hecho, algunos de ellos destacaron que al hacer algunos de los
recorridos se sentian seguros porque en ese momento no habia una alta intensidad de
vehiculos motorizados, pero que su PSR aumentaria al aumentar el trafico.
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3.2 Preferencia de uso del carril bici

Al finalizar todos los recorridos, se les pregunt6 a los voluntarios si, en general, prefieren el
carril bici o la calzada. Como puede verse en la figura 12, la mayor parte de ellos indicaron
que prefieren el carril bici en todo momento. Sin embargo, puntualizaron que siempre y
cuando el carril bici sea suficientemente ancho y las entradas y las salidas estén
adecuadamente disefiadas. Para ello, deben estar libres de bolardos u otro obstaculo y que
las embocaduras sean amplias y sin curvas de bajo radio.

1 .
0
Carril bici en todo Carril bici solo cuando  Carril bici solo cuando  El carril bici en ningun Ninguna de las
momento voy solo voy en peloton momento anteriores

Fig. 12 — Preferencia de carril bici

En la encuesta realizada por Lopez-Maldonado et al. (2019), los ciclistas indicaron que para
circular en grupo un 45.6% preferia realizarlo por el arcén. Tras el presente estudio, podemos
concluir que los ciclistas en grupo optarian por ir por carril bici si este estuviera
adecuadamente disefiado y mantenido.

3.3 Comparativa entre sistemas
Para llevar a cabo la comparativa entre ambos sistemas, se establecen como principales
parametros el grado de inmersion y la sensacion de mareo.

Como se ha indicado anteriormente, cuatro hombres y una mujer tuvieron que interrumpir
las pruebas a causa del mareo. La edad de la mujer y de uno de los hombres era inferior a 35
afios, mientras que los otros tres hombres tenian una edad superior a los 60 afios. Todos ellos
visualizaron los primeros recorridos con las gafas de realidad virtual. Este es un primer
indicador de que la sensacion de mareo es mayor en las gafas de realidad virtual que con el
PowerWall.

Al resto de los participantes, al finalizar las pruebas se les solicitd que valoraran la sensacion
de mareo con cada uno de los sistemas (1 menos mareo — 5 mas mareo).
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La Figura 13 muestra como las respuestas fueron similares, siendo un poco mayor la
sensacion de mareo en el caso de las gafas de realidad virtual.

VR

1.5

==

7.5 ‘ . .

frecuencia

1.5

4.5

PW

Fig. 13 — Sensacion de mareo que producen las gafas de realidad virtual (VR) y la
PowerWall (PW)

Adicionalmente, al finalizar cada recorrido, los voluntarios indicaron el grado de realidad de
la experiencia que acababan de vivir con un rango de 1 (menos real) a 7 (mas real). Como
se muestra en la Figura 14, las gafas de realidad virtual presentan un grado de inmersion
mayor que el sistema PowerWall, especialmente porque los voluntarios pueden girar la
cabeza y contemplar todo el escenario y porque la calidad de la imagen es mayor.

PW E—— O

Sistema

VR . }7

Grado de inmersion

Fig. 14 — Grado de inmersion de las gafas de realidad virtual (VR) y la PowerWall (PW)
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4. CONCLUSIONES

La circulacion ciclista, especialmente deportiva, en las carreteras convencionales ha
aumentado considerablemente en los ultimos afos, lo que ha supuesto un aumento
progresivo de la accidentalidad. A pesar de las actuaciones que se han ido realizando, la
accidentalidad relacionada con los vehiculos motorizados ha disminuido, pero no la
accidentalidad de las bicicletas. Por ello, es necesario estudiar los factores que suponen un
mayor riesgo para este tipo de usuarios.

Existen diferentes alternativas para realizar estos estudios, siendo la mas extendida las
encuestas online por el alto nimero de participantes que puede alcanzarse. Sin embargo, esta
metodologia se basa principalmente en mostrar imagenes, sobre las que los encuestados
deben valorar el nivel de riesgo de una infraestructura o un elemento de la misma. Al tratarse
unicamente de imagenes la percepcion del riesgo no es comparable a la real, sino que se basa
principalmente en la experiencia de la persona que responde.

Por ello, en este estudio se ha desarrollado una nueva metodologia para estudiar la
percepcion del riesgo que los ciclistas experimentan ante ciertos disefios de las carreteras
por las que circulan y su equipamiento. Esta metodologia consiste en el recorrido de varios
tramos de carretera sobre una bicicleta instalada en un rodillo de entrenamiento, visualizando
los recorridos en una PowerWall y con gafas de realidad virtual, en una sala adecuadamente
insonorizada.

Tras la realizacion de los recorridos, los voluntarios indicaron su Percepcion Subjetiva del
Riesgo (PSR) tanto de los tramos por los que circularon como de las intersecciones que en
ellos se encontraban, valorando el riesgo de los mismo de 1 a 5. De esta forma, se han
identificado las intersecciones y los tramos que suponen un mayor riesgo para los ciclistas.

Sin embargo, el resultado mas importante ha consistido en los comentarios de los propios
ciclistas mientras realizaban los recorridos, identificando los elementos que consideraban
como un mayor riesgo para su seguridad. Entre ellos destacan, en el caso de los carriles bici
segregados, la falta de mantenimiento de la infraestructura, la falta de sefalizacion y el
inadecuado disefio de las entradas y salidas del carril bici. Mientras que, en el caso de los
recorridos realizados por la calzada, los elementos que aumentan el riesgo segun los ciclistas
son una anchura reducida de los arcenes, especialmente si estos son coloreados, el estado del
pavimento del arcén, las barreras de seguridad metalicas y el disefio de los margenes
(acequias y desniveles). Aunque todos coinciden en que el mayor riesgo es el
comportamiento de los conductores de vehiculos motorizados.
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Adicionalmente, se les pregunt6 a los voluntarios sobre su preferencia a la hora de circular
por el carril bici o por la calzada, concluyendo que prefieren en su mayoria por el carril bici,
siempre y cuando este esté adecuadamente mantenido, su anchura sea suficiente y, sobre
todo, que las entradas y salidas estén libres de obstdculos y no supongan una reduccioén
considerable de la velocidad para los pelotones, ya que en ese caso la probabilidad de caidas
es alta.

Finalmente, se han comparado ambos sistemas de visualizacion, tanto en cuanto al grado de
inmersion como en cuanto a sensacion de mareo. Mientras que el grado de inmersion es
mayor en el caso de las gafas de realidad virtual, gracias a su imagen envolvente y a la
calidad de la misma, la sensacion de mareo también es mayor en ellas. Sin embargo, la mayor
parte de los voluntarios realizaron las pruebas sin sufrir una sensacion de mareo significativa.

Estos resultados muestran esta nueva metodologia basada en la realizacioén de entrevistas a
voluntarios circulando con gafas de realidad virtual como una buena opcidn para identificar
los elementos que suponen un mayor riesgo para los ciclistas al circular por carreteras
convencionales. Con ello, aumentando la muestra se podria llegar a valorar el potencial
impacto que algunas medidas de seguridad vial tienen en el comportamiento de los ciclistas
y en su percepcion del riesgo.
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ABSTRACT

Rental bikes are popular in many urban areas to help people expand their mobility. It is
important to make the rental bicycle usable and available to the general public at the
appropriate time and place. Inevitably, providing the city with a steady supply of rental
bicycles becomes a major concern. The most important aspect is the estimation of the
number of bicycles required in each bicycle sharing station at any given hour. This paper
gives an examination of human mobility as indicated by bicycle renting information of the
bike sharing system. In this paper, we proposed a new approach for forecasting the bike
inflow and outflow from one station to another during certain time slots. Our method
analyses human mobility pattern by two steps: (1) Using Tuckers tensor decomposition to
create a 3D tensor to model human mobility and extract latent temporal and spatial
characteristics of various stations and time slots. (2) to use a Long-Short Term Memory

Neural Network to model the relationship between mobility patterns and the derived latent
spatial and temporal features in order to predict bike flow between stations. The main
contribution of this study that with the extracted latent characteristics through Tuckers
factorization we improve the accuracy of prediction by 16% and decrease the amount of
training data that used in prediction. Also, a root mean squared error of prediction is 1,5
bike.

We compare our model with baseline models as historical average, ARMA, the feed-forward
neural network, and KNN. The proposed method showed the best results
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1. INTRODUCTION

Public bike rental systems have become popular in recent years. People increase attention to
bicycles because of their flexibility, low cost, and benefit for health. The list of cities, that
provides public bike-sharing systems are still growing. A bike-sharing world guide can be
found from the following link www.bikesharingmap.com.

For the ideal execution of such frameworks, there must be (a) the likelihood of finding a
bike when the client needs to start the ride, (b) the likelihood of leaving the bike at the client's
destination, and (c) the distribution of bike stations around the city.

To avoid overgrowing the structure, there are two different ways to solve these problems:
firstly, inform the client in advance about where to get or leave bicycles, and improve the
redistribution of bicycles from entire stations to empty ones.

In this study, we developed a solution to these problems by analysing cyclical mobility
models, which we then used to predict hourly the number of bicycles available at stations by
predicting inflow and outflow between stations. These predictions will be made by the
current bike rental systems; increase user satisfaction with the system. Knowing the
established patterns that follow people can lead to optimization of the bike sharing system,
forcing the operator to predict in advance overcrowding or shortage of bicycles at precise
stations and optimize their redistribution according to the situation.

The understanding of human mobility and find traveling patterns of passengers is crucial for
public transportation systems, taxi providers, and bike renting companies because predicting
it accurately can increase citizens living conditions and increase profit of transportation
companies. The transportation-related works published in different fields, such as sociology,
urban planning, computer science and other areas. In this section, some studies on human
mobility discussed.

Many machine-learning algorithms were used to predict the demand for bicycles. Jia et.al
(2019) used a Gaussian mixture model for the bike-sharing system clustering to group
stations by migration trends, then apply the gradient boosting regression tree to predict
renting traffic. Sathishkumar et.al. (2020) applied the data mining technique to predict hourly
rental bike demand and found that Gradient Boosting Machine showed the highest and best
result. Graph structured information was added to deep learning models in the study of Yang
et.al. (2020) to short term forecasting of travel demand. Feng et.al. (2017) analysed the future
availability of bicycles at cycle stations using instant analysis of a Markov chain model with
continuous time and time-dependent metrics. A random forest model applied in work of
Huang et.al. (2013) to predict the demand of bikes, and then authors applied the hub-firs-
route-second bike repositioning technique to redistribute bikes.
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Raviv et. al. (2013) analyses bike-sharing systems imbalances caused by various levels of
attractiveness and generation of station-level trips. Systems and Lacker (2013) and Garcia-
Palomares (2012) provides efficient bike redistribution strategies to reduce bike distribution
imbalance. With a similar goal of introducing a more balanced system, other studies by
Khatri (2015) modeled demand or developed models that optimize the location of stations.
Wergin and Buehler (2018) have focused on the GPS analysis of casual cyclists’ routes.
Artificial neural networks have been widely used in several fields of transportation
engineering. The work of Polson and Sokolov (2017) found the fact that the deep learning
architecture can capture spatio-temporal effects and deep learning provides accurate short-
term traffic flow predictions. The temporal relationship is significant in the task of a
forecasting time series. LSTM is a time series prediction algorithm that designed to merge
short-term and long-term time information with good forecasting performance.

Zhao et al. (2015) proposed an LSTM model in which the two measurements
straightforwardly shown to the spatial-temporal association with inspect the spatio-temporal
connections in busy time gridlock transfer. The work of Yu et al. (2017) proposed a
combined deep LSTM approach that uses deep LSTM to reenact normal traffic from case in
exceptional conditions. Ma et al. (2015) used another deep LSTM on far off microwave
sensor information to catch non-linear traffic elements.

2. METHODS

In this work, to predict the demand of bikes, first, we modelled human mobility patterns using
tensor decomposition, and then this pattern was used to estimate the number of bikes to be
taken and returned to stations. We compress all historical bike trip data to the 3-dimensional
tensor to reduce the amount of input data for training model as shown in Fig.1. We use tensor
to extract mobility patterns. Only this pattern is used to train model. Also, for training the
model we use last month’s trip information and weather condition information. This section
describes the tensor model, a model for prediction, and input parameters to the model.

2.1 Tensor model

According to the study of Kolda and Bader (2009) tensor is an array with more than three-
dimension. A higher order tensor decomposition used to compress a volume of data or to find
some dependencies between data. Tensor decomposition is widely used in graphical analysis,
numerical analysis, computer vision, data mining, neuroscience, etc. In this article, we
propose to simulate the movement of a bicycle between different stations using a three-

dimensional tensor H € RNXNXL

, as shown in Figure l.a. The first tensor dimension H
means the identifiers of the source cycling stations, the second dimension means the N

identifiers of the destination stations, and the third dimension means the L time intervals.
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Each element of the tensor ' (i, j, [) stores an average amount of trips from station i to station
j over a period of time [. With this tensor model, we extract the latent spatial characteristics
of each source station, destination station, and the latent temporal characteristics of each time
slot using the Tucker decomposition.

The Tucker is a higher-order principal component analysis technique (PCA). In each
dimension, it decomposes a tensor into a base tensor multiplied by a matrix. In our case, we
decompose the tensor J into three matrices 0 € RN*P | Sd € Re*N T € RE*R and the base
tensor G € RPX*R a5 shown in Fig. 1. In terms of a mathematical formula, this relationship
can be written as in equation (1):
H =G X Sox,5d x 5T (1)
The feature vector indicating the characteristics of origin station i is the row i of matrix So
after tensor factorization. The feature vector indicating the characteristics of destination
station j is the same, the row j of matrix Sd, Sd;. Ty is a feature vector that indicates the

quality of the time gap k. The degree of cooperation between different components of So,
Sd, and T is specified by each element of the core tensor G.
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Fig. 1 — Hlustrations of LSTM NN and its inputs.

The volumes of outflow xoj:k and inflow xu:x of a station i at time gap k are under on their
hidden spatial features So;, Sd;, latent temporal features Ty, , and their previous values, Xoik-1,
x1i:k-1 respectively. This is verified using the PC algorithm in the work of Guo and Karimi
(2017). To see this dependency, we draw the values of the matrix T when P, Q, R is equal
to 1 (Fig. 2). According to the graph, we have two maximum points at time slot (8-9) in
morning rush hour, and at time slot (17-18) in evening rush hour. In addition, there is a



R-EVOLUCIONANDO EL TRANSPORTE 179

minimum number of bike riders in the early morning. Likewise, the sum of all bikes taken
from one station is high correlated with So matrix. Correlation coefficient is 0.806. It means
that these values can be used to estimate the demand for bikes.

Values of matrix T

0,1 oo

Values
o
N

0 5 10 15 20 25
Time (hours)

Fig. 2 — Values of matrix after tensor decomposition

2.2 Model Inputs

Anticipating the inflow and outflow of groups in each the bicycle sharing station is
exceptionally testing, influenced by the accompanying three complex components:

Spatial conditions. The inflow of one station is influenced by outflows of another close-by
stations. In like manner, the outflow of one station would influence the inflows of other
stations.

Temporal conditions. The flow of groups in a station is influenced by ongoing time stretches,
both all over. For example, a traffic flow happening at 8 am will influence that of 9 am.

Moreover, traffic conditions during morning times of heavy traffic might be comparable on
successive workdays, rehashing like clockwork. Moreover, morning heavy traffic times can
continually occur later when winter comes. At a time when temperatures constantly drop
and the sun rises later, people rise later and later.

External conditions. Some external variables, such as climatic conditions and circumstances,
can dramatically alter the flow of groups in different locations in a city. There spatial
conditions and worldly conditions are separated from Tucker decomposition. The external
impact is very troublesome. The traveler streams can be influenced by different outside
elements, for example, climate and occasions. To investigate the impacts of these variables,
Liu et al (2019) looked at traveler streams under various conditions. The precipitation
information got for the examination records the evaluation of precipitation. Creator
contrasted with a typical day, occasion, and end of the week have an obvious impact on the
traveler streams. For example, on the off chance that a hefty downpour is seen on Monday,
we will at that point contrast it and the information of past Monday to guarantee that they
have similar qualities. To see is there some closeness in non-weekend days we look at them.
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We found that the use of bicycles does not generally rely upon workday or end of the week
data. At last, non-weekend day data, season of the day, and grade of precipitation is included
as info boundaries for the demonstrating. Ashqar et.al. (2019) investigated climate
conditions on bicycle checks and found that mugginess, season of-day, and temperature are
noteworthy indicators of bicycle tallies. These boundaries were taken as an outer impact for
forecast.

For metadata (for example, day of the week, hour of the day, and rainfall estimates), the
insertion procedure is used to plan irreducible qualities in 3D vectors. It should be noted that
the provisioning suite and the test suite are processed using the same bounds. At this point,
the model itself can learn the data, which improves the accuracy of the predictions.

3. RESULTS AND DISCUSSION

The methodology given in this paper is trained and tested on public data available on web
site https://www.citibikenyc.com/system-data. There can be found information about all
CitiBike New York users’ trips and annual monthly reports from May 2013. The data used
in work contain records from 1% January 2017 to 315 December 2017 and January 2018. We
use all data for 2017 to build 3D tensor and used data of January 2018 to test and train the
model. From January 2018, we chose the last 10 days as the testing set and the left samples
as the training set. In this case, the time period for traffic aggregation for forecasting is 1
hour. It's worth noting that if the chosen time interval is too short, the forecast would be
incorrect and meaningless. Furthermore, short-term flows are often trivial, making the
prediction approach difficult to use. We used the Min-Max normalization technique to scale
the passenger traffic data in the range [-1, 1] for both the training and test sets. During
estimation, the normalized predicted values are scaled and compared to the actual
performance.

The results of the proposed method are compared with the following baseline models:

Historical average: We use the average historical supervision at the same time gap, the
average of the past week’s bike flow at the same time gap is set as the prediction outcome.
ARMA: Autoregressive moving-average model - is the mathematical model used for the
forecasting and analysis of stationary time series data in statistics. The ARMA model
combines two simpler time series models - the autoregressive (AR) model and the moving
average (MA) model. The ARMA(p, q) model, where p and q are numbers showing the order
of the model, a time series {Xt} is generating by next process:

N=c+ &+ Ii_ ol + E_?:L.E_i'b-f—_i'ﬂ (2)


https://www.citibikenyc.com/system-data
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Where c is a constant, & is white noise, that is, a sequence of identically and independent
normally distributed random variables, with zero mean, and «,.....a, and g....5, —

autoregressive coefficients and moving average coefficients.

This model can be explained as a linear multiple regression model, in which the previous
values of the dependent variable itself go as illustrative variables and moving averages of
white noise elements go as the regression remaining.

FFNN: The dynamic nonlinear relationship between different variables can be captured by
a feedforward neural network. We use the passenger flow in recent tree adjacent time
intervals to reflect temporal dependencies in FFNN. (i.e. [x¢-1, Xt-2, Xt-3]).

KNN: K-nearest neighbours’ algorithm, k-NN - a metric algorithm for automatic
classification of items or regression. In our case, the object is given an average value based
on the k objects closest to it, whose values are already known, using the regression method.
In this article, we use a value of 4 for k..

The study's efficiency metrics are as follows: Root Mean Square Error (RMSE), , Mean
Absolute Error (MAE), Symmetric Mean Absolute Percent Error (SMAPE), and Mean
Relative Error (MRE).

The proposed methodology is assessed using RMSE, SMAPE, MRE, and MAE. The
outcomes are shown in Table 1.

Performance | HA | ARMA | FEFNN | KNN | LSTM | LSTM ST
metrics

SMAPE 92.5 | 88. 48.1 46.4 | 46.1 442
RMSE 33 |31 2.5 2.4 2.4 1.5

MAE 21 |19 1.5 1.5 1.5 1.2

MRE 72.8 | 66.8 65.7 61.9 |59.2 47.6

Table 1- Performance comparison

Different variation models were checked and compared to the baseline outcome to assess
the forecast accuracy of the models in terms of RMSE, SMAPE, MRE, and MAE. Table 1
shows that using only the average bike flow over the previous time period (Historical
average) results in a lower forecast.. Autoregressive models show better result than just
calculating average. The accuracy remarkably improved when we apply FFNN, KNN and
LSTM NN models. If we compare results of FFNN, KNN and LSTM NN, LSTM NN is
better than other models, because LSTM NN model best suits for time series forecasting
problem.
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Models FFNN, KNN, LSTM accuracy approximately the same, the error in the number of
bikes is about 2 or 3. But after applying the Tucker decomposition result error decreased to
1 or 2 bikes. That is good enough to help a bike managements system to improve the
availability of bikes and docks in stations. The Tensor model increased forecasting accuracy
for RMSE metric to 15 % from 2.43 to 1.53

4.CONCLUSION

We proposed a method for forecasting spatial-temporal bike mobility patterns, namely the
inflow and outflow of bicycles from one station to another during a time gap. Our approach
consists of two stages: (1) using a 3D tensor to model human mobility and recovering hidden
spatial and temporal characteristics such as origin and destination stations and timeframes
through tensor factorization; and (2) determining a connection between mobility patterns
and recovering hidden features using a Long-Short Term Memory Neural Network for
human mobility forecasting. We conduct a study of bicycle trips in New York City in order
to validate the proposed technique. The results showed that the recover hidden features
effectively identify attributes of timespans and spatio - temporal features with a strong
correlation coefficient with bicycle sharing station inflow and outflow. The proposed method
for extracting hidden characteristics can be applied to existing models to increase precision
(MAE error is reduced by 16 percent).

By picking up from past historical bike rent data and past weather information, the proposed
LSTM model with Tucker decomposition results can foresee the interest in bikes at a
particular time. Considering the estimate, we can make the proposal for bike associations
about how to scatter the bikes expressly to each station to satisfy the need of customers
similarly as saving a silly cost of keeping bikes. The use of the proposed model will be a
useful answer for both the bike renting organizations and the bike riders
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ABSTRACT

People face different barriers when choosing to commute by bike. The predominance of
these barriers in users’ perception could explain the low cyclability rates present in many
cities. An investigation of cyclists’ perceptions is developed using the data set obtained
through a survey made to individuals from Quito, Ecuador. This study is aimed to evaluate
the perception of a group of individuals about barriers to bike use, in particular, assesses
how perception varies according to the available information and the different profiles.
Using ordered probit models, the study compares the overall evaluation of bike acceptance
before and after making individuals reflect on the importance of certain variables (e. g. lack
of bike infrastructure, city temperatures, etc.). The main results show that to improve bike
use acceptance, enhancing multimodality or providing facilities like electric bikes must be
considered. The results also demonstrated a high heterogeneity of individuals’ perceptions
caused by their socio-demographic characteristics and the environmental context.

1. INTRODUCTION

Nowadays cities face major environmental, socio-economic, and transport challenges,
whereby, the importance of promoting non-motorized modes of transport such as the bicycle,
is recognized. Bike transportation offers many important benefits at environmental, health,
social interaction, and urban mobility levels. However, despite its wide advantages, regular
bike use is still not broadly accepted in many cities, especially in Latin America (Gutiérrez,
Hurtubia, & Orttzar, 2020; Keeling, 2013). The unconcern in integrating the bicycle in urban
mobility has caused several challenges including identifying the most effective ways to
spend the resources, usually limited, allocated to its promotion. Commonly, bike mobility
planning is focused primarily on solving the service from a technical perspective (e.g.
proposing the fastest routes or with lower agency costs). However, several authors conclude
that to achieve a positive bike assessment and its acceptance among users, the system must
also comply with other subjective aspects that respond to individuals' needs (Cepeda
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Zorrilla, Hodgson, & Jopson, 2018; Heinen, Maat, & van Wee, 2011; Jakovcevic, Franco,
Visona Dalla Pozza, & Ledesma, 2016).

From this perspective, in contexts with low rates of bike use, it seems reasonable to focus
on identifying the weakest points of the system to work and invest in them, reducing the risk
of investing in solving other aspects that will not necessarily motivate people to commute
by bike (Dell’Olio, Ibeas, & Cecin, 2010).

This study aims is to identify the barriers that influence individuals around bike use, as well
as obtaining the comparative weights of each of these variables. Previous studies have
proven that Ordered Probit Models are satisfactory for the analysis of categorized or non-
quantitative ordered choices and replies (Dell’Olio, Ibeas, De Ofia, & De Ona, 2018c). The
contribution is a model that identifies and ranks the perceived barriers of bike use, therefore,
this research pretends to better understand citizens' needs to facilitate better bike mobility
planning.

This work is divided into several parts. First, a brief contextualization of the problem is
presented. Afterward, the methodology, the collected data, and some results are discussed.
And to finish, the main conclusions are presented.

2. LITERATURE REVIEW

2.1 Choice to commute or not by bicycle

Studies conclude that bike commute decision is highly complex since it can be influenced
by both objective and subjective factors (Konstantinidou & Spyropoulou, 2017; Muifioz,
Monzon, & Lois, 2013). This section describes the role of psychological factors, such as
attitudes and perception towards bike use in its acceptance among individuals. These factors
are related to travel motivations, socio-economic, journey, and environmental
characteristics, among others (Cepeda Zorrilla et al., 2018; Majumdar & Mitra, 2013).

Likewise, other authors conclude that these aspects are not necessarily equally perceived by
all individuals or have the same weight in the overall perception of the service (Dell’Olio et
al., 2010; Weinstein, 2000). Therefore, the importance of understanding the relationship
between individuals’ perception towards bike use and their different profiles is recognized
(Dell’Olio et al., 2010; Dell’Olio, Ibeas, De Ofia, & De Ofia, 2018b; Garrido, De Ofia, & De
Onia, 2014).

The literature suggests that aspects such as the weather conditions incluiding the
temperature, rain or wind (Fernandez-Heredia, Monzon, & Jara-Diaz, 2014; Freitas &
Maciel, 2017; Heinen, Maat, & van Wee, 2011; Helbich, Bocker, & Dijst, 2014), long-
distance travels (Corcoran, Li, Rohde, Charles-Edwards, & Mateo-Babiano, 2014;
Fernandez-Heredia et al., 2014; Heinen, Maat, & Van Wee, 2011; Konstantinidou &
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Spyropoulou, 2017), lack of well-connected and high-quality cycle-path networks (Buehler
& Pucher, 2012; De Sousa, Sanches, & Ferreira, 2014a; Fernandez-Heredia et al., 2014;
Gutiérrez et al.,, 2020; Konstantinidou & Spyropoulou, 2017), the perception of risk
(Fernandez-Heredia et al., 2014; Gutiérrez et al., 2020), traffic insecurity (Branion-Calles,
Nelson, Fuller, Gauvin, & Winters, 2019; Muiioz et al., 2013), topography (De Sousa,
Sanches, & Ferreira, 2014b; Fernandez-Heredia et al., 2014; Majumdar & Mitra, 2013),
physical abilities (Branion-Calles et al., 2019; Freitas & Maciel, 2017; Majumdar & Mitra,
2013), insecurity against crime and vandalism (Eren & Uz, 2019), and the personal
appearance (Iwinska, Blicharska, Pierotti, Tainio, & de Nazelle, 2018) affect bike commutes
and reduce the frequency of trips.

Wide studies have investigated barriers to cycling, however, this number is limited when
identifying the weight of each variable in individuals’ perception (Handy, van Wee, &
Kroesen, 2014; Porter, Suhrbier, & Schwartz, 1999). Dell’Olio, 2010 among others authors
(Dell’Olio et al., 2010; Garrido et al., 2014; Weinstein, 2000) have estimated the different
influence that each attribute’s perception exerts on users’ global assessment, focusing mainly
on public transport (PT) services, however, the implemented methods are found suitable to
the present study.

2.2 Service Quality and User Satisfaction

Service Quality (SQ) has been widely studied since Parasuraman, Zeithaml, & Berry (1985)
first introduced it, defining SQ as the difference between both, the expected and the
perceived quality of service. User perceived quality has been shown to have a positive effect
on user satisfaction with transport services (Braun et al., 2016; J. De Ona, De Ona, Diez-
Mesa, Eboli, & Mazzulla, 2016; Rocio De Oiia, 2013). However, evidence suggests that
although users perceive a good quality of service, taking this indicator as a criterion of
success could be precarious, hence, it cannot be used as the only reference when planning
policies aimed at retaining customers and attracting new ones (J. De Ona et al., 2016;
Dell’Olio, Ibeas, De Ofia, & De Ona, 2018a; Fernandez-Heredia et al., 2014).

Parasuraman et al. (1988) suggested that for the study of the SQ of transport services, their
defining variables or attributes should be established, proposing a generic list of 22 attributes
and dimensions applicable to any type of service. However, many authors criticized this
generic list stating that the attributes must respond to each specific case (Babakus & Boller,
1992). Likewise, other evidence demonstrates that the predictive value of the model
developed by Parasuraman et al. 1988 increased when the items were adapted to the study
context (Carrillat, Jaramillo, & Mulki, 2007). The key then is to enlist the generic attributes
but adding other aspects own of each specific context and service.

Diversity of methodologies and tools have been developed to evaluate SQ variation
according to users' preferences. For example, satisfaction surveys allow researchers to
associate quality perception to a type of user classifying them accordingly to their socio-
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economic and journey characteristics (Alonso, Barreda, dell’Olio, & Ibeas, 2018;
Bordagaray, Ibeas, & Olio, 2012; Branion-Calles et al., 2019). Others studies establish this
relationship by developing methodologies based on structural equations (J. De Ona, De Oiia,
Eboli, & Mazzulla, 2013; Rocio De Ona & De Ona, 2015; Dell’Olio, Ibeas, De Ona, & De
Ofia, 2018d) or the application of decision trees, the latter permits to generate models able
to differentiate between different kinds of users (Rocio De Oiia, 2013). Likewise, other not
model-based methods have provided interesting results, such as descriptive statistics (Eboli
& Mazzulla, 2011) or neural networks (Garrido et al., 2014).

Ordered probit models have proven to be a highly efficient and useful tool for modeling
perceived quality (Alonso et al., 2018; Bordagaray et al., 2012; Dell’Olio et al., 2010,
2018c). This particular methodology allows ordered qualitative responses to be modeled,
meaning that the non-linearity existing between the different replies can be considered
(Dell’Olio et al., 2010, 2018c). Another key feature of the model is its ability to use
interactions to incorporate systematic variations resulting from the socio-economic
characteristics of the different users (Bordagaray et al., 2012), assuming that these factors
follow a statistical distribution.

However, evidence on the combination between systematic and random variations in the
same model, as well as the inclusion of attributes' importance within the modeling of bike
use perception is limited (Porter et al., 1999). Therefore, using ordered probit models, the
present research aims to fill this gap and complete the knowledge about bike use perception,
by studying the relative importance of barriers to bike use in the general individuals’
perception (Dell’Olio et al., 2018b).

3. METHODOLOGY

3.1 Description of the study area

The city of Quito has an area of 372 square kilometers and approximately 1.7 million people
(INEC, 2017). Its particular allocation close to the equatorial line, its altitude, and its
closeness to the Andes mountain range gives the city special climate conditions (spring
relatively constant throughout the year), and a mostly irregular landscape with steep slopes
(IGM, 1992). In 2011, inhabitants' global mobility rate was 2 trips per day, which is
equivalent to almost 3.4 million daily trips. From these, the majority were made by public
transport (62%), 20 % by private car, 15% by foot, and only 0.3% by bicycle (Metro de
Quito, 2012). Since 2012, Quito has a Public Shared Bicycle Service (BiciQuito) and a 173
km long cycle path network of which only 32% are exclusively for bikes, the rest are shared
spaces with pedestrians or motorized vehicles.

3.2 Data Collection
Data collection was conducted in the city of Quito, Ecuador. After a deep literature review
aimed to identify psychological, socio-economic, environmental, and travel-related factors
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that could affect bike use, in particular, the barriers, a first draft of the survey was developed
and presented to specific groups of individuals from the study area.

Afterward, considering this first stage's feedback, a second draft was designed and applied
in a pilot survey tested to verify the clarity of the questionnaire and to ensure the proper
capture of the information necessary for the model estimation. The final survey was applied
via the web in the last week of January of 2021 and collected 422 completed forms. Figure
1 presents a flow chart of the process.

//MODF.I. ESTIMATION

VARIABLES

- * Bike use perception initial overall score (Vi)
[ LITERATURE REVIEW

y . i
FACTORS AFFECTING BIKE USE  [SSEXEVDESIGH | Fa;f:zty slopes (CS)
(objective and subjective): N\ | * Socio-economic information - Lack of adequate bicycle infrastructure (LBI)
Psycological (attitudes and perception) » Journey information - Road insecurity (RT)
Socio-economic characteristics d / - Insecurity against crime (CI)

Travel characteristics Bike use perception - The city temperature (CT)

Environmental characteristics / ) - Travel distances (TD)
— - Difficulty maintaining the personal appearance (PA)
- Low physical conditions and bike use skills (PHC) |

“\.* Bike use perception final overall score (Vf) y :

Figure 1 — Methodology flow chart

Survey design

The questionnaire consisted of two main segments. The first part collected information about
the person’s socio-demographic and journey characteristics (see Table 2). This information
will permit respondents' stratification into different profiles. The second part enclosed bike
use perception and consisted in asking an individual to give an opinion about a subjective
aspect related to bike use, in this case, a barrier. This segment consisted of three questions.

The first obtained a first valuation of the bicycle as an option to commute, representing
individuals' initial opinion based on the information they have, ergo, their understanding of
the service through the personal experience. The second gets separate values for each of the
previously defined variables (barriers). The third and final question was asked right after
individuals valued each barrier and consisted in a second score of the overall perception of
bike use. This second score is required to analyze any changes on the bicycle’s global score
once individuals have had the opportunity to analyze every aspect that makes up the system.

Namely, to check the degree by which they changed their opinion after the reflection made
on each barrier that may be affecting bike use (Dell’Olio et al., 2010, 2018b).

The set of selected barriers was: city slopes (CS), lack of adequate bike infrastructure (LBI),
road insecurity (RI), crime insecurity (CI), city temperature (CT), long travel distances (TD),
difficulty in maintaining the personal appearance (PA), and insufficient physical conditions
and cycling skills (PHC).
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Using a 5-point Likert scale, participants were asked to rate the variables (see Table 1).

Question 1 Do you agree that the bike, in your cily, is a good option to commute?
Strongly Totally
i e 2 3 4 5
disagree agree

Question2  The following aspects could DEMOTIVATE bike use, how much do you think they influence?

Very Not
influential | — 5  influential

Variable
CS The city slopes
LBI  Lack of adequate bicycle lanes and parking slots
RI Fear of having a traffic accident
CI Insecurity against crime
CT The temperature of the city (too cold, too hot)
TD Travel distances
PA Difficulty maintaining the personal appearance

PHC Low physical conditions and abilities to bike use

Question3 Do you consider the bicycle as a good option to commute in your city?

Strongly Totally
pl A
disagree 1 = 3 4 5 agree

Table 1 — Survey segment 2: Perception on bike use

3.3 Statistical Approach

The type of model was selected after collecting and analyzing the data. Since that, the
dependent variables (initial and final overall bike use perception) are ordinal by nature,
ordered probit models seemed to be suitable. Following the belief that latent and continuous
variables cannot be measured discretely, thus the variable (bike use perception) is intended
to be segmented into several options associating each one of them with a range value of the
latent variable (in this case from 1 to 5). The key idea of this method first proposed
McKelvey & Zavoina, (1975) is that allows to transform a continuous latent variable into an
ordered, observed, and discrete reply, so when individuals select an option, are in fact
selecting not a discrete value but rather the closest answer to their true perception, of bike
use in this case (Alonso et al., 2018; Dell’Olio et al., 2010, 2018a, 2018c; Echaniz, Ho,
Rodriguez, & dell’Olio, 2019).

Segement 2 of the survey regarding bike use perception was performed as follows:

Ist. Initial overall valuation of bike use (Vi).
2nd. Scoring the eight variables previously identified as possible barriers to bike use.

3rd. A second overall valuation of bike use (V).

Two types of models were estimated for the different profiles of respondents. Both Vi and
Vi were related separately to the variables identified as possible barriers to bike commute.
The first model aims to identify which variables are unconsciously relevant when an
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individual decides not to commute by bike, and the second, which variables would
individuals consider as important after having more information about the service.

According to the literature a probit ordered model consists of a direct relationship between
the dependent variable, in this case, bike use perception -initial (Vi) and final (V¥) scores-,
and the independent variables (barriers) Vik. A constant fo and an estimation error &i
associated with individuals’ heterogeneity complements the model (Dell’Olio et al., 2018c).

The models are based on the following mathematical expression:

Q;k = ﬁO + Zlg:lﬁk.vik_*_gi with k € [1r2r1N] (1)
Qi represents the general evaluation of the person i; fo the model constant; N the number of
evaluated bike use aspects (barriers); Sk the coefficient of the variable k (barrier); Vik is the

valuation made by each individual i of each variable k.

To fit the models Log Likelihood function was used:
logL =Y, Xi_ogmilog[F(u;—B'v,) —F(ujr — B'v,)] )

Once the corresponding models were estimated for each individuals’ categories, possible
relationships between them were identified.

4. RESULTS AND DISCUSSION
4.1 Initial data analysis

First, the data set composed of 422 observations were analyzed to characterize individuals’
profiles as shown in Table 2.

Variable Category Frequency Percen
Sample 422
Gender Female 186 44%
Male 236 56%
Age (years) <24 121 29%
25to44 142 34%
45to 64 132 31%
=65 2 6%
Main occupation Student 104 25%
Dependent worker 87 21%
Self-employed or independent worker 57 14%
Home care 62 15%
Unemployed 91 22%
Retired/pensioner/other 21 5%
Household income < 400USD 75 18%
400 - 800USD 166 39%
800-1.200USD 135 32%
>1.200USD 46 11%
Mode of transport  Walking 43 10%
Bicycle 23 5%
Public Transport (bus, BRT) 186 44%
Private car 31 T
Motorcycle 14 3%
Taxi / Service on demand (Uber, Cabify) 27 6%
Teleworking / No commute 98 23%

Table 2 — Profile of respondents
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As explained in subsection 3.3, the overall valuation of bike use was asked twice, the first
(Vi) immediately before and the second (Vf) immediately after scoring each variable
(barriers) separately (see Table 1). So, the difference between V¢ and Vi will show if there
were any changes in people's opinion concerning the first valuation. The results showed that
around 60% of individuals changed their score, either positively or negatively (see Tables 3
and 4). When categorizing the surveyed according to the previously defined characteristics
(22 categories), some differences could be identified (see Tables 3 and 4).

In all categories, the second valuation had a higher score than the first, generally double,
except for two: bike users and private car users, from now on car users (see Tables 4 and 5).
These results show that people tend to be more critical than they would be if they had more
knowledge about the service, that is, ignorance or misinformation prevents them from
evaluating it impartially. Seem to be that, in the initial valuation(Vi), individuals tend to
perceive more negatively the barriers. In this case, these results can be explained by the lack
of familiarity with bike use present in the majority of the inhabitants of the city of study (see
Table 1). However, in other contexts where bike use for commuting is more positioned, the
results would be different. Since previous findings suggest that an individual is more positive
towards modes that are included in the daily mobility patterns compared to the modes that
are not (Ton et al., 2020).

Regarding the ‘working' category, this second higher evaluation could be because
respondents possibly realized those bike use barriers would not actually be as influential for
cycling. Since evidence suggests that bike use is more prevalent in young people, for reasons
such as the smaller technological gap compared to other ages, resulting in more openness to
route planners or bike-sharing systems (Goodman, Sahlqvist, & Ogilvie, 2013). About the
positive variation of PT users, this is not necessarily unexpected. It is in accordance with
previous studies that conclude the clear tendency to change from PT to cycling. This could
be because users may find PT to be a relatively inflexible (and sometimes unreliable) mode,
therefore they would choose more flexible options such as the bicycle (Thorhauge,
Kassahun, Cherchi, & Haustein, 2020). Furthermore, in many cities, PT service quality is
poorly perceived (Cepeda Zorrilla et al., 2018; Mark & Heinrichs, 2019), so the bike can be
seen as a better choice. A fact that, within the bad, could be seen as an opportunity to position
it in the urban transport offer.

This knowledge is important, since policies aimed at improving certain factors may have
little effect on people's opinion if aspects with an apparently greater weight than they actually
do are prioritized. Therefore, any strategy seeking to increase bike use acceptance must first

focus on knowing what are the aspects that really influence people's perception.

The difference between Vi and Vi is denoted below by dvalue.

Ovatue = Vf -V (3)
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6value = Vf i Vi
Categorization of respondents
Global
Bike users
Non-users
Women
Men
Younger than 25
Between 25-44 years old
Between 45-65 years old
Older than 65 years old
Students
Working
Homecare
Unemployed + Other
<400 USD
Between 400-800 USD
Between 800-1.200 USD
> 1.200 USD
Walking
Public Transport
Private car
Taxi + SoD
No commute + Telework

0.1

=]
o
=
=]
[N
=2
w
o
=y
o
n

Table 3 — Variations on dvaiwe according to respondents’ categorization

Given that bike use Vr trending was to change positively, this paper presents the models
estimated for the two categories which did so negatively: Bike users and car users.

The negative change in bike users can be explained because in contexts with poor cycling
facilities and lack of incentives, in short, non-friendly cycling mobility contexts, people who
decide to commute by bike do so out of beliefs and not out of any kind of incentives (Iwinska
et al., 2018; Jakovcevic et al., 2016). In other words, they are bike commuters ‘no matter
what’, with which the reflection process may have made them focus on the weakest aspects
of the system and therefore have been more critical. This agrees with previous studies
concluding that bike use incentives work in the first stage, as a hitch for new users. However,
if the aspects that users identified as barriers from the beginning are not improved, they will
not find benefits in using it once the incentives are removed, and therefore, they will stop
doing it (Jakovcevic et al., 2016). Therefore, it is important to prioritize the improvement of
the weaknesses of the system if what is sought is the retention of users and the creation of
habits.
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Negatively 1_\10_ Positively
variation
Respondents categories -4 -3 -2 -1 0 1 2 3 4/ Variated Positively Negatively
Global Freq. 8 5 2 54 166 88 42 19 12 256.0 161 95
% 1.9 12 6.6 12.8 39.3 20.9 10.0 4.5 2.8 60.7 38.2 225
Bike users Freq. 1 0 3 4 8 4 1 2 0 15.0 7 8
% 43 0.0 13.0 17.4 348 174 4.3 8.7 0.0 65.2 30.4 34.8
Non-users Freq. T 5 25 50 158 84 41 17 12 241.0 154 87
% 1.8 13 6.3 12 39.6 21.1 10.3 4.3 3.0 60.4 38.6 21.8
Women Freq. 3 2 10 27 71 34 21 10 8 115.0 73 42
% 1.6 1.1 54 14.5 38.2 18.3 11.3 54 4.3 61.8 39.2 22.6
Men Freq. 5 a8 18 27 95 54 21 9 4 141.0 88 53
%% 2.1 13 7.6 11.4 40.3 22.9 8.9 3.8 1.7 59.7 373 22.5
Younger than 25 Freq. 5 2 6 18 48 21 11 6 4 73.0 42 31
% 4.1 L7 5.0 14.9 39.7 174 9.1 5.0 33 60.3 34.7 25.6
Between 25-44 years old  Freq. 2 1 8 12 56 93 20 4 6 86.0 63 23
% 1.4 0.7 5.6 8.5 394 23.2 14.1 2.8 42 60.6 44.4 16.2
Between 45-65 years old  Freq. 1 2 13 18 54 26 8 8 2 78.0 44 34
% 0.8 1.5 9.8 13.6 40.9 19.7 6.1 6.1 1.5 59.1 33.3 25.8
Older than 65 years old Freq. 0 0 L 6 8 8 3 1 0 19.0 12 7
% | 00 00 37 222 29.6 29.6 11.1 39 00 704 444 = 259
Students Freq. <] 1 4 16 40 19 11 6 2 64.0 38 26
% 4.8 1.0 3.8 15.4 38.5 183 10.6 5.8 1.9 61.5 36.5 25.0
‘Working Freq. 2 1 17 15 55 92 14 5 3 89.0 54 35
% 1.4 07 11.8 10.4 38.2 278 9.7 3.5 2 61.8 37.5 24.3
Homecare Freq. 0 0 £ 9 24 15 3 4 2 38.0 26 12
% 0.0 0.0 4.8 14.5 38.7 24.2 8.1 6.5 3.2 61.3 41.9 19.4
Unemployed + Other Freq. 1 5 4 14 47 22 12 4 5 65.0 43 22
% 0.9 257 3.6 125 42.0 19.6 10.7 3.6 4.5 58.0 38.4 19.6
< 400 USD Freq. 0 1 6 32 16 9 3 1 43.0 29 14
% 0.0 13 8.0 9.3 42.7 21.3 12.0 4.0 1.3 57.3 38.7 18.7
Between 400 - 800 USD Freq. 6 1 12 19 61 55 18 6 8 105.0 67 38
% 3.6 0.6 T2 11.4 36.7 21.1 10.8 3.6 4.8 63.3 40.4 22.9
Between 800 - 1.200 USD  Freq. 74 1 8 22 57 24 11 T 3 78.0 45 33
% 1.5 0.7 59 16.3 422 17.8 8.1 52 2.2 57.8 33.3 24.4
>1.200 USD Freq. 0 2 2 6 16 13 4 3 0 30.0 20 10
% 0.0 43 4.3 13.0 348 283 8.7 6.5 0.0 65.2 43.5 21.7
Walking Freq. 2 0 2 9 15 i 4 3 1 28.0 15 13
% 4.7 0.0 4.7 20.9 34.9 16.3 9.3 7.0 2.3 65.1 34.9 30.2
Public Transport Freq. 2 3 8 21 o] 42 20 10 5 111.0 77 34
% 1.1 1.6 4.3 11.3 40.3 22.6 10.8 54 27 59.7 41.4 18.3
Private car Freq. 0 0 4 6 11 7 3 0 0 20.0 10 10
% 0.0 0.0 129 19.4 35.5 22.6 9.7 0.0 0.0 64.5 323 323
Taxi + SoD Freq. 1 1 0 3 11 8 0 1 2 16.0 11 5
% 3.7 S5 0.0 11.1 40.7 29.6 0.0 3:7 74 59.3 40.7 18.5
No commute + Telework Freq. 2 i 0] 8 41 17 I3 3 4 57.0 37 20
% | 20 1.0 9.2 8.2 41.8 17.3 13.3 31 4.1] 58.2 37.8 20.4

Table 4 — Variations on V¢ according to respondents’ categorization

Figure 2 shows the frequency diagrams of the dvae according to the categorization of

respondents. The distribution seems to be mainly asymmetrical in most of the cases
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Special statistical software STATA was used for its capability to estimate ordered probit
models (Simons, 2018; StataCorp, 2017). These models were developed to work with the
ordinal-natured dependent variables, in this case, Vi and Vi. Two models were developed:
one for bike users and one for car users. The final data set enclosed 54 observations (23 bike
users and 31 car users). Each respondent evaluated 10 variables. First, to track any data error,

descriptive statics was performed. Said data cleaning examined mean, minimum, and

maximum values of the variables (see Table 6).

Bike users
Variable
Bike Vi
cs

LBl

RI

CI

CT

D

PA

PHC
Bike_Vf

Mean Std. Dev.

4.3043
3.3043
3.9565
4.1739
3.5652
4.0435
3.1304
2.8261
3.3478
42174

1.1455
1.5502
172230
1.3702
1.3425
1.1862
1.4555
1.3702
1.5843
1.0853

Min

5

Woth ta Lh th ba Ln e L ba

Obs
23
23
23
23
23
23
23
23
23
23

Private car users

Mean Std. Dev.

3.4194
4.1290
4.0323
45161
3.4839
4.2581
4.0645
2.7419
3.1935
3.3871

1.1482
1.2039
1.1397
1.0286
1.1796
0.9650
0.8920
1.3655
1.4473
1.1159

Min

1
I
2

—_— e b = e e

Max

Lh LA LA Lh LA Lh Lh Lh ta

Obs

3l
31
3l
31
31
3l
31
31
3l
31

Table 5 — Descriptive statistics of the variables
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Comparing the models, conclusions can be drawn about how the mode of transport affects
the variables' evaluation (see Table 7). The most representative changes in barriers’
perception are described as follows.

The insecurity against crime (CI), barrier perceived by bike users as important at the
beginning, in the second evaluation does not appear. This may be because, as previously
stated, urban cyclists choose bike use by beliefs, therefore, CI may not be such an influential
factor in their perception. On the other hand, regarding car users, CI went from having null
importance to being the most influential barrier. This finding is interesting since it shows
that the reflection process to which individuals were subjected indeed had an impact on their
perception, since it may be that car users perceive CI as the most influential barrier and that
is why they decide to commute by car and not tby bike.

Physical conditions and abilities to use the bike (PHC) have the same weight in car users'
perception in both initial and final evaluations. However, regarding bike users, PHC has
significantly higher importance on the second valuation (in the first did not appear), this
could be explained because maybe in the reflection process individuals comprehended the
realities they are exposed to when using the bike (e.g. tiredness).

Travel distances (TD) represents a heavy barrier from bike users' perspective since they
introduced this aspect after the reflection process (in the initial valuation it did not appear).
This may be because individuals could reflect on the times and reasons why they do not use
the bike to commute, identifying TD as an influential barrier. TD could be improved by
promoting multimodality. Likewise, it is not surprising that car users do not take TD into
account in either of the two evaluations, this may be because they are not familiar with TD
as a commute barrier, as they commute by car.

Bike users Private car users

Dependent

variable Bike Vi Bike Vf Bike Vi Bike Vf

Log likelihood -19.013 -20.93 -40.47 -36.37

Psendo R2 0.17 0.17 0.11 0.20

LR chi2(8) 8.04 8.51 10.12 18.12

Prob = chi2 0.09 0.07 0.02 0.00

Variable Coef. z P=lzl Coef. z P=lzl Coef. z P=lzl Coef. z P=lzl|
(e -0.255 -1.51 0.13
LBI -048%  -2.02 0.043
RI -0.301  -0.99 0.324  -0.649 -1.92 0.055
CI 0.349 1.22 0.222 0.729 2.6 0.009
CT -0407  -2.33 0.02  -0.769 -3.5 0
D -0.701  -2.59 0.010 0.330 1.43 0.154
PA 0.385 1.44 0.150  -0.672 -1.91 0.057 -0.231  -149 0.137
PHC 0.640 1.85 0.065 0.272 1.92 0.055 0.272 1.77 0.076
[eutl -3.114 -6.383  -3.574 -6.244 -3.391 -5.691 -3.129 -5.750
feut2 -2.291 -4.929  -2.209 -4.635 -2.49%4 -4.596 -2.396 -4.899
/cut3 -1.178 -3.683  -1.590 -3.967 -1.765 -3.798 -1.132 -3.526
Joutd -0.420 -2.466 0.303 -2.148

Table 6 — Ordered probit models of bike users and car users
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To perform a complete analysis of the results, table 7 was developed. It shows each
variable’s contribution (by percentage) in each of the models. The parameters of the model
where the dependent variable was Vi are represented by Oi, and in the case of Vr, by Of (see
Table 8). Ot - ©i is the difference in the contribution of each variable (O) between the
models estimated for bike users and car users.

Bike users Private car

i of F6i i =H of-0i
C5 0 0 0 5.4 o -65.4
LBI 0 0 0 o 1001 1001
RI 151208 1346 72.3 o o o
CI -130.39 0 1304 o -149.2 -149.2
CT 0 0 0 104.4 157.4 5310
TD 2616 -93.8 -355.4 & o o
PA -143.6 191.1 3347 o 473 473
PHC 0 -181.9 -181.9 -69.8 -55.6 141

Table 7 — Percentage and difference in each variable (©) contribution to each model
4. CONCLUSIONS

This paper presents the first findings of an ongoing research aimed to identify the aspects of
bike use that may be preventing its acceptance among people carried out in the city of Quito,
Ecuador. Prior to this study, there was uncertainty about whether if all the elements that
make out bike use have the same impact on the overall valuation, whereby the method
proposed by Dell’Olio et al. (2010) is useful in identifying the relative importance of the
barriers to bike use.

Considering their approach, the present study was performed from two points of view:
Firstly, know bike use perception from the information held a priori by individuals (Vi).
Secondly, to immerse individuals in a process of problem-analysis (bike use acceptance as
an option to commute) asking them to evaluate specific aspects of bike mobility to measure
the relative importance of the variables (barriers) that could be influencing their overall
perception. Immediately after this phase of meditation, individuals were asked for the second
time to globally assess bike use (V).

The two proposed situations arose when seeking to meet two objectives: 1) to identify which
variables have an unconscious impact on individuals and, 2) build up valuable information
on where to direct the strategies and efforts that seek to improve the overall perception of
bike use, focusing on those variables to which individuals seem to be more receptive. This
study increases the knowledge about the perception towards bike use according to
individuals’ characteristics.
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The research verifies the different bike use perceptions of a group of individuals before and
after having reflected on each of the components of the system. The analysis according to
individuals' categorization confirms that bike use perception varies depending in this case,
of the mode of transport (bike users vs. car users). On the one hand, bike users’ reflection
causes a reduction in the weight they placed on aspects such as the importance of
maintaining the personal appearance and insecurity against crime, resulting in increased
importance placed on travel distances, and the physical conditions and abilities to use the
bike, this latter being of null importance when the initial valuation was made. Regarding car
users, aspects such as city temperatures fell in the second valuation, while insecurity against
crime, which in the first evaluation was missed, in the second evaluation was highly
influential. Therefore, the greatest impact on bike use perception will be achieved by,
regarding bike users, enhancing multimodality, and the provision of facilities for bike use
such as electric bikes. Whilst for car users should be by focusing on safety.

The results of this study evidence the importance that people's socio-demographic and
journey characteristics have in the perception of a service, therefore, taking into account
their needs should be a crucial factor to be considered when developing strategies that seek
promoting bike use. Thus, mobility services will be able to meet demand requirements to,
firstly, retain existing users and, secondly, attract new ones, especially from motorized
modes. Therefore, in the future, bicycle mobility planning should be the product of
collaboration between different mobility actors, especially integrating people's knowledge
and perception, and not a product developed solely by experts and technicians.

Given that in cities with low rates of bike commute, the majority of the population is not
familiar with the benefits of cycling as a means of transport. Therefore, dissemination
strategies could focus on communicating the benefits of cycling as a fast, comfortable and
reliable option, presenting it as a mode of transportation and not only as a recreational
activity or a healthy lifestyle (Handy et al., 2014; Savan, Cohlmeyer, & Ledsham, 2017).
This could be a key factor in changing the mindset towards its adoption as a regular mode
of transportation. Short-term targeted campaigns can be an effective policy measure to
expose these benefits and potentially engage new users in active mobility.

The application of the proposed methodology may provide planners and policymakers with
valuable information for developing strategies aimed at different profiles of people, to
improve bike use acceptance and attract new users. Nevertheless, it is important to bring up
that this study serves as a first attempt to capture the bike use perception of a group of
individuals in a city with a particular size, topography, and climate conditions. Further
research should focus on studying the preferences of other sub-groups of people (e. g. males
vs. females, students vs. working population, and so on), as well as in other cities with other
characteristics where different results could be obtained related to the different contexts.



R-EVOLUCIONANDO EL TRANSPORTE 199

ACKNOWLEDGMENTS
This research was partially funded by the Universitat Politécnica de Catalunya (UPC).
REFERENCES

ALONSO, B., BARREDA, R., DELL’OLIO, L., & IBEAS, A. (2018). Modelling user
perception of taxi service quality. Transport Policy, 63(January 2016), pp. 157-164.

BABAKUS, E., & BOLLER, G. W. (1992). An empirical assessment of the SERVQUAL
scale. Journal of Business Research, 24(3), pp. 253-268.

ALONSO, B., BARREDA, R., DELL’OLIO, L., & IBEAS, A. (2018). Modelling user
perception of taxi service quality. Transport Policy, 63(January 2016), pp. 157-164.

BABAKUS, E., & BOLLER, G. W. (1992). An empirical assessment of the SERVQUAL
scale. Journal of Business Research, 24(3), pp. 253-268.

BORDAGARAY, M., IBEAS, A., & OLIO, L. (2012). Modeling user perception of public
bicycle services, Procedia - Social and Behavioral Sciences, 54, pp. 1308—1316.

BRANION-CALLES, M., NELSON, T., FULLER, D., GAUVIN, L., & WINTERS, M.
(2019). Associations between individual characteristics, availability of bicycle
infrastructure, and city-wide safety perceptions of bicycling: A cross-sectional survey of
bicyclists in 6 Canadian and U.S. cities. Transportation Research Part A: Policy and
Practice, pp. 123, 229-239.

BRAUN, L., RODRIGUEZ, D., COLE-HUNTER, T., AMBROS, A., DONAIRE-
GONZALEZ, D., JERRETT, M., DE NAZELLE, A. (2016). Short-term planning and
policy interventions to promote cycling in urban centers: Findings from a commute mode

choice analysis in Barcelona, Spain. Transportation Research Part A: Policy and Practice,
89, pp. 164-183.

BUEHLER, R., & PUCHER, J. (2012). Cycling to work in 90 large American cities: New
evidence on the role of bike paths and lanes. Transportation, 39(2), pp. 409—432.

CARRILLAT, F. A., JARAMILLO, F., & MULKI, J. P. (2007). The validity of the
SERVQUAL and SERVPERF scales: A meta-analytic view of 17 years of research across
five continents. International Journal of Service Industry Management, 18(5), pp. 472—490.

CEPEDA ZORRILLA, M., HODGSON, F., & JOPSON, A. (2018). Exploring the
influence of attitudes, social comparison and image and prestige among non-cyclists to
predict intention to cycle in Mexico City. Transportation Research Part F: Traffic
Psychology and Behaviour, 60, pp. 327-342.

CORCORAN, J,, LI, T., ROHDE, D., CHARLES-EDWARDS, E., & MATEO-
BABIANO, D. (2014). Spatio-temporal patterns of a Public Bicycle Sharing Program: the
effect of weather and calendar events. Journal of Transport Geography, 41, pp. 292-305.



200 BICICLETAS Y PEATONES

DE ONA, J., DE ONA, R, DIEZ-MESA, F., EBOLIL L., & MAZZULLA, G. (2016). A
composite index for evaluating transit Service Quality across different user profiles.
Journal of Public Transportation, 19, pp. 128.

DE ONA, J., DE ONA, R., EBOLI, L., & MAZZULLA, G. (2013). Perceived service
quality in bus transit service: A structural equation approach. Transport Policy, 29, 219—
226.

DE ONA, ROCIO. (2013). Analisis de la calidad del servicio del Transporte Publico
mediante arboles de decision. Universidad de Granada.

DE ONA, ROCIO, & DE ONA, J. (2015). Analysis of transit quality of service through
segmentation and classification tree techniques. Transportmetrica A: Transport Science,
11(5), 365-387

DE SOUSA, A. A., SANCHES, S. P., & FERREIRA, M. A. G. (2014A). Influence of
Attitudes with Respect to Cycling on the Perception of Existing Barriers for Using this
Mode of Transport for Commuting. Procedia - Social and Behavioral Sciences,
162(Panam), 111-120

DE SOUSA, A. A., SANCHES, S. P., & FERREIRA, M. A. G. (2014B). Perception of
Barriers for the Use of Bicycles. Procedia - Social and Behavioral Sciences, 160, 304—313.

DELL’OLIO, L., IBEAS, A., & CECIN, P. (2010). Modelling user perception of bus
transit quality. Transport Policy, 17(6), 388—397.

DELL’OLIO, L., IBEAS, A., DE ONA, J., & DE ONA, R. (2018A). Chapter 10: Beyond
Perceived Quality: Desired Quality. Public Transportation Quality of Service (pp. 181—
194). Elsevier.

DELL’OLIO, L., IBEAS, A., DE ONA, J., & DE ONA, R. (2018B). Chapter 2: How to
Study Perceived Quality in Public Transport. Public Transportation Quality of Service (pp.
7-32). Elsevier

DELL’OLIO, L., IBEAS, A., DE ONA, J., & DE ONA, R. (2018C). Chapter 7: Methods
Based on Random Utility Theory. Public Transportation Quality of Service (pp. 101-139).
Elsevier.

DELL’OLIO, L., IBEAS, A., DE ONA, J., & DE ONA, R. (2018D). Chapter 8: Structural
Equation Models. Public Transportation Quality of Service (pp. 141-154). Elsevier.

EBOLI L., & MAZZULLA, G. (2011). A methodology for evaluating transit service
quality based on subjective and objective measures from the passenger’s point of view.
Transport Policy, 18(1), 172-181

ECHANIZ, E., HO, C. Q., RODRIGUEZ, A., & DELL’OLIO, L. (2019). Comparing best-
worst and ordered logit approaches for user satisfaction in transit services. Transportation
Research Part A: Policy and Practice, 130(January), 752—769.



R-EVOLUCIONANDO EL TRANSPORTE 201

EREN, E., & UZ, V. E. (2019). A review on bike-sharing: The factors affecting bike-
sharing demand. Sustainable Cities and Society.

FERNANDEZ-HEREDIA, A., MONZON, A., & JARA-DIAZ, S. (2014). Understanding
cyclists’ perceptions, keys for a successful bicycle promotion. Transportation Research
Part A: Policy and Practice, 63, 1-11

FREITAS, A. L. P, & MACIEL, A. B. L. (2017). Assessing cyclists’ perceptions,
motivations and behaviors: An exploratory study in Brazil. Procedia Engineering, 198, 26—
33

GARRIDO, C., DE ONA, R., & DE ONA, J. (2014). Neural networks for analyzing
service quality in public transportation. Expert Systems with Applications, 41(15), 6830—
6838.

GOODMAN, A., SAHLQVIST, S., & OGILVIE, D. (2013). Who uses new walking and
cycling infrastructure and how? Longitudinal results from the UK iConnect study.
Preventive Medicine, 57(5), 518-524

GUTIERREZ, M., HURTUBIA, R., & ORTUZAR, J. DE D. (2020). The role of habit and
the built environment in the willingness to commute by bicycle. Travel Behaviour and
Society, 20, 62—73.

HANDY, S., VAN WEE, B., & KROESEN, M. (2014). Promoting Cycling for Transport:
Research Needs and Challenges. Transport Reviews, 34(1), 4-24.

HEINEN, E., MAAT, K., & VAN WEE, B. (2011). Day-to-day choice to commute or not
by bicycle. Transportation Research Record:, 2230(1), 9—18

HEINEN, E., MAAT, K., & VAN WEE, B. (2011). The role of attitudes toward
characteristics of bicycle commuting on the choice to cycle to work over various distances.
Transportation Research Part D: Transport and Environment, 16(2), 102—109.

HELBICH, M., BOCKER, L., & DIJST, M. (2014). Geographic heterogeneity in cycling
under various weather conditions: evidence from Greater Rotterdam. Journal of Transport
Geography, 38, 38—47.

IGM. (1992). Cap 1 Introduccion. In Atlas Infografico de Quito. Socio-dindmica del
espacio y politica urbana (p. 29). Quito: Instituto Geografico Militar.

INEC. (2017). home — Instituto Nacional de Estadistica y Censos. Retrieved March 2,
2020, from https://www.ecuadorencifras.gob.ec/institucional’/home/

IWINSKA, K., BLICHARSKA, M., PIEROTTI, L., TAINIO, M., & DE NAZELLE, A.
(2018). Cycling in Warsaw, Poland — Perceived enablers and barriers according to cyclists
and non-cyclists. Transportation Research Part A: Policy and Practice, 113, 291-301.

JAKOVCEVIC, A., FRANCO, P., VISONA DALLA POZZA, M., & LEDESMA, R.
(2016). Percepcion de los beneficios individuales del uso de la bicicleta compartida como
modo de transporte. Suma Psicoldgica, 23(1), 33—41.



202 BICICLETAS Y PEATONES

KEELING, D. J. (2013). Transport research challenges in Latin America. Journal of
Transport Geography, 29, 103—-104

KONSTANTINIDOU, M., & SPYROPOULOU, I. (2017). Factors affecting the propensity
to cycle - The case of Thessaloniki. In Transportation Research Procedia (Vol. 24, pp.

123-130). Hellenic Open University, Aristotelous street, Patra, 26335, Greece.

MAJUMDAR, B. B., & MITRA, S. (2013). Investigating the Relative Influence of Various
Factors in Bicycle Mode Choice. Procedia - Social and Behavioral Sciences, 104, 1120—
1129.

MARK, L., & HEINRICHS, D. (2019). More than time and money - Influences on
mobility of low-income women in the Villa 20 in Buenos Aires, Argentina. Journal of
Transport and Health, 15, 100652.

MCKELVEY, R. D., & ZAVOINA, W. (1975). A statistical model for the analysis of
ordinal level dependent variables. The Journal of Mathematical Sociology, 4(1), 103—120.

METRO DE QUITO. (2012). Encuesta domiciliaria de Movilidad (EDM11) del Distrito
Metropolitano de Quito. Quito.

MUNOZ, B.,, MONZON, A., & LOIS, D. (2013). Cycling habits and other psychological
variables affecting commuting by bicycle in Madrid, Spain. Transportation Research
Record, (2382), 1-9.

PARASURAMAN, A. P., ZEITHAML, V., & BERRY, L. (1985). A conceptual model of
Service Quality and its implications for future research. Journal of Marketing, 49(4), 41.

PORTER, C., SUHRBIER, J., & SCHWARTZ, W. (1999). Forecasting Bicycle and
Pedestrian Travel: State of the Practice and Research Needs. Transportation Research
Record: Journal of the Transportation Research Board, 1674(1), 94-101.

SAVAN, B., COHLMEYER, E., & LEDSHAM, T. (2017). Integrated strategies to
accelerate the adoption of cycling for transportation. Transportation Research Part F:
Traffic Psychology and Behaviour, 46, 236249

SIMONS, K. L. (2018). Useful Stata Commnads. Retrieved from
http://www.stata.com/bookstore/books-on-stata/

STATACORP. (2017). Stata User’s Guide. https://doi.org/10.1111/;.1600-
0447.2011.01711.x

THORHAUGE, M., KASSAHUN, H. T., CHERCH]I, E., & HAUSTEIN, S. (2020).
Mobility needs, activity patterns and activity flexibility: How subjective and objective
constraints influence mode choice. Transportation Research Part A: Policy and Practice,
139, 255-272.

TON, D., ZOMER, L. B., SCHNEIDER, F., HOOGENDOORN-LANSER, S., DUIVES,
D., CATS, O., & HOOGENDOORN, S. (2020). Latent classes of daily mobility patterns:
the relationship with attitudes towards modes. Transportation, 47(4), 1843—1866.



R-EVOLUCIONANDO EL TRANSPORTE 203

WEINSTEIN, A. (2000). Customer Satisfaction Among Transit Riders: How Customers
Rank the Relative Importance of Various Service Attributes. Transportation Research
Record: Journal of the Transportation Research Board, 1735(1), 123—-132.






PREDICTING THE WILLINGNESS TO CARRY
LIGHTWEIGHT GOODS BY BIKE AND KICK-SCOOTER:
A DESCRIPTIVE ANALYSIS

Tulio Silveira Santos
Universidad Politécnica de Madrid, Spain
José Manuel Vassallo
Universidad Politécnica de Madrid, Spain
Ewerton Chaves Moreira Torres
Universidade de Lisboa, Portugal

ABSTRACT

The social transformation caused by the COVID-19 pandemic may contribute to make cities
healthier and more sustainable, with more space available for active modes of transport. This
paper addresses people's willingness to go shopping by bike or kick-scooter and to transport
lightweight goods in cities with low maturity for cycling and scooting. Data collection was
based on a survey, applied in the two main urban areas of Brazil (Sao Paulo and Rio de
Janeiro) and Portugal (Lisbon and Porto). The dataset was processed considering only two
categories of respondents, that is, potential users and regular users. The results indicate that
people are willing to transport lightweight goods by bike or kick-scooter, as long as the
infrastructure is safe and comfortable. This research contributes to understanding mobility
behavior changes and to identifying barriers to shopping by bike or kick-scooter. It also
presents some recommendations for improving cycling and scooting use for shopping, which
can be carried out by public authorities.

1. INTRODUCTION

The world is currently facing a new mobility paradigm driven by the impact of artificial
intelligence, new cleaner energy sources and public health problems caused by the COVID-
19 pandemic. These trends are changing the way people work, travel and purchase goods
and services. Furthermore, the definition of sustainable mobility is broad and should cover
the three pillars (social, environmental and economic), based on people’s need to have access
to activities that facilitate their individual and societal development (Banister, 2008).

The reasons for using the car include convenience, time constraints, transporting heavy
goods, picking up or bringing people, needing the car for the following trip and facing bad
weather (Beckx et al., 2013; Mackett, 2001). The high car ownership rates, combined with
a high percentage of short trips by car, has a negative influence not only on air quality, but
also on living conditions in several cities (Soria-Lara et al., 2019).
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The use of active modes of transport for this purpose becomes more difficult not only
because of the weight of the load itself, but also because of the lack of safe and comfortable
infrastructure (Félix et al., 2020), in addition to the lack of implementation of a public e-
bike and e-scooter sharing systems in many places.

On the other hand, the COVID-19 pandemic is accelerating new lifestyles and the emergence
of'a new mobility scenario, in which public health and social distancing have become crucial
challenges in transport policy and planning. In addition to mobility restrictions, the use of
public transport has been limited and even discouraged in some places (Tian et al., 2020),
having been identified as a vector for the spread of infection in dense populated areas (Buja
et al., 2020). As demonstrated by the previous SARS pandemic, the fear of infection also
discourages the use of public transport (Wang, 2014). As a consequence of that, the use of
active modes of transport has also increased according to some studies (Abdullah et al.,
2020; Bucsky, 2020; Haas et al., 2020).

Despite the ongoing vaccination for COVID-19, physical distancing may be necessary until
2022 (Kissler et al., 2020). Cities must adjust to that situation and compensate for some of
the most negative long-term effects of the pandemic. The social changes prompted by the
pandemic could be used to make cities healthier and more sustainable, with more space
available for active modes of transport (Gutiérrez et al., 2020), which facilitates journeys by
walking, cycling or scooting (Young & Whyte, 2020). In that scenario, this paper deals with
the following research question: “are people willing to transport lightweight goods by bike
or kick-scooter?”.

The paper focuses on the use of all types of bikes and kick-scooters (i.e., folding, electric,
shared, rental, etc.) for personal shopping purposes by regular people (those working for a
delivery company are not included). By actively promoting shopping by bike or kick-
scooter, a new impetus can be given to improving and reinforcing sustainable shopping in
cities. One possible contributor towards more efficient and environmentally friendly
commercial transport is the use of bikes, especially cargo bikes (Nascimento et al., 2020;
Schliwa et al., 2015), however, this paper does not deal with the feasibility of urban freight
and city logistics. It also considers the hypothesis that part of the population can ride a bike
and/or kick-scooter carrying some lightweight goods during their trips.

On the basis of a survey, a methodology was developed with the aim of characterizing the
use of bike or kick-scooter for moving lightweight goods. The survey was applied to people
of different age groups in the two main urban areas of Brazil (Sao Paulo and Rio de Janeiro)
and Portugal (Lisbon and Porto). All those cities have low maturity for cycling (and also for
scooting), meaning that they have: few cyclists (and even kick-scooter users), little
infrastructure, no cycling (and/or scooting) culture (being considered unsafe and not
respected), a car-oriented road design and a small modal share for active modes (Félix et al.,
2017; Santos & Torres, 2020).
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The main objectives of this paper are: (i) understand people's willingness to go shopping by
bike or kick-scooter and to transport lightweight goods in cities with low cycling and
scooting maturity, during the COVID-19 pandemic; and (ii) compare the results of the
survey between regular users and potential users of bikes and kick-scooters.

The content of this paper is made up of this introduction plus other five sections. The second
section presents the background and literature review. The third section deals with data
collection and the fourth section presents the case study cities. The fifth section presents the
results of the descriptive analysis, following the last section with the conclusions and future
recommendations.

2. BACKGROUND AND LITERATURE REVIEW

Behavioral changes caused by the COVID-19 pandemic could be used to make cities
healthier and more sustainable, with more space available for active modes of transport.
Although it may not be easy to keep those habits over time, there is a clear window of
opportunity available whereby temporary actions may inspire future policies (Gutiérrez et
al., 2020).

Policy decision-makers, as well as the society in general, have a commitment to improve the
quality of life in cities, air quality and public space, while ensuring equal accessibility in the
urban context (Banister, 2008). The paradigm shift towards sustainable mobility is largely
due to the transfer of fossil fuel-powered travel to electric vehicles; and from individual to
collective transportation means and active modes, thus allowing short distances to be
covered in the respective infrastructures (Moura et al., 2017; Santos & Torres, 2020).

Urban planning and transportation management policies must also be critically reviewed.
The first actions taken during the COVID-19 pandemic sought to promote active modes and
reduce the space allocated to private vehicles (Gutiérrez et al., 2020). However, the policies
that will be implemented in the medium and long term are uncertain, as well as their impacts
on active modes.

The benefits of active modes for urban mobility are well known for cities, including
sustainability, equity, health, and quality of life. Increasing active mobility behavior, could
help to address increasing rates of obesity, benefit physical and mental health, and reduce
serious health problems associated with lack of exercise and air quality (Pérez et al., 2017;
Sallis et al., 2004). However, changing the behavior of the population is a major challenge.

Planners and policymakers benefit from a greater understanding of available interventions
to effectively promote cycling and scooting. In cities where cycling or scooting is starting to
grow, as it is the case of the cities of this paper (i.e., Sdo Paulo, Rio de Janeiro, Lisbon and
Porto), little is known about who is cycling or scooting. Usually, in these cities, the attention
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of transportation agencies and mobility managers is not focused on active modes, so cyclists
and kick-scooters users are not a priority. The resulting lack of useful data is also a problem
because there is no basis upon which governments could justify investments in effective
cycling and scooting infrastructure. Cities with low cycling maturity do not have historical
experience with cycling, so it is necessary to better understand and inform urban planners
about which strategic infrastructure investments should be made and programs to be
implemented in order to leverage their participation and mature the culture of cycling (Félix
et al., 2020).

The implementation and extension of segregated cycling networks and facilities are
interventions that have a high chance to successfully induce cycling (Buehler & Pucher,
2012; Carr & Dill, 2003; Pucher & Buehler, 2006; Santos et al., 2013), and can also induce
scooting. However, it was found that changes in travel behavior can also be associated with
a change in life circumstances rather than a change in the external environment (Chatterjee
et al., 2013), such as health problems, a job change, school or residence, etc. The built
environment influences a lot the use of active modes, enabling or hindering cycling and
scooting. Several authors have concentrated mainly on perceptions of risk in cycling and the
provision of cycling facilities to overcome this barrier (Chataway et al., 2014; Gotschi et al.,
2018; McClintock & Cleary, 1996; Swiers et al., 2017; Vanparijs et al., 2015), and the
perception of safety is possibly one of the most important factors influencing the decision to
ride a bike or not (Félix et al., 2019; Fowler et al., 2017; Mufioz et al., 2016), and probably
a kick-scooter as well.

In the case of bikes, for example, other barriers are related to the physical effort of cycling,
which is related to the slope and cycling maturity of the city (Stinson & Bhat, 2003; Winters
et al., 2010) and sweating (Engbers & Hendriksen, 2010). In order to overcome these
common barriers, electric bicycles and kick-scooters, requiring less physical effort, have
been promoted worldwide (Dill & Rose, 2012; Popovich et al., 2014). Enabling active modes
through basic infrastructure may be a necessary first step for numerous cities with little or
no infrastructure, but such an approach is likely to have only modest impacts on travel
behavior. Furthermore, significant travel behavior changes may not be possible without
policies and infrastructure levers that deter people from car driving, in order to increase
active travel (Piatkowski et al., 2019).

In cities with few regular users of active modes, such as the case study cities, there is a large
share of the population that prefer other commuting modes. Among them it is possible to
distinguish potential users of active modes from those who are not able or willing to ride a
bike (Félix et al., 2017) or a kick-scooter. There is a need to appropriately measure the
relevant factors that determine whether people choose to ride (or not) a bike or kick-scooter,
especially for shopping purpose.
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The general assumption is that the factors that prevent people from cycling or scooting are
caused by a combination of personal and external factors, which together constitute the
perceived barriers to cycling or scooting and influence the expectations of potential users.

Some of these factors are subjective and others are objective. Some of the objective factors
(for example, distance or slope) may be perceived differently among potential users, being
a strong or irrelevant barrier to cycling or scooting. These factors vary over time and can
potentially lead to a change in behavior in relation to the adoption of cycling or scooting.

Another assumption is that the paradigm shift reflects the behavioral change, in which
perceived barriers are outweighed by perceived benefits (Kahneman & Tversky, 1979) and
the resulting motivators and expectations lead to effective results. The influence of personal
or external factors on decisions to ride a bike or a kick-scooter more often can change over
time, especially during pandemic periods.

The current literature points out some recommendations for public authorities to improve
cycling or scooting use for shopping, such as: (i) incite active modes by means of street
design interventions (Barbarossa, 2020; De Vos, 2020); (i1) reduce the number of lanes on
multi-lane streets to homogeneously expand the walking and cycling (or scooting)
infrastructure in central business districts (Soria-Lara et al., 2019); (iii) define the total traffic
restriction on selected streets with high retail activity in order to build an infrastructure for
walking and cycling (or scooting) covering the entire traffic space (Soria-Lara et al., 2019);
(iv) limit (free) car parking, as it is associated with a lower likelihood for cycling (Bueno et
al., 2017) or scooting; and (v) provision of showers, lockers and parking for bikes (Bueno et
al., 2017) and kick-scooters.

Based on the literature review, the main reason why people do not ride a bike or kick-scooter
is the possibility of using the private vehicle for the same objective. Bike and kick-scooter
sharing schemes, which are rapidly spreading in many cities, are also considered essential
elements of urban transport policy. However, there may not be a significant cycling increase
without dedicated cycling infrastructure (Félix et al., 2019; Pucher et al., 2010). Anyway,
for those who do not have bike storage at home and thus are less likely to cycle (Ferndndez-
Heredia et al., 2016), bike (or kick-scooter) sharing systems can be a practical option.

The literature points to many studies of urban freight and city logistics (mainly cargo bikes),
considering mainly those people who work for a delivery company, which is not the focus
of this paper. There are even fewer research studies focused on cities with low cycling and
scooting development and maturity, which typically have sizeable non-users’ population,
and also potential users of bikes and kick-scooters. This is precisely the research gap that
this paper intends to cover.
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3. DATA COLLECTION

Data collection was based on a survey aimed at understanding respondents' current mobility
patterns, attitudes towards urban cycling and scooting, willingness to change behavior, and
some socio-demographic data. The survey is applicable to any city regardless of the level of
maturity of cycling and scooting. All questions were closed-ended and are listed in the

flowchart displayed in Figure 1.

Have youeveruseda
bike or kick-scooter?

MNon-user —b( End )

Yes (bike) /
Yes (kick-scooter) /
Yes (both)

Do vou currently use No
any of them?
Yes
h 4
Regular Potential
user user
h 4 4
What is the main purpose What used to be the main
of the trip? purpose of the trip?
r
What is the frequency of
use according to each
purpose of the trip?
A J Y

Have you ever transported lightweight goods by bike or kick-scooter?

r h

Do vou usually transport Eghtweight goods when walking?

r h 4
Would vou transport lightweight goods by bike or kick-scooterif the
infrastmicture was safe and comfortable?

A r
Barriers for shopping by bike orkidk-scooter/
Socio-demographic data

Figure 1 — Flowchart of data collection
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It is worth mentioning that urban cyclists and kick-scooter users are not all the same, do not
travel for the same reason or with the same frequency, or have the same needs (Christmas et
al., 2010). Market segmentation has been used in transportation engineering for many years
(Beirdo & Sarsfield Cabral, 2007; Dallen, 2007; Jacques et al., 2013; Kassirer & Lagarde,
2010). To this end, the flowchart in this paper presents a categorization of the survey into
smaller groups of similar individuals based on how they would likely respond to a particular
marketing mix.

Respondents were categorized as “Non-users”, ‘“Potential users” and “Regular users”,
adapted after reviewing the literature (Kroesen & Handy, 2014; Bergstrom & Magnusson,
2003; Dill & McNeil, 2013; Félix et al., 2017), as follows: (i) Non-users: someone who has
never ridden a bike or kick-scooter and has no particular interest in doing it; (ii) Potential
users: someone who has ever ridden a bike or kick-scooter and would ride it again (or is
willing to do so) if some conditions happen; and (iii) Regular users: someone who currently
rides a bike or kick-scooter and should do so within the next month.

Different lines of inquiry were addressed to each group. The survey asked “Potential users”
to recall their previous experiences when they used to ride a bike or kick-scooter, and
“Regular users” to respond based on their current experience. The category of “Non-users”
was not considered in the final dataset, as they have no particular interest in riding a bike or
kick-scooter.

All questions were closed-ended, and all features were categorical. Regarding trip purpose,
"Regular users" answered it for their current trips, while "Potential users" did it for the trips
they would have made. Only "Regular users" had to answer what is the current frequency of
use (i.e., “Sometimes”, “Once a week”, “2 to 3 times a week”, “Daily”), having to answer
this question for each of the following four trip purposes: “Work or Study”, “Leisure”,
“Shopping” and “Other”.

The next three questions were asked to the two categories of respondents in order to have a
reference to test and validate the research question addressed in this paper (namely, are
people willing to transport lightweight goods by bike or kick-scooter?). These three
questions were “Yes/No” questions, involving: (i) “Have you ever transported lightweight
goods by bike or kick-scooter?”’; (ii) “Do you usually transport lightweight goods when
walking?”’; and (ii1) “Would you transport lightweight goods by bike or kick-scooter if the
infrastructure was safe and comfortable?”.

Finally, respondents had to answer a question to identify barriers for shopping by bike or
kick-scooter in cities with low maturity for cycling and scooting (including the volume or
cargo itself, etc.). They were also asked about some socio-demographic data (including
gender and age).
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4. CASE STUDY CITIES

The survey was applied to people of different age groups in the two main urban areas of
Brazil (Sao Paulo and Rio de Janeiro) and Portugal (Lisbon and Porto). The two countries
continue to be linked by a common language (Portuguese) and Portuguese-Brazilian
ancestry, which facilitated the common application of the survey. These cities have
important employment centers in their regions and have some differences related to urban
morphology, transport infrastructure, modal share, etc. However, these cities have a low
modal share for cycling (see Table 1) and scooting, as well as scarce infrastructure for active

modes.
City Cycling modal share Reference
Sao Paulo (Brazil) 2.0% Brand et al. (2019)
Rio de Janeiro (Brazil) 2.4% Souza et al. (2017)
Lisbon (Portugal) <1% Martinez & Viegas (2017)
Porto (Portugal) <1% Costa et al. (2012)

Table 1 — Modal share for cycling in the case study cities

Cycling accounts for about 27% of trips in The Netherlands (Félix et al., 2019), unlike all
cities in the case study that account for less than 3% of the participation in the cycling modal.
Although information on the percentage of kick-scooter trips has not been found, it can be
assumed that all cities have low development and maturity for the use of bikes and kick-
scooters.

All cities in the case study face difficult challenges in adopting active modes for urban
mobility: (i) low culture of cycling and scooting; (ii) little interest in collecting data on
cycling or scooting; (iii) the general perception that cycling or scooting is neither safe nor
respected; and (iv) car-oriented road projects.

On the one hand, the political choices that were made at the level of transport systems in
these cities, were based on a bet on road infrastructure and the use of the car, in recent
decades, with little significant investment in infrastructure and public transport services. The
road infrastructure sector in these cities directly affects the accessibility of regions and the
mobility of people and goods, contributing to access to work and income (Santos & Ribeiro,
2015, 20164, 2018a) and road concessions have been the most strategic alternative feasible
for maintaining roads at an appropriate level for traffic volumes (Santos, 2017; Santos et al.,
2019; Santos & Picado-Santos, 2018, 2019; Santos & Ribeiro, 2018b). Traffic impact
analysis is the key means to harmonize transport and land use planning (Santos & Gouvéa,
2012; Santos & Ribeiro, 2016b), but in these case study cities, such studies have only been
used since the last few decades.
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On the other hand, the conditions offered in these types of cities contribute to the individual's
decision to ride (or not) a bike or kick-scooter, in a transitional way. Given that these cities
do not have historical experience with cycling or scooting, it is necessary to better understand
and inform city planners about what strategic infrastructure investments should be made and
programs to be implemented in order to increase their participation in active modes, mature
its culture, as well as encourage its use for shopping, which is the main objective of this

paper.
5. DESCRIPTIVE ANALYSIS

Descriptive analysis was used to illustrate the basic characteristics of the dataset in this
paper, providing simple graphical analysis and measurements. The survey was addressed to
the residents, workers, students and visitors of the four cities already mentioned. As the
survey was launched in different cities at the same time, no specific sampling methodology
was used. The survey was distributed on social media and by university press advisory, with
the title "Shopping by bike or kick-scooter in times of pandemic", and conducted in an
online-only format, using the Google Forms. The survey was online in April and May 2020
and collected 294 responses. The representativeness of respondents and the three categories
of population segmentation is shown in Figure 2.

29%
Mon-users
Potential users
Regular users

2%
Figure 2 — Representativeness and categories of respondents (Note: 294 responses)

According to the representativeness and categories of the respondents, the category "Regular
users" corresponds to 29%, which was expected in cities with low maturity for cycling and
scooting. Then in second place it comes the category "Potential users" (32%), followed by
the category "Non-users" (39%). In a low cycling and scooting maturity city, more non-users
and potential users are expected, whereas in a high cycling and scooting maturity city, more
regular users are expected (Félix et al., 2017). After the data cleaning process, the final
dataset included only the categories "Regular users", as they are typically more proficient
users, and also "Potential users", as they are willing but not convinced to ride a bike or a
kick-scooter again if a number of conditions were fulfilled. The content of this dataset also
confirms the initial hypothesis that part of the population can ride a bike and/or kick-scooter
(around 61%).
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Thus, the entire analysis from now on is based on the remaining 180 respondents, with
almost half of them (53%) being “Potential users” and the remaining portion (47%) being
“Regular users”.

The gender of respondents is shown in Figure 3, according to the category of respondents,
as well as the grouping of these two categories.
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Figure 3 — Gender of the respondents

The gender of the respondents is well distributed among the sample (i.e., both users), in a
total of 91 men (51%) and 89 women (49%). However, this distribution is not the same when
analyzing the two categories of respondents. In the "Potential users" category, women
represent the majority of the responses (59%), while in the "Regular users" category it was
men who represented the majority of the responses (61%). These results are in line with the
literature review, since among regular users, a higher percentage of men in countries with
low maturity in cycling (and scooting) was expected (Garrard et al., 2008). The distribution
of the age group of these respondents, as well as the grouping of these two categories, is
shown in Figure 4.

Both users Potential users Regular users

] (35, 45] (45, 55] (55, 65] =65 25 (25,35] (35, 45] (45, 55) (55,65] =65 25 (25,35] (35, 45] (45, 55) (55, 65] >65

Figure 4 — Distribution of the age group

The distribution of the age group was similar in the two categories of respondents ("Potential
users" and "Regular users"), as well as in the grouping of these categories (i.e., both users).
In general, most respondents are between 25 and 35 years old, while a minority of
respondents are over 55 years old.
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The modal split is shown in Figure 5, according to the two categories of respondents.

Potential users 7% 7% 16%

=

egular users 58% 8% H%

Bike Scooter Both

Figure 5 — Modal split according to the two categories of respondents

In the two categories of respondents considered, the modal split graph shows that the bike is
the most used active means of transport, while the kick-scooter remains between 7% and
8%. However, it is observed that the use of both means (i.e., bike and kick-scooter) increases
for the category “Regular users”, which shows a better acceptance of these two means of
transport.

The main travel purposes are shown in Figure 6, according to the two categories of
respondents. As mentioned before, "Regular users" answered it for their current trips, while
"Potential users" did it for the trips they would have made.

14%

Potential uszers 10 3%

10%

Eegular users 8
1%

Work or Study Leisure Shopping Other
Figure 6 — Main travel purposes according to the two categories of respondents

According to the travel purposes graph, leisure was the most cited reason when analyzing
the two categories of respondents. This reason is very high (73%) when analyzing the
category “Potential users”, followed by work or study (14%), shopping (3%), and other
reasons (10%). On the other hand, the reason for leisure was the most cited among the
category “Regular users” (47%), being very close to the reason for work or study (44%),
which shows that these means of transport (bike and/or kick-scooter) are no longer used just
for entertainment. In addition, its use for shopping is still relatively low (8%) but it also
represents a growth trend (which meets the main objective of this paper).
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Only "Regular users" had to answer what is the current frequency of use, having to answer
this question for each of the four purposes of trip (“Work or Study”, “Leisure”, “Shopping”
and “Other”), as shown in Figure 7.

60%

> 05
Work or Study e

19%

58%

.f 289
Leisure 13% a

1%

o 929
Shopping 2%9
20

- 94%
Other 3%

1%

2%

Sometimes Once a week 2 to 3 times a week Daily

Figure 7 — Frequency of use according to each of the four purposes of trip
(Note: applied only to the “Regular users” category)

The graph of the frequency of use according to each of the four purposes of trip shows that
the “Regular users” often use active modes only sometimes, regardless of the four purposes
of trip. It is worth mentioning that the reason for shopping is still not in use quite often,
although a growth trend is expected in times of pandemic (especially in the medium- and
long-term).

Some “Yes/No” questions were asked to the two categories to test and validate the research
question addressed by this paper (namely, are people willing to transport lightweight goods
by bike or kick-scooter?), as follows: (i) Q.1: “Have you ever transported lightweight goods
by bike or kick-scooter?”; (i1) Q.2: “Do you usually transport lightweight goods when
walking?”’; and (ii1) Q.3: “Would you transport lightweight goods by bike or kick-scooter if
the infrastructure was safe and comfortable?”. The general results of these 3 questions are
shown in Figure 8.

Q1
Potential users 8@ 94%
Regular users 16%: 84%
Q2
Potential users 30% 61%
Regular users 42% 58%
Q3
Potential users 64% 36%
Regular users Td4% 26%

Yes B No
Figure 8 — General results of 3 questions to test and validate the research question



R-EVOLUCIONANDO EL TRANSPORTE 217

The general results of the 3 questions to test and validate the research question provide
interesting results. When asked whether respondents have already transported lightweight
goods by bike or kick-scooter (Q.1), both categories of respondents have mostly said "no",
representing 94% for the category “Potential users” and 84% for the category “Regular
users”. These results show that there is still a lot of work to be done to effectively promote
active modes for shopping.

Then, when asked whether respondents usually transport lightweight goods when they walk
(Q.2), the two categories of respondents have similar opinions, presenting an increase in the
answers "yes" in relation to the previous question (Q.1). That is, 39% for the “Potential
users” category and 42% for the “Regular users” category. It is worth mentioning that the
figures are quite similar, even considering the “Potential users” (people who are willing but
not convinced to ride a bike or a kick-scooter again), but who are willing to carry
lightweights when walking.

Finally, when asked whether respondents would go shopping by bike or kick-scooter and
transport lightweight goods if the infrastructure was safe and comfortable (Q.3), there was a
significant share of the "yes" answer for both categories of respondents, representing 64%
for the category “Potential users” and 74% for the category “Regular users”. Even “Potential
users” would be willing to ride a bike or kick-scooter again (also for shopping purposes), if
they had a safe and comfortable infrastructure, which is not common in cities with low
cycling and scooting maturity. These results are in line with the literature review, indicating
a high likelihood of changing mobility behavior (especially in times of pandemic). However,
the change is conditioned to government interventions, such as the expansion of the cycling
and scooting network and the implementation of public e-bike and e-scooter sharing systems.

Overall, the answer to the research question is “yes”, that is, people are willing to transport
lightweight goods by bike or kick-scooter. Thus, the government interventions are a game-
changer to start a city's progression towards higher levels of cycling and scooting maturity,
and to meet the objectives of this paper, to transport lightweight goods by bike and kick-
scooter if the infrastructure was safe and comfortable. This is essential, especially if they are
implemented in cities with almost no cycling and scooting modal share, such as the case
study cities.

To conclude, respondents answered a question to identify barriers for shopping by bike or
kick-scooter in cities with low maturity for cycling and scooting. The main barrier declared
by respondents was the volume or cargo itself. Other perceived barriers were: cycling or
scooting in the traffic, living too far, motorists do not respect, not own a bike or kick-scooter,
slope, arrive sweat, no safe route, no cycling or scooting network, taking more time, theft
when parked outside, too hot or rainy, afraid of having an accident, do not ride for years,
like driving a car, too dangerous, afraid of being robbed and physically unable.
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6. CONCLUSIONS

This paper contributes to the understanding of the changing mobility behavior and the
identification of barriers to go shopping by bike or kick-scooter in cities with low maturity
in the use of these modes. In addition, it provides insight to the planning and definition of
local policies and actions (hard and soft measures) that can potentially promote a modal shift
for cycling and scooting in cities with low share of those modes.

The paper shows that people are willing to transport lightweight goods by bike or kick-
scooter as long as the infrastructure is safe and comfortable enough. The main barrier for
going shopping by bike or kick-scooter declared by respondents was the volume or cargo
itself, while other perceived barriers include: cycling or scooting in the traffic, living too far,
motorists do not respect, not own a bike or kick-scooter, etc.

Based on the literature review and the results of the descriptive analysis, the authors suggest
additional recommendations to public authorities, with the aim to improve the use of bikes
or kick-scooters for shopping purposes (especially in times of the COVID-19 pandemic),
such as: (i) producing campaign to encourage car drivers for short shopping trips through
active modes, especially bikes and kick-scooters; (i1) reducing distances and barriers for
cyclists and kick-scooter users; (ii1) fostering short travel policies; (iv) stimulating small-
and medium-sized malls; and (v) avoiding planning large malls outside cities.

As a proposal for future studies, the research can be applied in different regions, for
comparison purposes. In addition, the use of different machine learning techniques is
expected to classify the use of active modes of transport to carry lightweight goods.
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ABSTRACT

Pedestrian mobility is the oldest form of transport in urban areas. Due to the increase of
private vehicles, transport planning has mainly focused on traffic congestion problems,
neglecting pedestrian mobility and public transport. Given the current situation of pollution
and climate change, walkability is again one of the most important transport modes to
achieve urban sustainable mobility in the next future. As reported in the literature, city
dwellers are willing to walk to carry out daily activities but complain about the lack of
adequate pedestrian infrastructure. For promoting pedestrian mobility, the quality levels of
pedestrian paths should be increased. Many researchers suggest methodologies for
determining the pedestrian level of service. Among these, some studies consider both path
physical characteristics and users' perception about the walkway. Investigating on users’
perception represents a good strategy for implementing interventions aimed at increasing the
quality of service. In addition to users’ perception about the different characteristics of the
pedestrian path, it is also necessary to take over the importance that users assign to each
aspect.

This work proposes the design of a Stated Preferences survey and the analysis of the
preliminary results. A questionnaire was addressed to a sample of 240 pedestrians on a
walkway located in the University Campus of Rende (Italy). The aim is recording
pedestrians’ perception about the characteristics of the path and detecting the choices they
would make in a hypothetical scenario. Then, the collected data has been analysed by means
of a discrete choice model for assessing the weights assigned by pedestrians to each aspect
included in the analysis.

The results have allowed the most relevant pedestrian path aspects for users to be identified.
Just on these aspects it is necessary to intervene in order to make pedestrian paths
increasingly attractive and to encourage users towards active mobility.
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1. INTRODUCTION

Car traffic increasing undermines the quality of life in urban areas. Motorized traffic has
grown so much that many important aspects of urban life are inhibited, so that the issue of
sustainability has become a fundamental topic.

Promoting walking as an alternative to short trips made by car represents an important
strategy to enact sustainability in more densely inhabited areas (Amoroso et al., 2012).

Benefits of increased walking include not only reductions in traffic congestion, air pollution
and emissions, but also improvements in public and private health, community relations and
positive sense of place, as well as improvements in economic and real estate performance
(Hall Ram, 2018a). Walkability can be defined as the extent to which a built environment
enables walking (Kelly et al., 2011) and is pedestrian friendly (Gebel et al., 2009; Moura et
al., 2017). Some studies emphasize different environmental features that a pedestrian facility
has to own, including areas being traversable, compact, safe, as well as the places have to be
lively, enhancing sustainable transportation options, and encouraging outdoor exercise and
leisure (Forsyth, 2015; Saelens and Handy, 2008; Hall and Ram, 2018b). In this context, it
becomes fundamental to investigate on the direct users of the facilities about their
perceptions and preferences concerning the service quality characterizing pedestrian
environment. The use of pedestrian perceptions to explain the service quality has been less
studied (Vallejo-Borda et al., 2020a). The relationship between pedestrian perceptions and
service quality is still nascent (Bellizzi et al., 2019; Bivina and Parida, 2019; Jahan et al.,
2020; Vallejo-Borda et al., 2020b). These studies are based on the collection of pedestrian
perceptions in terms of rating expressed on evaluation scales.

On the other hand, some studies investigate pedestrian perceptions adopting the Stated
Preferences (SP) approach, according to which actual or potential users are asked to rate or
rank the attractiveness of existing or hypothetical streets (Adkins et al., 2012; Borst et al.,
2008; Kaparias et al., 2012; Kelly et al., 2011; Lusk et al., 2018). The importance (utility) of
the various service attributes is estimated based on the respondents’ preferences. As an
example, some of these studies found that wider sidewalks are generally preferred (Kim et
al., 2011; Talavera-Garcia and Soria-Lara, 2015) and lateral separation from traffic increase
streets’ attractiveness (Adkins et al., 2012). The presence of trees is appreciated (Lusk et al.,
2018; Talavera-Garcia and Soria-Lara, 2015). The existing literature confirms that the SP
method is suitable for analysing pedestrian perceptions. SP scenarios are typically presented
in text format showing attributes and their levels, but sometimes photos or videos are adopted
(Kasrain et al., 2020).

This paper wants to provide a contribute in the literature of the studies proposing SP
experiments for investigating on pedestrian preferences. For facilitating the users in
expressing their opinions, we adopted also photos representing the characteristics of the
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alternative pedestrian environments proposed to the users to make a choice. After a deep
study of the literature review, we selected four attributes to introduce in the SP experiment:
width of the pedestrian path; pavement of the pedestrian path; equipment present along the
pedestrian path; environment where the pedestrian path develops. Interesting findings
emerge from the observations of the choice of the various alternatives made by the users. In
order to synthetize the findings emerged from the analysis of the preferences expressed by
the users, a Multinomial Logit (MNL) model was calibrated.

We found that the environment where the pedestrian path develops is the most important
aspects for the users.

The rest of the paper is organized as follows: section 2 explains the design of the SP survey;
section 3 describes the methodology and includes the data analysis and the calibration of the
MNL model; in the last section the results are discussed and some final remarks are
presented.

2. STATED PREFERENCE SURVEY DESIGN

The Stated-Preferences approach is a particular type of survey where two or more
hypothetical scenarios are proposed to the interviewee. The interviewee is asked to choose
the scenario they prefer most or to rank the scenarios according to their personal level of
preference.

The SP survey planned in this work was referred to the detection of the perceived degree of
comfort of a pedestrian path. The comfort attributes of a pedestrian path are countless. From
the analysis of the literature, four most recurrent attributes have been identified:

e width of the pedestrian path;

e pavement of the pedestrian path;

e equipment present along the pedestrian path;

e environment where the pedestrian path develops.

Each attribute (or variable) varies on two levels or categories. Specifically, the categories
relating to the width attribute are narrow path (pedestrians only) and wide path (interference
with bicycles, scooters, hoverboards, authorized vehicles). The pavement can be traditional
(asphalt, concrete, dirt path) or specific for pedestrian paths (coloured asphalt, rubber, beaten
and/or stabilized ground). Along the route there may be more or less equipment,
distinguishing between a poorly equipped path (lighting, baskets, benches) or an equipped
path (lighting, waste baskets, benches and/or seats, beverage and food distributors, Wi-Fi
and charging stations, protection from atmospheric agents).
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The environment can be unpleasant (dirt, untreated green spaces, dilapidated building
facades, scarce presence of commercial activities) or pleasant (clean, well-kept green spaces,
decent building facades, presence of commercial activities).

After establishing the levels of each attribute, hypothetical scenarios were constructed. A
scenario is given by a set of level attribute combinations. When all possible scenarios are
considered, the survey project takes the name of Full Factorial Design. Specifically, we have
considered 4 attributes at 2 levels, for which the Full Factorial Plan consists of 16 scenarios
(2%

Often the Full Factorial Plan is too numerous or presents irrelevant scenarios, so a reduction
in the total number of scenarios is implemented.

The Fractional Factorial Plan is a plan reduced through appropriate exclusions of scenarios
in order to lose the least possible amount of information (variance explained) considering
only the main effects of the attributes and neglecting some or all interactions. In our case,
four scenarios have been eliminated, which correspond to cases in which we have traditional
flooring and an equipped path. In fact, an equipped path is not compatible with an ordinary
sidewalk with poor quality pavement. In total, twelve scenarios were included in the survey
(Table 1).

Once the scenarios have been defined it is necessary to combine them in order to identify
the set of choices. The scenarios were combined in pairs, obtaining 64 sets of choices. In this
work, a set of choices has been named “card”.

Two combinations were discarded as one scenario was clearly better than the other, in order
to avoid too expectable choices.

Scenario Width | Pavement Equipment Environment
1 a | narrow | traditional | poorly equipped pleasant
2 b | narrow | traditional | poorly equipped | unpleasant
5 c | narrow | specific | poorly equipped pleasant
6 d | narrow | specific | poorly equipped | unpleasant
7 e | narrow | specific equipped pleasant
8 f | narrow | specific equipped unpleasant
9 g | wide | traditional | poorly equipped pleasant
10 h | wide | traditional | poorly equipped | unpleasant
13 I | wide specific | poorly equipped pleasant
14 I | wide specific | poorly equipped | unpleasant
15 m | wide specific equipped pleasant
16 n | wide specific equipped unpleasant

Table 1 — Fractional Factorial Plan




R-EVOLUCIONANDO EL TRANSPORTE 229

The interviewee had to administer a block consisting of 8 cards. For each card the
interviewee was asked to choose one of the two scenarios. The interviewee's task was
facilitated by the inclusion of images relating to the different categories of the attributes
considered in the survey form (Figure 1).

Which of these alternatives would you choose?

A
Width Width
Narrow path Wide path
(pedestrians only) (interference with
bicycles, scooters,

hoverboards, authorized
vehicles)

Pavement

Specific for
pedestrian paths
(coloured asphalt, rubber,

beaten and/or stabilized
ground)

Pavement

Traditional
(asphalt, concrete, dirt
path)

Equipment Equipment
Poorly  equipped Poorly  equipped
path path

(lighting, waste baskets,
benches)

(lighting, waste baskets,
benches)

Environment Environment

Unpleasant Pleasant
(dirt, untreated green (clean, well-kept green
spaces, dilapidated spaces, decent building

building facades, scarce
presence of commercial
activities)

facades, presence of
commercial activities)

SR

A

Fig. 1 - Example of card
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3. METHODOLOGY

3.1 Data analysis

The survey was carried out in November and December 2019 by interviewing a sample of
240 people along a pedestrian path located in the University Campus of Rende (Italy). The
sample is divided almost equally between males (51%) and females (49%). As the survey
was carried out on the University campus, most of the interviewees are students (99%) aged
25 or under.

The SP survey made up of 64 cards was divided into 8 blocks each containing 8 cards.

Each pedestrian interviewed answered only one block, so for each block we collected the
answers of 30 respondents.

From the preliminary analysis of the data collected, it emerged that for each pair of scenarios
where the possibility of choosing between pleasant and unpleasant environment appears,
most of the pedestrians have chosen the scenario characterized by pleasant environment. As
can be seen from the two bar diagrams in Figure 2, there are few (or even zero for card ab)
pedestrians who, other things being equal, choose a path with an unpleasant environment.

Card ab Card il
100 100
80 80
60 60
40 40
20 20
0 0 |

pleasant unpleasant pleasant unpleasant
poorly equipped poorly equipped poorly equipped poorly equipped
traditional traditional spedific spedific

narrow narrow wide wide

Fig. 2 — SP results: difference between pleasant and unpleasant environment

When comparing scenarios that also have other attributes that may vary in addition to the
environment, most users continue to choose scenarios where the environment is pleasant.
For example, observing the card ad in Figure 3, it can be seen that the scenario with a
pleasant environment and traditional pavement is chosen by 77% of pedestrians, while that
with an unpleasant environment and specific pavement only by 23%. In the af card, the
scenario with a pleasant environment, traditional flooring and poorly equipped path is chosen
by 83% of the interviewees, while the scenario with specific flooring, equipped path and
unpleasant environment is chosen only by the remaining 17%.



R-EVOLUCIONANDO EL TRANSPORTE 231

Card ad Card af

100 100
80 80
60 60
40 40
20 - 20

. . ]

pleasant unpleasant pleasant unpleasant

poorly equipped poorly equipped poorly equipped equipped

traditional spedfic traditional specific

narrow narrow narrow narrow

Fig. 3—SP results: difference between pleasant and unpleasant environment in relation
to other attributes

For the cards where two scenarios with the same characteristics are compared, except the
pavement, the one preferred by most of the interviewed pedestrians is the scenario with
specific pavement. For example, in card ac and card gi (Figure 4) the scenario with specific
pavement was chosen by almost 80% of the interviewed pedestrians. The scenario with
specific pavement is the most chosen one even when other attributes such as equipment and
width are considered. For example, in Figure 5, in card ai the most chosen scenario is that
with specific pavement (73%), even if the scenarios are different regarding the width. When
the two scenarios differ also in terms of environment, as well as pavement, the most chosen
scenario is always the one that presents the pleasant ambient alternative, regardless of the
pavement. For example, in card gl in Figure 5, the most chosen scenario is the one in which
there is traditional pavement and a pleasant environment (93%).

Card ac Card gi
100 100
80 80
60 60
40 40
20 20
, 1l , 1l
pleasant pleasant pleasant pleasant
poorly equipped poorly equipped poorly equipped poorly equipped
traditional specific traditional specific
narrow narrow wide wide

Fig. 4 — SP results: difference between traditional and specific pavement
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Card ai Card gl
100 100
80 80
60 60
40 40
20 - 20
0 0 |
pleasant pleasant pleasant unpleasant
poorly equipped poory equipped poorly equipped poorly equipped
traditional spedfic traditional spedific
narrow wide wide wide

Fig. 5 — SP results: difference between traditional and specific pavement in relation to
other attributes

By comparing scenarios with the same characteristics but different equipment (card ce in
Figure 6), the equipped path is the one chosen by most of the interviewees (about 83%). The
equipped path continues to be the most chosen one (80% of the respondents) when the
environment is pleasant and when the pavement is specific, as reported in card gm (Figure
6). As can be seen from the graphs shown in Figure 7, the width of the path does not seem
relevant with respect to the equipment attribute.

The width attribute is the one with the most variability. From the analysis of the results of
the survey, it is clear that for some pairs of scenarios the most chosen scenario is the one
with the wide path (card ci in Figure 8), for others the narrow path (card ag in Figure 8).

Card ce Card gm
100 100
80 80
60 60
40 40
20 20
, 1l , 1R

pleasant pleasant pleasant pleasant

poorly equipped equipped poorly equipped equipped

specific spedific traditional specific

narrow narrow wide wide

Fig. 6 — SP results: difference between poorly equipped and equipped path
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Card dn Card fl

100 100
80 80
60 60
40 40
20 20

, R . ]

unpleasant unpleasant unpleasant unpleasant
poorly equipped equipped equipped poorly equipped
spedific spedfic spedific specific
narrow wide narrow wide

Fig. 7 — SP results: difference between poorly equipped and equipped paths in relation
to other attributes

Card ci Card ag

100 100
80 80
60 60
40 40
20 20

. . ]

pleasant pleasant pleasant pleasant

poorly equipped poorly equipped poorly equipped poorly equipped
specific specific traditional traditional
narrow wide narrow wide

Fig. 8 — SP results: difference between narrow and wide path

Looking at the results related to the cards, where also other attributes vary, the width attribute
seems to be the least relevant and the choice of scenario seems to be guided by the other
variables.

From this preliminary statistical analysis, the environment where the walkway is located
seems to be the most important aspect of evaluation for pedestrians.

3.2 Multinomial Logit model

A Multinomial Logit model (MNL) was calibrated for deriving the importance of each
attribute in the pedestrians’ evaluation. The four attributes (width, pavement, equipment and
environment) were included in the model elaborated through NLogit software (Greene,
2016).
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The results are reported in Table 2. The coefficients have the correct sign. Only the variable
“width” is not statistically significant. The other three variables have a high statistical
significance.

Variable Standard Error z Prob. Confidence interval
coefficient |z|<Z*
Width 0.02365 0.07200 | 0.33 | 0.7425 | -0.11747 | 0.16477
Pavement 0.60991 | *** | 0.09706 | 6.28 0.000 | 0.41967 | 0.80015
Equipment 0.49662 | *** | 0.09064 | 5.48 0.000 | 0.31897 | 0.67428
Environment | 1.93261 | *** | 0.09334 | 20.71 | 0.000 1.74968 | 2.11554
Fxk *k ok ==> Significance at 1%, 5%, 10% level

Table 2 - MNL output

The results of the model seem to confirm what was observed in the statistical analysis of the
data. “Environment” is the variable with the highest coefficient. This means that, in this
study, the environment of the walkway is the most important attribute for the pedestrians.
“Pavement” and “equipment” variables are also relevant but the coefficients are lower.

In particular, the coefficient of “pavement” is higher than that of “equipment”. Even this
result goes to confirm what observed analyzing the data. The variable “width” is not
significant. This means that in this study the width of the path is not an important element in
the pedestrians’ evaluation.

4. DISCUSSION AND CONCLUSIONS

The proposed analysis provides important points for discussion. “Environment” is the
variable that most strongly affects the scenario selection in the set of choices. Among the
variables included in the model, the environment can be considered as the most important
aspect for pedestrians. This result is also amply confirmed by other studies in the literature
(Motamed and Bitaraf, 2016; Vallejo-Borda et al., 2020b). In particular, “environment” is
one of the most relevant attribute especially when its definition includes also the concept of
security (Bivina and Parida, 2019).

The results also show that type of pavement has less importance than environment, but it
still relevant in the evaluation of quality. In the literature, the pavement as structural element
is poorly treated. Many studies consider the condition of the pavement in general as variable
(Asadi-Shekari et al., 2013; Moura et al., 2017; Banerjee et al., 2018).

The variables that refer to the equipment along the walkway are often present in studies on
the quality of pedestrian paths. As reported by Sarkar (2003), the presence of good furniture
improves pedestrian comfort.
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In the present study, the variable “width” does not result statistically significant. This means
that having a more or less wide path does not influence the pedestrian’s evaluation. In other
studies, instead, width is a significant variable (Kim et al. 2011; Talavera-Garcia and Soria-
Lara, 2016). Streets with more lanes and streets where automobiles and bicycles are mixed
have higher pedestrian numbers than pedestrian-only streets (Sung et al., 2015).

Regarding the methodology, the SP experiment seems to be suitable for simulating the
pedestrians’ expectations on walkways. Considering hypothetical scenarios, respondents are
faced with an unknown situation, so that their answers are not influenced by habit and
knowledge of the path. In addition, the choice of including images representative of the
different levels of the variables contributed to reducing any errors in understanding the
question.

Ultimately, the results give indications regarding territorial and transport policies to be
pursued in future years for increasing pedestrian mobility. Environment where the pedestrian
path is inserted is the aspect needing more attention. It is clear that pedestrians prefer to walk
in a pleasant and clean environment, with well-kept green spaces, decent building facades,
presence of commercial activities. The objective has to avoid the production of an unpleasant
environment, characterized by dirt, untreated green spaces, dilapidated building facades,
lack of commercial activities.

The analysis provided satisfactory results, and in future studies it will be possible to continue
to increase the proposed methodology. Other aspects could be included in the survey. As an
example, an attribute relating to the presence of trees along the walkway could be inserted
among the physical characteristics of the path. In fact, it was observed that pedestrians like
to walk along tree-lined paths because the trees offer protection from the sun’s rays and heat.

Another potential important aspect could be the presence of restaurant and bar activities.

Other studies, in fact, have shown that the presence of these activities makes the walkway
more pleasant for the pedestrian.
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ABSTRACT

In the last few years, Machine Learning (ML) methods have acquired great popularity due
to their success in numerous applications such as autonomous cars, image and voice
recognition systems, automatic translation systems, etc. This success has led to an increase
in the use of ML methods and the extension of their applications to areas such as transport
planning.

One of the main tasks within transport planning is the analysis of transport demand. To do
so, it is necessary to analyse the way in which users make their decisions about the trips they
make and, therefore, be able to predict the number of passengers on the transport network in
relation to respect to interventions made on the transport system. Consequently, transport
policies and plans can be evaluated according to the behaviour of the passengers. Discrete
choice models based on random utility maximization have been developed over the last four
decades and currently they have acquired a high degree of sophistication, becoming the
canonical tool for transport demand analysis. Nowadays, the use of ML methods could
provide an alternative to discrete choice models, as they offer a high level of accuracy in
their predictions. In addition, the analyst is relieved from the need of specifying the
functional expressions for the utility functions beforehand.

A Python software package called PyKernelLogit was developed to apply a ML method
called Kernel Logistic Regression (KLR) to the problem of predicting the transport demand.
This package allows the user to specify a set of models using KLR and the estimation of
those using a Penalized Maximum Likelihood Estimation procedure. Moreover, this tool
also provides a set of indicators for goodness of fit and the application of model validation
techniques. Finally, it allows to obtain the willingness to pay or value of time indicators
commonly used in transport planning.
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1. INTRODUCTION

The efficiency and reliability of any public transport system depends on the design,
management and operation of its infrastructure. These factors have a direct impact on the
economic activity of the population, on their fidelity, as well as on the environment (such as
pollution). There are two main strategies for improving a public transport system. On the
one hand, the reliability of the infrastructure and its operations has to be improved. On the
other hand, it is necessary to define an offer of transport services which is oriented to its
potential demand. To achieve the second objective, it is crucial to analyse the transport
demand, i.e. it is necessary to analyse the way in which passengers choose their mode of
transport and thus predict the number of passengers in the transport network. Therefore,
policies and plans can be established and evaluated according to the needs of the passengers.

Traditionally, process-driven models are used to predict passenger behaviour. Discrete
choice models based on random utility theory describe how a rational-decision maker
chooses an alternative within a set of options depending on the characteristics of each of
them and the specific peculiarities of each decision-maker. The choice process involves
some latent (unobservable) functions known as utility functions, which measure the interest
of each alternative for a decision-maker. Random utility theory supposes that any decision-
maker would choose the alternative that maximizes his or her utility. The utility associated
with each alternative is composed of two parts: A deterministic part (also called the
systematic part) which depends on the attribute vector of the alternative; and a stochastic
part, whose probability distribution determines the resulting model. The Multinomial Logit
(MNL) model is the most widespread example and assumes an extreme value Gumbel
distribution. These models are generally estimated using a Maximum Likelihood Estimation
(MLE) methodology that allows an asymptotic distribution of the estimators to be
determined and to test assumptions about the value of the parameters.

The continuous technological evolution has allowed the development of new intelligent
systems and Internet of Things (10T) devices which automatically gather information about
passengers on the transport system. Consequently, the amount of information used by these
models has significantly increased, and the models are becoming more complex. For this
reason, there is a need for new alternatives that complement the classical demand modelling
methods, which are based on Random Utility Models (RUM). In this context of massive data
acquisition, new models are needed, such as data-driven models. These models build
relationships between input and output data, without worrying too much about the
underlying processes, using statistical and Machine Learning (ML) techniques.

In the last years, the transport community has been evaluating new proposals to predict the
passenger behaviour which are based on ML. Preliminary studies have revealed a
significantly higher predictive performance of ML methods, which encourages further
research. In ML, the radial basis function kernel, or RBF kernel, is a popular kernel function
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used in various kernel-based machine learning algorithms, such as support vector machine
(SVM) classification. The combination of MNL models with radial basis functions is known
in the ML community as Kernel Logistic Regression (KLR) (Zhu & Hastie, 2005). Martin-
Baos et al. (2021) propose to use the KLR method as a way to specify non-parametric utilities
in RUM. In KLR the parameter estimation problem is based on a Penalized Maximum
Likelihood Estimation (PMLE) in which the goodness of fit criterion balances empirical risk
and complexity. The main advantage of the KLR method over the RUM is that it does not
require the modeler to specify a functional expression of the utilities in advance, being
enough to choose certain hyperparameters such as the kernel function.

At the present moment, there are several packages for different programming languages
which allows to estimate a wide variety of RUM models, such as logit models. Nonetheless,
these packages do not allow to estimate discrete choice models based on KLR. In this work
a Python package for estimating discrete choice models based on RUM and KLR is
described. In order to avoid re-codifying functions that already exist in other software
packages, it has been decided to take as a baseline a current open source package for
estimating a wide variety of RUM models and to use it as a basis for aggregating the KLR
models. Furthermore, it is sought to implement in this library some functions to estimate
some indicators such as the Willingness to Pay or the Value of Time. The developed software
package has been called PyKernelLogit.

2. RELATED WORKS

Discrete choice models based on Random Utility Theory have dominated travel behaviour
research during the last decades (M. Ben-Akiva & Bierlaire, 1999; M. E. Ben-Akiva et al.,
1985; McFadden, 1978; Train, 2003). For this reason, during the last years, a large number
of software packages have emerged to estimate this type of discrete choice of models. These
tools are usually based on the estimation of logit models and their variants, such as Nested
Logit models and more recently Mixed Logit Models, among others. The following lines
describe the most popular software packages which are currently available for practitioners.

2.1. Biogeme

Biogeme (Bierlaire, 2020) is an open source multi-platform package which is specially
designed to estimate discrete choice models. Nonetheless, it can also be used for the
estimation of general parametric models using the maximum likelihood procedure. Biogeme
has been developed by Michel Bierlaire, which is a professor in the Transportation and
Mobility Laboratory at the Ecole Polytechnique Fédérale de Lausanne, Switzerland.
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The last version of the Biogeme package, which is called PandasBiogeme, was released in
the year 2018. This version was coded mainly in Python 3 and relies on the Pandas Data
Analysis Library for data management. The most compute-intensive software parts were
coded in C++, for the sake of efficiency. This package can be easily installed using the
Python Package Index (PIP) package manager.

Biogeme allows to define the utility functions using traditional mathematical operations
which makes the utility specification very straightforward. It also uses a dictionary to
describe the availability conditions of each alternative, i.e. supports datasets where the
choice set may vary across observations. Biogeme supports a wide range of choice models,
which are listed in Table 1. Biogeme also allows to calculate some economic indicators
which are relevant in the context of discrete choice models, such as willingness to pay, value
of time, market shares, revenues, and elasticities using a simulation technique which is called
stratified random sampling. Finally, this package also allows to estimate models with latent
variables, i.e. variables that are not directly observed but can be inferred from other observed
variables.

2.2. PyLogit

PyLogit (Brathwaite & Walker, 2018) is a Python package intended to be used for
performing maximum likelihood estimation of conditional logit models and other similar
discrete choice models. This package can be installed using the PIP or Anaconda python
package managers and the source codes are available in a GitHub repository.

PyLogit takes as input a long format dataset, which is composed of one row per individual
per available alternative. The main advantage of the long format dataset is that it allows to
calculate the utility functions V;; = x;;B; directly using a matrix dot product. PyLogit also
supports different choice sets per individuals and model specifications admit alternative
specific attributes, subset specific attributes or generic attributes.

An important difference between PyLogit and other packages, such as PythonBiogeme or
mlogit, is the need to pre-calculate all variables to be used in the model. In other words,
PyLogit does not perform variable creation, it only focuses on the model estimation using
previously pre-computed variables. Hence, the user must define all the variables to be used
in the model before executing the estimation procedure. Once the variables have been
defined, the model can be specified and estimated. The specification of the utility functions
is less intuitive than in PandasBiogeme because they are defined using a list for each variable
indicating the alternatives which are affected by that variable. PyLogit also supports a wide
range of choice models which are listed in Table 1.
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2.3. ChoiceModels

ChoiceModels (Urban Data Science Toolkit, n.d.) is a Python package used for discrete
choice modeling, as part of the Urban Data Science Toolkit, an open source portfolio
developed and maintained by Berkeley Urban Analytics Lab.

This library integrates several open source packages such as PyLogit. ChoiceModels is a
kind of wrapper that allows to manage in an easy way the data before applying the choice
model. In addition, this package also provides a tool for Monte Carlo simulation of choices
given the probability distributions from fitted models. However, its main limitation is that it
only integrates Multinomial Logit Models, losing the other powerful models which are
provided by PyLogit.

2.4. mlogit

mlogit (Croissant, 2019) is a R package which allows to estimate random utility discrete
choice models using maximum likelihood procedure. The package can be installed directly
in R from the CRAN package repository.

In mlogit the utility functions are written using an extended model of the R Formula
package, which allows to write these expressions using a notation which is similar to the one
used in ChoiceModels with Patsy, making it very intuitive. It allows to define alternative
specific variables with specific and generic coefficients and individual specific variables on
the utility function. Nevertheless, one of the major limitations of this package is that it does
not integrate support for varying choice sets over individuals.

2.5. Other alternatives

There are also other alternatives for discrete choice modeling. However, they have not been
analysed in detail because they are not open source, free to use or widely popular between
practitioners. Kenneth E. Train personal webpage contains several Matlab, R and Gauss
codes for estimating Mixed Logit models. It should be highlighted the software piece called
Mixed Logit Estimation by Hierarchical Bayes which was coded in Matlab to elaborate
Chapter 12 of Train (2003). Finally, there are also some proprietary and commercial
packages which can be used for discrete choice model estimation problems, such as nlogit,
Stata, SPSS, etc.

2.6. Comparative of the different packages

To summarise the different software packages, Table 1 compares the discrete choice models
which can be estimated by each of the different software packages and Table 2 summarises
the key features of each alternative.
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Supported models \ Package Biogeme PyLogit ChoiceModels mlogit
Multinomial Logit v v v v
v
(only binary)
Nested Logit v
Cross-Nested Logit
Multivariate Extreme Value

Probit

Models with nonlinear utility functions

Models designed for panel data

Heteroscedastic models

Multinomial Clog-log

Multinomial Scobit

Multinomial Uneven Logit

B B B B[ | X

Multinomial Asymmetric Logit
Mixed Logit

N RN AN AN AN LN
AN N ENAS IR IR IR A
S [ 9e| Se| See D22 2|N| N

k.

Table 1 — Discrete choice models that can be estimated by each package

Programmin . Open = Different choice Allows to calculate
Package gra 2 Active? P Data preprocessing = .
Language Source? sets per individual? Indicators?
Yes,
Xyiban 3 es, e willingness 1o pay, value
Biogeme (implellmnted in Yes but unknown u,\;ing Pandas pm;k;l__ge Yes i gries: pay,
i i : of time, market shares,
C4+) license and internal methods s
revenues, and clasticities
Yes,
Yes, using Pandas package.
. Python 2 L 8 PA-HE
PyLogit Yes BSD-3-Clause Datasels must be Yes No
and Python 3
license converted to long
format.
- Python 2 Yes, Yes, ,YES .
ChoiceModels Yes BSD-3-Clause ; (only with PyLogit No
and Python 3 : using Pandas package A
license equation format)
Yes,
nalogit R Yos Yes, datasets must be Sl No
GPLv2 converted 1o long
format.

Table 2 — Comparative of the discrete choice model packages
3. PYKERNELLOGIT PACKAGE

The PyLogit package provides a good set of characteristics, integrates a variety of discrete
models and its source code are available with an open-source license, therefore, it has been
decided to extend this package to incorporate KLR models, which has led to the creation of
the PyKernelLogit Python package. Figure 1 summarizes the main functionalities and
dataflow necessary to estimate MNL and KLR models on PyKernelLogit. All the necessary
functionalities for the estimation of KLR models have been integrated over the previously
existing functionalities of PyLogit for the estimation of MNL models. In the following lines,
the functionalities involved in the specification and estimation of a KLR model are
described.
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Multinomial Logit Models (MNL) Kernel Logistic Regression (KLR)

Hyperparameters

Data preprocesing ¥
- " [ Model Specification ]
[Kernei matrix computatlon} |

v

Model estimation

[ Data preprocesing ] [ Model Specification ]

A 4

Model estimation
[ Maximum Likelihood ]
Estimation

Transport indicators
Maximum Likelihood
Estimation Willingness to Pay
{ Penalized Maximum } Value of Time

Likelihood Estimation

. v
Model validation __
Model validation
Goodness of fit Goodnase of it
[Precision, Recall, F-Score]

Fig. 1 — Comparison of MNL and KLR models on PyKernelLogit

3.1. Specification of the Kernel Logistic Regression Model

The KLR model builds some latent functions, V;(x) for all the alternatives i in the choice set
C, which are equivalent to the systematic part of the utility functions in RUM, but in KLR
they are considered as black box functions. The main problem is to find for each alternative
i, its latent function V; : X — R. KLR search for functions V;(x) within function spaces
which are named Reproducing Kernel Hilbert Spaces (RKHS). The RKHS space is a vector
space which is univocally generated by the so-called kernel function k(x,x'), and its
associated RKHS space is denoted by H.. The family of functions {k(x,x’)},’cy constitutes
a basis of the vector space. Any element from J;, can be represented as a linear combination
of the basis elements, in particular, from V;(x) € 7, the expression of the utilities is given

by
Vi(x, 04) = Yhoq ik (Xp, X) (1)

KLR provides estimates of the class probabilities based on these utility functions V;(x)

. _ exp(Vi(x))
P(ilv,C) = 1432 exp(Vi(x)' ?

It should be noted in Eq. (1) that the non-parametric utilities defined by the KLR model are
linear in their parameters. In the MNL models the deterministic part of the utility V;, can be
defined using the linear function V;(xi,, B;) = B{ xin. Therefore, the methods defined in
PyLogit to estimate a MNL model can be also used to estimate the KLR model, but the
vector x should be substituted by the kernel function k(x, x").
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Hence, instead of estimating the B vector of parameters, the program is going to estimate a.

But first, it is necessary to pre-compute the Gram matrix (or kernel matrix) K&, which is
defined as

KO, = kiKins Xin)- 3)

Intuitively, the Kernel matrix represents how similar is the decision-maker n’ with respect
to the decision-maker n for the alternative i. PyKernelLogit allows to compute the kernel
matrix for any input dataset. The software package allows to specify many different types of
kernel functions, such as the Radial-basis function, the Rational Quadratic kernel, the Matern
Kernel, etc. It also allows to specify compound kernels, which are kernel functions
composed of a set of other kernels. Figure 2 shows a sample kernel matrix computed using
a Radial-basis function for a dataset with 453 observations. PyKernelLogit provides the
possibility to specify a reference dataset Z to be used when computing the kernel matrix. If
no reference matrix is provided, then the kernel matrix would be a square matrix which
contains the similarity between any two observations from the dataset. Nevertheless, as this
approach is computationally heavy, sometimes it is required to use a resampling method to
select a subset of the observations as the reference matrix Z or to generate this reference
matrix artificially, for example using a grid over the domain of the data. If Z is specified,
then Eqg. (3) becomes

KO, = ki(Zin, Xin). 4)

K1 Ki2 Ki3 Kid4 Ki5 .. Kid49 K.i450 K.id451 K.id52 K. id453

0 1.000000 0.859819 0.884954 0.993861 0.976290 ... 0.757557 0.929142 0.980138 0.673098 0.725472
1 0.859819 1.000000 0.992509 0.888991 0.862176 ... 0.969062 0.8985683 0.929744 0.892956 0.927796
0.884954 0.992509 1.000000 0.902722 0.904262 ... 0.933217 0.986216 0.954549 0.837235 0.878386
0.993861 0.888991 0.902722 1.000000 0.956273 ... 0.805321 0.951511 0.979215 0.732930 0.782034

WM

0.976290 0.862176 0.904262 0.956273 1.000000 ... 0.736968 0.918418 0.984070 0.626018 0.681269

448 0.757557 0.969062 0.933217 0.805321 0.736968 ... 1.000000 0.932803 0.831198 0.972509 0.986445
449 0929142 0.985683 0.986216 0.951511 0.918418 .. 0.932803 1.000000 0.972541 0.856337 0.897445
450 0.980138 0.929744 0.954549 0.979215 0.984070 .. 0.831198 0.972541 1.000000 0.732485 0.784137
451 00673098 0.893956 0.837235 0.732930 0.626018 .. 0.972509 0.856337 0.732485 1.000000 0.995798
452 0.725472 0927796 0.878386 0.782034 0.681269 ... 0.986445 0.897445 0.784137 0.995798 1.000000

Fig. 2 — Kernel matrix K®

Once the kernel matrix has been created, PyKernelLogit allows to automatically define the
kernel model specification, which was presented in Eg. (1), using the PyLogit syntax.
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The user can select in the model specification if the same vector of parameters to estimate a
Is going to be used for all the alternatives or, otherwise, if one vector of parameters «; is
going to be used for each alternative i. Once the model has been specified, the choice model
can be created an estimated.

3.2. Estimation of the Kernel Logistic Regression Model

PyKernelLogit extends the estimation capabilities of PyLogit by implementing a Penalised
Maximum Likelihood Estimation (PMLE) procedure. In order to estimate the KLR model
the following optimization problem must be solved

Miniénize N LY Vi, @) + A X0 Ri(a;) (5)

where L(-) is a loss function that measures the discrepancies between the observed and the
predicted classifications and A is a regularization parameter in charge of controlling the
trade-off between the goodness of fit and the complexity of the model. Finally, R;(-) is the
penalty function of the «; parameters. PyKernelLogit integrates two of the most relevant
penalty functions R;(-) proposed in the literature, which are the LASSO and the Ridge
regression (Castro, 2013).

The estimation of the KLR model is computationally heavy if the number of observations is
high enough (Ouyed & Allili, 2018; Zhu & Hastie, 2005). The implementation of the PMLE
procedure reduces significantly the estimation time. Nevertheless, PyKernelLogit allows to
use different optimisation algorithms, so it has been tested the use of tree canonical methods
for solving the PMLE problem defined in Eq. (5). The selected methods are:

e Newton-CG. This method, also known as the truncated Newton method, uses the
nonlinear conjugate gradient algorithm by Polak and Ribiere to compute the search
direction (Nocedal & Wright, 2006). This method is suitable for large-scale
problems.

e BFGS. This method uses the quasi-Newton method of Broyden, Fletcher, Goldfarb,
and Shanno (Nocedal & Wright, 2006). It uses the first derivatives only. BFGS has
proven good performance even for non-smooth optimizations.

e L-BFGS-B. It is an optimization method based on quasi-Newton methods that
approximates the Broyden, Fletcher, Goldfarb, and Shanno (BFGS) algorithms using
a limited amount of computer memory (Byrd et al., 1995). It is a popular algorithm
for parameter estimation in ML, because it is optimized for functions with a large
number of parameters or with a high degree of complexity.

A KLR model has been estimated for all the combinations of penalty functions and
optimisation algorithms previously described. The estimation was executed using a 5-Fold
cross-validation procedure on a choice model problem.
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Table 3 shows the mean value for the CPU time, the objective function (the log-likelihood)
and the precision value obtained using the different combinations of penalty functions and
optimization algorithms. The best recommendation based on the results obtained is to use
the L-BFGS-B algorithm and the Ridge regression model. Nevertheless, if the number of
variables to estimate is not considerably large, the BFGS algorithm can also be applied.

Estimation model Algorithm CPU time (seconds) Objective function Precision (%)

Mk Newton-CG 8.63 -265.5857 66.65
likelihood BEFGS 5.65 -265.9253 65.54
L-BFGS-B 0.80 -273.1642 66.20

Newton-CG 0.59 -342.8578 67.09

LASSO BFGS 3:55 -307.6523 67.53
L-BFGS-B 0.46 -312.3938 67.31

Newton-CG 6.32 -291.4132 67.31

Ridge BFGS 0.33 -291.4132 67.31
L-BFGS-B 0.07 -291.4136 67.31

Table 3 — Comparison of different penalty functions and optimization algorithms

3.3. Model validation and assessment

PyKernelLogit allow to obtain several metrics for assessing whether a model is good enough
for a specific application. One of them is the goodness of fit of the model (Train, 2003),
which is a statistic that describes how well a model, with its estimated parameters, performs
compared with a model in which all its parameters are zero (which is usually equivalent to
having no model at all). Once the model is estimated, PyKernelLogit provides the likelihood
ratio index (also called McFadden R square), which is defined as

2 _q L)
p - 1 LL(0) . (6)

However, goodness of fit metrics cannot assess how the model predicts on new data points,
for which it has not yet seen the true value of the dependent variable (the alternative chosen).

For this reason, PyKernelLogit integrates some other model validation techniques. One of
these techniques is the confusion matrix (Géron, 2019). Once the model has been estimated
using training data, the confusion matrix can be computed over the test data for which the
true values are known. Each column of the confusion matrix represents the instances in a
predicted class while each row represents the instances in an actual class. Using this matrix,
it easy to identify if the model is confusing two classes.

The confusion matrix gives useful information, although sometimes it is preferred a more
concise metric. Another interesting way of assessing the performance of a model is to look
the accuracy of the positive predictions, which is called precision. This metric has an
important drawback because if the model makes a single positive prediction and it is correct,
then the precision will be 100%. For that reason, the precision metric is commonly used
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along with another metric called recall, or sensitivity. The recall is the ratio of positive
instances that are correctly detected by the classifier. Finally, there is a third metric called
F-score, which combines the precision and the recall results to compute the score. The F-
beta score is the weighted harmonic mean of precision and recall, reaching its optimal value
at 1 and its worst value at 0. The 8 parameter determines the weight of recall in the combined
score. When 8 < 1, the F-score lends more weight to precision, while § > 1 favors recall.
The evaluation of the precision, recall and F-Score metrics requires to compute for each class
i the number of True Positives (TP), False Negatives (FN), True Negatives (TN) and False
Positives (FP) instances.

The previous metrics are defined por binary classification problems, i.e. only two
alternatives are considered. Nevertheless, when there are more than two alternatives in the
model, the quality of the overall classification is usually assessed using two techniques
(Sokolova & Lapalme, 2009):

e Marco-averaging. Each measure is the average of the individual measures calculated
for all the alternatives.

e Micro-averaging. Each measure is obtained computing firstly the cumulative TP, FN,
TN and FP for all the alternatives.

PyKernelLogit allows to obtain the precision, recall and F-score metrics for micro- and
macro-average methods. Table 4 shows how the previous metrics have been implemented in
the software package.

Precision Recall F-Score
: . 5. T ¥ Th (B2+1) Precision ,, Recall m
Mlcrﬁ-d\-’erdge (?Tl) Ei._.l (Tf"i-i-FPi) Z{-—-l (TP£-+FJ'V.L-) :32 Precision ,,, +Recall,,
I TP; I TP : g
M. (M) Y1 TP+FF, - TP,+FN, (32+1) Precision p; Recall
acro-average ([ 1 I 32 Precision pr+Recalls

Table 4 — Precision, recall and F-score metrics for multi-class classification

3.4. Computation of economic indicators

Once a discrete choice model has been estimated using the PyKernelLogit package, it can
be useful for the analyst to extract some indicators from this model. There are many
indicators that are particularly relevant in the context of discrete choice models, such as,
Willingness to Pay (WTP), Value of Time (VOT), elasticities, consumer surplus, market
shares and revenues. Currently, PyKernelLogit allows the estimation of the WTP and VOT
indicators.
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The WTP allows to analyse the trade-off between any variable from the model and money.
Let consider that c;,, is the cost of the alternative i for a decision-maker n, and x;,, is the
value of another model variable. Now, let V;,, (¢;n, xin) be the value of the utility function
that is associated to an alternative i for a decision-maker n. Then, the WTP can be computed
as

__0Vin/0xin

WIP = aVin/aCin.

()

The VOT indicator is closely related with the previous one, as it reflects the price that a
traveller is willing to pay to decrease the travel time in one unit. Therefore, VOT can be
computed as

OVin/0tin

WTP = 5 w/acin

(8)

The WTP and VOT indicators can be computed using a closed form expression for linear
MNL models. Nonetheless, in KLR Eg. (7) and (8) does not have a closed form expression
for some kernel functions and the partial derivatives must be approximated numerically.
PyKernelLogit allows to calculate the WTP and VOT indicators for KLR models easily. It
implements the Newton’s difference quotient method to compute the partial derivatives of
Eg. (7) and (8). One advantage of PyKernelLogit is the fact that it allows to compute the
WTP an VOT indicators for certain values of the attributes.

3.5. PyKernelLogit package installation

PyKernelLogit source codes are available under an open-source license in a Github
repository (https://github.com/JoseAngelMartinB/PyKernelLogit). In addition, a compiled
version of PyKernelLogit is available for its installation on the Python Package Index (PIP)
at https://pypi.org/project/pykernellogit/. The package can be installed on a computer with
any operating system, provided that a Python distribution is available (preferably Python 3.7
or later), using the command:

$ pip install PyKernellLogit

Interested authors can find more detailed information on Martin-Baos, (2019).

4. CONCLUSIONS

In this work, an open source software package called PyKernelLogit has been developed for
Python programming language. This software package allows to implement several discrete
choice models, to apply several model validation techniques and to obtain a set of economic

indicators. The package extends the capabilities of the original PyLogit package, which was
able of estimating MNL models and its derivatives, and integrates the KLR models. The
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interest on aggregating the KLR model to the software package arises from two reasons.
Firstly, KLR models are machine learning models which relieves the analyst from specifying
a functional expression of the utilities beforehand through the use of the kernel functions.
Moreover, KLR models have better predictive capabilities than the MNL models for non-
lineal effects.

Our future work will be focus on extending the KLR model utility specifications to other
discrete choice models such as Nested Logit models.

In addition, we will integrate into PyKernelLogit estimation procedure the Tikhonov
regularization procedure. Finally, new features will be implemented to retrieve other
economic indicators such consumer surplus, market shares, elasticities, revenues, etc.
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ABSTRACT

The phenomenon of "smart cities” generalizes the use of Information and Communication
Technologies. The generation and use of data to manage mobility is a challenge that many
cities are betting on and investing in. Through the Internet of all things (1oT) and the use of
sensors and mechanisms for capturing information, the number of data analysis tools such
as Big Data, Artificial Intelligence (Al), and Augmented Reality (AR) has increased.

The tools that are used to interpret events are applied to the analysis of video and
photographic images and comprise of a set of programs, mathematical algorithms and
protocols. The implementation of procedures could enable the automatic interpretation of
image information, from the most basic such as changes in the presence of objects or people,
to the identification of complex shapes and relevant event detection. With the constant use
of the assisted process learning (Machine Learning), it’s possible to improve event
interpretation through the customization of learning protocols.

Repetitively trained software can identify relevant events and report changes in critical
scenarios that can trigger a series of protocols. The use of artificial intelligence techniques
makes it possible to automate monotonous processes and improve transport management.
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This article analyzes different technologies used to generate transport information and data
validation. It is intended to experiment with the use of technologies in the detection of
relevant facts, changes of state, and identification of events. It also measures the reliability
level when detecting events, and studies the implementation of possible solutions into the
transport management system, in order to assist in decision making processes.

1. INTRODUCTION

There is an increasing interest in the potential of the Information and Communication
Technologies to manage and police urban transport issues. Recent advances in urban
monitoring and sensoring applications have broadened the landscape of managing transport
operations and infrastructures. Monitoring of transport processes is a key issue in efficient
mobility. Sensoring and monitoring not only reduces the need for expert operators, thereby
lowering costs, but it also allows quicker incident detection and consequently its prompt risk
management.

This article aims to show a series of experiments in the field of transportation management
in which Big Data, Artificial Intelligence and Augmented Reality techniques are used with
different levels of interaction and integration. The experiments carried out are intended to
show in an empirical way potential uses of these technologies separately and with different
degrees of integration in order to try to manage specific situations of parking places
management in urban sections.

STRUCTURED FRAMEWORK OF THE PROJECT

A integrated, evolutionary and conceptual Framework for Evaluation of Transport
events with Big Data, Artificial Intelligence and Augmented Reality techniques

APPROACH PERFORMING
EVENTS  Identification of events from images - patter analysis to develop models:
Urban parking space a5 a scarce asset whose Assess [Evaluate: Validate the event (EP)
OBIECTIVE  performance demands optimized management by [ Drill Down: Test the event
detecting the presence of vehicles. = Drill Up: Parameterize the pattern identified.
Technologles of Big Data, Artfical Intelligence (A1)
TOOLS  3ng Augmented Realty (AR) can assit in detecting MATCHING  The qutcome model assesses the relationship between images and
procedures A A eventsto evaluate, based on statistcal structural equations
‘Certain events can be occur in each image. Evaluation occurs in particular Evaluating the Mode| (Global) Testing the output Is a phase
Measuring event can be occur In several frames. time t (model can evolve) Implies all events evaluation InThe balancing process.
Procedures Stages
Dtati dﬁl [P Relevant variables *Parking space tumover,
atacaptureand | oo S e m - .
ptur | ; = o susceptible to be Demiand fof P SRS
processing * Hourly distribution of demand.

generated + Average parking time.

« Capture protocol programming.
e Methods of * Processing and labeling of all images.
" 3 *Testing phase of the image identification model.
experimentation * Training of the predictive model.
« Performance assessment.

Initial approach '

+ Performance assessment and feedback.
Assessment of + Analysis of outllers and residuals.
the results * Error and parameterization assessment.
» Suitability guidelines to adapt the base information.
° and feedback  Evaluation of model rethinking.
of the system « System feedback proposals.
* Proposals for new models.

el T,

Learning & training | * Improvement processes assessment of data capture.

* Assessment of basic information processing.

Next steps * Debugging of information hy :Mmmalmg redundancies.

and future : ol changes me
Settlngs and * Adjustment of benchmarl(mg pammers and KPL.
ad justments scope + Consideration of future models to be applied.

* Studies of future research lines.
* Analysis of system feedback tools.

Figure 1. Structured framework of the project.
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The purpose of the experiments carried out in this study is to provide better tools for
managing parking spaces. Vehicles detection is considered as a challenging field in
computer vision. The experiments are based on the recognition of traffic-related events,
specifically the identification of changes in traffic and parking status. Artificial Intelligence
protocols will be used for this purpose. Next, management and communication techniques
of relevant information and assistance in decision making by the agents involved in mobility
management will be used, evaluating in some cases the introduction of Augmented Reality
methods. Finally, Big Data techniques have a transversal character as they are present in the
implemented applications of Artificial Intelligence and Augmented Reality.

The article frames some applications in the domain of mobility, Smart Cities and urban space
Management. In addition, several experiments were carried out to develop a vehicle
detection system. Various smart technologies have been repurposed to inform appropriate
response measures. It has been evaluated as the combination of Al and AR technologies
yielded the best results.

2. AWARENESS OF THE PROBLEM

2.1. Urban parking space as a scarce asset that should to be optimized.

In urban environments, motorized vehicle trips require the reservation of space for
circulation and parking, especially in areas with high demand and intensive land use. Traffic
space is shared by private vehicles, but also by public transport, bicycles and pedestrians.
For the authorities in charge of managing public space, it is a challenge to distribute uses for
transit, private vehicles, pedestrian and parking mobility.

In urban central districts, public space is a scarce resource that is assigned to different uses.
It can be considered, that much of the public areas are divided between the surface reserved
for pedestrian traffic, mainly sidewalks and roads dedicated to traffic. The sidewalks are
reserved for the priority transit of pedestrians, although in certain sections the circulation of
bicycles and the parking of two-wheeled vehicles are allowed. In turn, there are areas of
unique access to pedestrians (parks, gardens, beaches ...). The circulation routes are
dedicated to the vehicles with reserved sections according to uses (bus-taxi lane, bike lane
...). A part of the road is reserved for parking vehicles on the surface with different types of
regulations and different reservations.

The great demand for public space in dense urban environments pressures the specialization
of land uses and its reserve for specific uses, both dedicated and by time slots. The
management of such a scarce resource requires the application of different techniques and
technologies that allow optimizing its use. In this sense, different technologies can contribute
decisively in the management of mobility and optimization of public space uses.
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The use of Big Data, Al, AR applications in the field of urban mobility can bring advances
in the control of the mobility that can result in the improvement of safety conditions and the
transports system efficiency.

The allocation of public space and its distribution among different users and modes of
transport is one of the most important policy areas of territorial management in general and
mobility in particular. The management of public space includes traffic management,
integrating measures aimed at adjusting the supply of public space with the demand for
mobility, taking into account the different modes of transport and their road space
requirements.

The city of Barcelona has 1,362 kilometers of roads. The basic network comprises 27.5% of
the streets of the city, which absorb 82.04% of circulation. The City Council has carried out,
in recent years, pacification projects, especially in the central areas of the different
neighborhoods. The measures implemented consist of reconverting areas for pedestrians,
widening sidewalks, raising roadways and creating unique platforms, as well as reducing the
accessibility of motor vehicles and speed of traffic to ensure the safety conditions.

From the data of the statistical yearbook of Barcelona, table 1 shows the evolution of the
surface of sidewalks, road and the length of the streets. It can be observed how the extension
of surface area for pedestrians has expanded in recent years, while that for cars has decreased
(AJUNTAMENT de BARCELONA 2015; 2018).

Public Road 2011 2012 2013 2014 2015 2016 2017
Street KM 1361,8 1369 1369 1368 1368 1368 1368
Total Surface of Barcelona (km?) 102,6 102,6 102,6 102,6 101 101,3 101,3
Surface intended for the vehicle (km?) 10,9 11,4 11,4 11,4 114 11,4 11,4
Surface intended for the pedestrian (km?) 15,32 15,81 15,81 16,18 16,83 17,52 17,52

Table 1. Evolution of the distribution of space in the city of Barcelona.

The municipal forecast is that all streets that are not part of the basic network have to become
part of a pacified zone. These streets have to have a different character, depending on the
hierarchy they occupy within the secondary network (segregated spaces, single platform,
etc.) and they have to abide by the restrictions in the speed of the vehicles and priorities of
step that regulate them. According to the municipal data, currently, about 56% of the city's
road network gives priority to pedestrians or is pacified.

The road network has acquired a great specialization. It has gone from a wide basic road
network, to a greater segregation of the road by uses, so that the local road network or non-
basic network, is hierarchies in different categories. In urban dense areas such as the City of



R-EVOLUCIONANDO EL TRANSPORTE 259

Barcelona, mobility management implies acting on a great variety of modes of transport.
The priorities are to reduce private vehicles mobility and promote public transport. Although
it is desirable to discourage the use of private vehicles, it is also important that those private
vehicles that circulate can do it smoothly, without congestion.

The challenges posed by the "smart cities” and their concretion in the "smart mobility"
involve the implementation of technologies such as assisted and autonomous driving,
sensitization, processing and massive use of data (Big Data), geolocation, systems
navigation, Artificial Intelligence (Al) and other areas that make the knowledge of the
current behavior of users of motorized two-wheelers have a great future potential and opens
the way to a wide field of research (VIDAL TEJEDOR, N. 2015; VIVES, A 2018).

3. USE OF BIG DATA, ARTIFICIAL INTELIGENCE (Al) AND AUGMENTED
REALITY (AR) IN URBAN TRANSPORT MANAGEMENT

The Big Data, the Artificial Intelligence (Al) and the Augmented Reality (AR) tools use will
reshape the urban transport management, leading to fast adoption of more efficient transport
integrated systems at an unprecedented rate. Traffic professionals continuously apply
management strategies in order to maximize the productive use of the infrastructures. The
use of those technologies could elevate and improve the transport management experience
dramatically. This article focus on use of Big Data, Artificial Intelligence (Al), and
Augmented Reality (AR) has increased to help solve problems of Transportation Analysis
aiding human intelligence in functioning of machine and systems.

Big data implies an exponential availability of information and its accessibility, which
enhances the capacity to assess data relevance. The significance of information is
proportional to its meaningfulness. Its value lies in how we use it to guide our decisions and
place it in a specific knowledge framework.

Some authors have highlighted the potential that Augmented Reality has, so that they
consider that a breakthrough is not only machines that think, but machines that allow us to
increase our perception and how the fact that officials will have improved cognition systems
can transform power relations (Anderson, R. 2020.). Thanks to the development of the
Artificial Intelligence (Al) new forms appear in the convergence of machine learning and
deep learning. The union of Machine Learning algorithms with artificial neural networks
and deep learning are being used in numerous and several fields. Artificial intelligence is
already embedded into traffic control the ability to detect the presence of pedestrian and
vehicles (BENGTSSON, P. 2018).

The developments that Big Data has brought about in the efficiency processing of huge
quantities of data are closely related to Artificial Intelligence and Augmented Reality
applications, making possible better learning algorithms (PASTOR, R. (2018).
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On the basis of the number-crunching power is the improvements of digital computers. The
exponential rise in crunch power lets ordinary-looking computers tackle tougher problems
of Big Data and pattern recognition.

The optimal approach to getting machines to solve difficult real-world challenges is to set
them up as statistical learning machines that can benefit the most from exposure to massive
amounts of data. These technologies can come to learn to solve complicated tasks by
detecting patterns, and patterns between and within patterns, hidden from the vast data
streams to which they are exposed. Big Data technologies have made it possible to provide
a capacity to manage enormous amounts of data with which to feed the algorithms that
underlie Artificial Intelligence technologies. Data crunching is at the basis of the operation
of deep learning algorithms that make it possible to profoundly examine data flows, yielding
systems that work to provide solutions to solve problems, but whose knowledge structures
are opaque to the technicians who created the system, so that the resulting algorithms can be
used with levels of significance of the results, totally unaware of the reasons that make their
significance levels possible. In this way is acceptable that current and future Als solutions
are forms of intelligence feeding off Big Data and crunching statistics in ways that render
their operational engines opaque to human understanding.

Artificial Intelligence (Al) applied to the interpretation of video or photographic images
comprises a set of programs, mathematical algorithms and protocols that make it possible
from a process assisted learning (machine learning), the possibility of interpreting events
from the computer processing of images. From the customization of learning protocols, in
an automatic way it is possible to interpret events in images, from the most basic ones, such
as the presence of objects or people, to the identification of complex shapes.

The use of Artificial Intelligence (Al) can be a valuable tool to assist in the detection,
interpretation of events, state vision, and identification of relevant facts. In this sense it can
be useful in assisting in case detection, alert triggering and helping in decision making to
assist in dealing with situations that demand more or less immediate responses.

There are several areas in which these technologies are used in the management of traffic.
One of the main fields is vehicle identification: Al in the area of traffic management can be
used mainly in traffic jam recognition and management. These systems could perform the
task of tracking and locating vehicles in real time and adapt traffic management according
to current or predicted conditions to accommodate lanes or fast sections for emergency
services. These technologies can also be used to detect infractions, which will help municipal
and traffic authorities to identify them, develop effective prevention systems and apply the
corresponding penalty (JIN, J. and DENG, Y. 2017).
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However, the adaptation of these technologies to cities and roads must consider safety, so it
is necessary to establish systems that prioritize avoiding traffic accidents; one of the
additional facilities performed by these technologies are the identification of people at risk,
in order to warn or prevent reckless actions of pedestrians, crossing streets inappropriately,
identifying motorcyclists who did not wear helmets properly (CHIVERTON, J. 2012) and
estimating the driver's workload (MANAWADU, U. E. et al. 2018).

BARLOW,H.(1989) was one of the first to appreciate the importance of unsupervised
learning as opposed to reinforced learning, so that unsupervised learning applied to big data
and artificial intelligence allows to identifies "statistical regularities”, or patterns in its inputs
in the form of possible discrepancies that allow it to identify and deal with potential
underlying patterns. This information theory-based approach embodies many modern
approaches to unsupervised learning in neural networks and Bayesian learning.

4. RELEVANT VARIABLES SUSCEPTIBLE TO BE GENERATED

The purpose of the experiments carried out in this study is to provide better tools for
managing parking spaces in urban sections. Vehicles identification is considered as a
challenging field in computer vision. We consider the vehicle detection problem as the basis
for extracting relevant variables for parking space management in urban areas sections.

We study the case of the vehicle presence identification in parking line section. Our research
goal is to test a method to identify vehicles and types of vehicles presence in a street section.
Once an object has been detected, the next challenge is object localization in the section.
Object detection deals with finding the objects that are present in an picture. The
technologies for the recognition of elements in a road section are based on the interpretation
of a set of digitized data captured by different means. Based on these data, different tools
can create analogies and models that simulate the presence of defined objects on a road
section. One of the most common applications of Big Data, Al and ER is the use of
photography to identify events. In the case of urban traffic a primary event would be to
recognize the presence or not of vehicles on a section road.

Once the presence of vehicles on a stretch has been detected, we can lay the foundations for
building variables such as counting vehicles, estimating speeds, identifying vehicle types,
calculating parking space turnover, detecting violations and many other different variables
relevant to traffic and parking management. With the above technologies we can develop
accurate techniques to identify the presence or not of vehicles in a stretch and we can have
a basic tool to develop traffic management devices.

A basic stage would be to have a device, in this case that answers the bionomial question:
Are there or not vehicles on a specific section, with a Boolean answer.
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Knowing whether there are vehicles on a road or in a parking space is relevant information
for traffic management. If the information can be obtained periodically, we are able to
evaluate changes in status.

So it can be used to detect presence, and count vehicles in a section (measuring capacity) or
to determine the rotation of parking spaces. In this way, the dynamic management of
information and its analysis can be relevant in traffic management.

Relevant variables related to parking space management that can be expected to be generated
in future phases of our experiments are:

e Parking space turnover: number of vehicles parking in a space over a period of time.

e Demand for parking spaces: Usage ratio, based on the number of vehicles driving on
the section and the number of vehicles that end up parking.

e Hourly distribution of demand: Use of parking spaces throughout the day and
therefore peak and off-peak periods.

e Average parking time: Length of time the vehicle is parked in the space.

In order to generate all of the above variables, the basic variable to work with is to detect the
presence of vehicles on a section of road. So if it is not possible to detect the presence of
vehicles, it is not possible to progress to the following phases. This is why the experiment
focuses on identifying the presence of vehicles on a stretch of road. Once a high level of
reliability is achieved in identifying the presence of vehicles on a stretch of road, it is possible
to move on to more complex phases of information generation, such as identifying parking
in a spot and, from there, estimating parking times.

5. METHODS OF EXPERIMENTATION AND PROCEDURES TO DETECT
PRESENCE OF VEHICLES IN ASTREET SECTION

5.1 Outline of the methodology applied.

The study is forward-looking in approach. The initial objective is to produce a large number
of images that will allow the building of a database in which each image will be linked to
certain attributes for fields. Starting from the basic information, the learning process is
conducted, following which the levels of accuracy are evaluated. Then different techniques
are applied to improve the reliability of the results. Finally, the results are presented and a
proposal is made for uses and future developments.
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The phases of the project are:

1.

%g > Qe = Classifcation C=> Processing ——> Resits

(Observations}—»( Data )-;( Features }—» Recognized }—»

Capture protocol programming. In order to obtain images from the installed
cameras, it will be necessary to develop a computer program to capture the images.
For this purpose, software will be developed with code that will implement the
following operations at each programmed interval: open the browser with the IP
address, capture the images for each image, label the images and store them
sequentially in a database.

Processing and labeling of all images: Generation of image database. A database will
be designed with the identified attribute fields of the images. Then a specialist will
analyze the images one by one and will fill the database with the selected attributes.
Testing phase of the image identification model. Based on the images and the
associated database, it is possible to develop the testing phase for the identification of
events in the images.

Training of the predictive model. The central phase of the application of Artificial
Intelligence techniques goes through the training of the model, from different
treatments of the images adapted pixel matrices and chromatic treatments.

Test run. Once the model is trained, it is possible to identify the degree of
reliability in the identification of events. Once the program has been run with the
images to be detected, reliability tests can be performed in different scenarios.
Performance assessment. Result study to improve predictability, elimination of false
positives and robustness of the system. From the statistical reliability data of the
systems, different techniques can be applied to debug the results and filter out false
positives, thus increasing the degree of reliability of the system.

Object Atributes Events
database

Figure 2. Process scheme of the built-in procedure from the data collection system to the
handling of the data and the identifying stages.

5.2 Initial approach to vehicle presence identification.

A first exploratory experiment has been carried out, consisting of analyzing photographs
from different sources related to stretches of roads. The purpose of the exercise was to assess
the feasibility of assessing the presence of vehicles on different stretches of roads regardless
of the origin of the information collected, so that if the experiment proved to be satisfactory,
we should be able to have a generalist tool for assessing the detection of the presence of
vehicles on stretches of traffic sections.
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In this experiment the first level was carried out in the following way: Initially we proceeded
to capture images of the Google Street View application with the intention of having a
sufficiently large bank of images to start testing with the Al software. A total of 2,097 photos
were captured, which were classified manually on the one hand, depending on whether
vehicles were observed or not; and on the other hand, depending on whether they were in an
urban or interurban environment.

The classification of the images was carried out to evaluate the degree of success of the
application, being able to compare the results obtained from the analysis of the images by
the analysis application with those observed by a person.

Figure 3. Sample of images used in the performance of the experiment to identify the
presence of vehicles and the type of road section.

Two different experiments were carried out on two scopes of information contained in the
pictures: One experiment tested whether or not vehicles were detected on the section and the
second experiment tested whether the section was an urban street or an interurban road. The
analysis was carried out by performing binomial tests in which two sections were performed:
a first phase of model training and a second level of testing on the presence or absence of
the event.

The results were found to be poor and unreliable. Therefore, it became obvious that the kind
of images used did not lead to results that could be suitable as a basis for the development
of any kind of application.
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It was found that there are different factors causing the poor results, among others the
different sizes, lighting, exposure, orientation, quality and accuracy of the images. These
considerations lead to the conclusion that in order to conduct this type of experiments it is
necessary to consider initially the use of images taken by the same camera, focus, ambient,
exposure, orientation and zooming.

6. EXPERIMENT

6.1 Design of the experiment.
In this section, we described in detail the experiment carried out about how to detect vehicles
on an urban street section from images and the usage of the technology.

The poor results of the initial approach using external images and explained in the previous
section led us to the perspective that in order to have a better control of the experimentation
it is relevant to generate one's own images. That is why we conducted this new experiment
using raw images captured by our own devices and which are explained as follows.

The experiment consisted of selecting a section of urban section to initially analyze the
phenomenon of the presence of vehicles on the stretch. Once a high reliability in the
detection of the presence of vehicles is achieved, it is possible to advance in the generation
of variables for monitoring the use of parking spaces by vehicles.

An ideal environment was sought in Barcelona that met the requirements: continuous
presence of vehicles, among which: cars, taxis, motorcycles, bicycles, as well as the presence
of pedestrians.

The photos had to be taken from a certain height in order to obtain a clear image of several
lanes of traffic and thus control vehicle traffic. All these requirements were met, in the centre
of the town of Barcelona, which supports a high rate of circulation compared to other parts
of the city.

The place chosen was the Carrer de Provenca, from a floor where the circulation of the
vehicles was observed properly by the two existing lanes, as well as a two-way bike lane is
observed and a pedestrian alley is available. It implies the continuous transit of pedestrians
which cross the Carrer de Provenca.

Figure 4 shows the elements of the set. Image capture was conducted with a Canon camera
(model EOS 50D DS126211 and Canon zoom lens EF-S 17-85mm F 4-5.6 IS USM) and the
storage of the images was downloaded into a DELL laptop. OpenCV, a computer-vision
library was used for automatic image processing.
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Figure 4. System Set. Design of the images capture system from a base station and data
processing for the preliminary pretreatment of the data.

Once the location was chosen, several tests were taken to evaluate the chances to collect the
images in the adequate environment conditions. The frame of action has been a stretch of
road considering the width and the set of lanes that make up the section.

The location had adequate visibility conditions so that data collection could be performed in
an automated manner without the continuous assistance of operators.

A camera was pointed at the road and pictures were taken over a period of time. The camera
was connected via cable to the DELL laptop. The first realized were made from the time-
lapse of the camera while was connected to the laptop, it was programmed so that every five
seconds it took a picture. Once this step was done, they began to classify the photos.

For the management of the photographs, it was used as a photographic assistant the software
of the Canon Reflex camera used to perform image capture. The computer used for data
processing has an Intel 15-9400 processor running at 2.9 GHZ, with a RAM memory of 19
GB, and the graphics card used is a Radeon RX-580 graphics card.
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Figure 5. Sample of different pictures taken for the performance of the experiment.

Each photo was analyzed by a specialist and a database was created in which the numeration
of the photograph was collected and the following fields were filled in with binary data (0:
negative; 1: positive): presence of vehicle, the vehicle is a car, the vehicle is a PTW, the
vehicle is a heavy vehicle, the vehicle is a cab. (LIM, G.H. et al.).

0 0

#00001 0] 0 0
#00002 0 0 0 0 0
#00003 1 1 0 0 0
#00004 1 0 1 0] 0
#00005 0 1 0 0 0

Table 2. Fields of the dataset

The use of deep learning allows detecting an object with certain accuracy. Open source Al
libraries and data flow graphs were used to develop the neural network. To create neural
networks with different layers, TensorFlow and Keras (an end-to-end open source platform
for machine learning by Google) as a R modules was used, which allows building a neural
network based on the requirements of the model with Keras deep learning API.
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Once pre-processing data was done, before training the sequential model, values for hyper
parameters were chosen. Batch size (number of training examples present in a single batch),
epoch’s number (number of iterations passing the full dataset by the network) and learning
rate (amount that the weights are updated during training) have to be fixed.

The used hyper parameters are shown in the following table:

Hyper parameter Value
BATCH-SIZE 128
NUM_EPOCHS 100
LEARNING RATE 0.01

Table 3. List of the selected values for the hyper parameters selected for sequential training.

The API requires other general parameters to compile the Keras model that in this case are
fixed as the following table summarizes:
Parameter Value

Number of layers 3
Rectified linear unit activation function
Activation functions Softmax (converting real vector to a
vector of categorical probabilities

Metric Accuracy
Optimizer RMSprop
Loss function Categorical crossentropy

Table 4. Summary table of additional general parameters applied in the compilation procedure
of Keras model.

About 2100 images were prepared to train. In our research, the primary target output is
whether or not there was a vehicle on the section of road.

Two experiments were performed: the first one was to identify the presence of the vehicle
on the stretch and the second one was to try to identify the type of vehicle.

The first experiment consisted in identifying or not the presence of a vehicle on the section.
From the training phase images with and without vehicles on the section where used and
then went on to a second phase to perform the testing of the training carried out previously.
Once the algorithm is selected, we proceed to split the pre-processed data. A percentage of
the data, typically 80% of the total, will be used as training data and the rest 20% to evaluate
the model performance.
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Once the model is fitted, the next step is the model evaluation phase. This will be done with
the remaining data, that which was not used for the training phase, which will be referred to
as model evaluation data. In other words, it will be the data to which will be applied the
fitted model. On this data will be used to achieve the initial objective and evaluate it.

The metric for assessing the results of the experiments is accuracy (simply a ratio of correctly
predicted observation to the total observations) and precision (ratio of correctly predicted
positive observations to the total predicted positive observations), which are calculated as
shown below:

Predicted class

Class = Yes Class = No

Actual Class T

Class = No

Table 5. Relation of the parameters applied in the classification of the classes and results of the
events.

TP+TN

Accuracy = ——— (1)
TP+FP+FN+TN
. TP
Precision = (2)
TP+FP

Where TP= correctly predicted positive values, TN= correctly predicted negative values,
FP=incorrectly predicted positive values and FN= incorrectly predicted negative values.

The experiment of identification vehicles on the section was performed and a level of 64 %
was matched.

The results have a level of significance that allows us to propose in the advance of
performing calculations to count vehicles in a street section.

The second experiment that was carried out was to try to identify the type of vehicle. It must
be taken into account that it is already part of a high determining factor and that is that the
system has an accuracy level of 64% to detect or not vehicles in the section, so there is
already a level of lack of precision to pass to the second experiment.

After the training phase (machine learning) and testing of the second experiment it was found
that the results were not representative and therefore that the type of vehicle that circulated
on the section could not be reliably identified.

Once the two initial experiments have been carried out, the conclusion is reached that for the
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time being we discontinue advancing in an identification model of the typology of vehicles
that are on a section of road and we focus on a model of identification of the
presence/absence of vehicles in a section of urban road.

The next steps to be carried out in the following sections are the implementation of image
processing adjustments and the use of augmented reality techniques, in order to improve the
reliability of the model and the reduction of the volume of information to be managed.

Some adjustments were made to the images to reduce their size, decrease their resolution
and switch them to black and white, so that more pictures could be taken in order to develop
an experiment and obtain the most detailed results possible.

The following sections show different image debugging procedures and the application of
data optimization methods to evaluate possible variations in the results obtained.

Figure 6. Different types of entities that can be identified in the information capture and
analysis environment.
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6.2 Reduction of image size by pixel processing.

One of the problems of working with photographs is that the more information they contain,
the more accurate they are, but there is a significant increase in the size of the files, which
makes them difficult to manipulate and process in the analysis and elaboration of results.
(DEY, V., et al. 2010). Image pixelation allows the clustering of spectral information and
enables the matrix comparison of a smaller quantity of data, which increases the processing
rate of the information.

In this stage, we proceeded to apply techniques to reduce the size of the photographs by
increasing the pixel size. The size of the photos has been reduced by enlarging the pixels.
This is intended to manage the photos, improve the processing speed and even the data
transfer if smaller photographs are available to keep the results high, the system experiences
several improvements. First of all, a smaller volume of information is required, which
increases the speed of data processing, analysis and transport.

It can be seen how by means of image pixelation techniques it is possible to significantly
reduce the size of the images. The training phases (machine learning) and testing of the
results are carried out and a reliability of 51% is found. Therefore, a significant reduction in
the accuracy of the results is observed.

59 KB 15 KB

Figure 7. It can see the pixel processing with the output grid for size reduction in a ratio 65
times smaller.
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6.3 Transformation of black and white photos.

We proceeded to process the images in black and white. Working with black and white
images also helps to mitigate problems such as errors associated with shade and mitigates
problems with bright light. The processing of the images goes through a phase of change to
grayscale and then to black and white. It should be noted that the focus cannot cope with
gradual illumination changes in the scene.

Vehicle detection is hampered by bright sunny conditions combined with shaded areas.
Using black and white images can diminish the influence of excessive brightness and
shadows "noise™ in the frame. If the shadow contour is not clearly detached from the objects,
the possibility of detecting moving targets is enhanced. Different algorithms for moving
object detection work on detaching vehicles from their shadows to achieve better results
(KILGER, M. 1992).

It is stated that the processing of the images to black and white allows reducing the size of
the frames in the order of 7 times lighter in weight and thus simplifies data processing and
transmission.

Once the images have been processed and rendered to black and white, the training process
(machine learning) and testing of the results is carried out and a reliability of 48% is found.
A significant reduction in the accuracy of the results is noticed.

555 KB 143 KB

Figure 8. Sequence of frames of the processing of the color picture to grayscale, and
subsequently to black and white with fading of the shadows and shines effect. It is evident a
reduction in the size of the image of almost seven times the weight of the photograph.
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6.4 Use of augmented reality techniques.

One technique that can be employed is to focus the analysis on the areas of the photograph
where changes can occur. When working with a vehicle detection algorithm, one of the
problems faced is that of redundant features not associated with the object to be detected.
That is why in order to reduce the risk of presence of redundant elements it is useful to
narrow down the plane of possible relevant events.

The subtraction or reduction of study areas involves analyzing a reference image shrinking
the analysis area in each frame and scaring the result threshold. This is achieved by reducing
the information and adjusting the binary segmentation of what is to be examined in the
image, especially the detection of non-stationary objects. A photo processing technique can
be applied in order to select attributes that can be mobile entities within the image and
therefore, if their presence is detected in the picture, it means that there is a vehicle in the
scene.

First of all, a reduction in the size of the images of more than 9 times the size was verified.
After the training process (machine learning) and testing of the results, a reliability of 42%
is checked. Therefore, a remarkable reduction in the accuracy of the results is registered.

The following is a sequence of images treated in order to identify features with volumetric
attributes that could be related to a vehicle.
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Figure 9. Transformation process of an image by reducing the information to volumes that
could be identified as vehicles, and based on their presence or absence, test the detection model.
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7. FUTURE SCOPE

7.1 Debugging of information by eliminating redundancies through the identification
of changes.

SHANNON, C.E. (1951) emphasized how "redundancy" can be something like an opposite
of information. BARLOW, H. (1961) developed an idea about redundancy reduction and
pattern recognition, whose ramifications have influenced the debugging of Artificial
Intelligence models, vindicating the need for interpreting the goals of the system to avoid
heaps of irrelevant data that may result in crucial observations being overlooked. According
to information theory, this can be achieved by eliminating redundancy through inhibition
and adaptation. BARLOW, H. (1961) and ATTNEAVE, F. (1954) proposed the reduction
of redundancies as a response through systems of transmission inhibition of non-relevant
information. Barlow, H. suggested that at the level of the biological systems of sensory
perception there are mechanisms adjusted to eliminate massive redundancy in order to avoid
constantly informing about the state, so the relevant information to be reported to the system
is changed in state, leaving the system to assume that everything not reported remains the
same. In this way, the system reports information only when there is a change. This achieves
a significantly reduction of the amount of information and it ensures that practically all the
information that is managed is relevant, since by avoiding repetitions (redundancy).

If most of the data to be analyzed by the system come from events of possible changes, great
savings in management and greater efficiency in interpretation are achieved. These methods
have some problems and involve a training period with no objects in the plane under
analysis. The movement of background objects after the training period and foreground
objects without movement during the training period would be regarded as permanent
foreground objects. (CHANGALASETTY, S. B. et al. 2014).

An intuitive method is to apply a Kalman filter to track changes in the background of each
pixel in the image (KALMAN, R.E.1960). That tool attempts to assist in predicting future
states of the system by taking the series of previous records. It’s an algorithm for identifying
states of a dynamical system that relies on the known information of the previous states of
the given system by comparing with the previous ones.

An additional starting stage can be performed using a customized version of the moving
segregating objects. An adaptive filter-based Kalman model could implement in future steps,
to analyze the changing background conditions. The foreground is refreshed at each frame
using the following update equation:

Biyqs = By + (a1 (1 — M) + ap,M,)D, (3)



R-EVOLUCIONANDO EL TRANSPORTE 275

7.2 Assessment of use of logistic regression to improve machine learning and binomial
event classification.

In order to work with a dichotomous outcome predictor variable, Logistic Regression
algorithms allows assigning the probability between 0 and 1. In this way a binary
classification is obtained, with only two possible outcomes. The regression algorithm is one
of the most prevalent and common classification algorithms found valuable in machine
learning. The binary options allows to plot the coordinates of the set of features with their
values and then attempts the most accurate function possible that can predict the output
values of the input features.

The logistic regression model has two dependent and independent variables, while the
dependent variable with two values is represented by proxy variables shown in the following
equation.

eBo+B1x1-Bnxn) 1
eBo+B1x1Bn¥n)+1  e—(Bo+B1x1Bnxn)4+1 € [

P(x) = 0,1] 4)

7.3 Use of other software or analysis procedures.

In the field of study there is a continuous great amount of innovations and applications that
can be implemented on the basis of images already available. In this case study it is relevant
to have generated the images themselves, so that we can have our own base material. This
material has been applied to carry out the present study, but as there are continuous
innovations in the procedures, it is feasible to continue advancing in the improvement of the
results already obtained from the use of other protocols and programs such as Wolfram,
MatLab...

Advances are increasingly being made in computing power at a significantly higher level
than ever before, benefiting from built-in computational intelligence based on a great depth
of algorithms and knowledge that can substantially improve the results already obtained.

Futures line of research are the identification of possible innovations that may appear and
the wide range of already available programs and methods that can test different domains of
mathematical modeling, statistical applications, information management and data
processing.
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8. CONCLUSIONS

Several experiments have been carried out in order to develop tools to identify vehicles in
urban areas using different technologies of Big Data, Artificial Intelligence (Al) and
Augmented Reality (AR).

A first attempt has been made to identify vehicles in a stretch of road using images from
different sources and it has been found that it was not an adequate approach. Subsequently
It has been performed an experiment based on the shooting of our own images by locating
an observation station and collecting pictures pointing to a specific segment of road.

After applying image training techniques, it was found that the most reliable results were
obtained with the least treated frames, which retain the greatest amount of raw information.
By applying artificial intelligence techniques on the unprocessed images, a result of 64%
identification of the presence of vehicles on the section was achieved.

The subsequent experimentation carried out consisted of image processing refinements, the
application of augmented reality techniques, in order to improve the reliability of the model
and the reduction of the volume of data to be handled. To this end, the black and white photos
were processed, the images were pixelated to reduce the information and size, and an attempt
was made to identify the volumetry of moving objects. The summary of the results obtained
is as follows:

Picture treatment Recognition Accuracy
Raw 64
Pixel processing 51
Black & White 48
Edging 42

Table 6. Comparison table recognition accuracy (%o).

It should be noted that there has been significant advances in the use of images own collected
in a controlled environment, because it allows to work with data that are easier to be treated
and adjusting the parameters to improve the result. The tests of different treatments of the
images were carried out, obtaining mixed results. There were satisfactory results for the
detection of the vehicle's presence, but in the application for the determination of the type of
vehicle, the results were not reliable.

In global terms we must validate as adequate the concept of the experiment, the location and
the methodology adopted. We can also consider the results as satisfactory and encouraging
as a starting point for further progress in improving reliability.
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Next challenges of using these technologies in the transportation sector will be to expand the
fields of analysis to different areas such as pollution reduction, road safety, improved
accessibility and seamless mobility.

Future lines of progress in the research could be considered such as the application of
techniques for filtering the information by eliminating redundancies through the detection
of modifications in the images; exploring the implementation of mathematical models to
increase machine learning and binomial events, as well as examining the application of other
software or analysis protocols.
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ABSTRACT

Because of the fast expansion of the COVID-19 pandemic in 2020, many countries
established lockdowns, implementing different restrictions on people’s mobility. Analysing
the effectiveness of these measures is crucial to better react to similar future scenarios. This
research uses anonymous mobile phone data to study the impact of the Spanish lockdown
on the daily dynamics of the Madrid metropolitan area. The analysis is focused on a
reference week prior to the lockdown and on several weeks of the lockdown in which
different restrictions were in place. For this timeframe, population distribution is compared
during the day and at night and presence profiles are obtained throughout the day for each
type of land use. In addition, a multiple regression analysis is carried out to determine the
impact of the different land uses on the local population. The results in the reference week,
pre-COVID-19, show how the population in activity areas increases in each time slot on a
specific day and how in residential areas it decreases. However, during the lockdown,
activity areas cease to attract population during the day and the residential areas therefore no
longer show a decrease. Only basic essential commercial activities, or others that require the
presence of workers maintain some activity during lockdown.
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1. INTRODUCTION

The COVID-19 pandemic has abruptly changed the way in which citizens interact, move or
make use of different urban activities. The change has been radical particularly in the initial
phases of the pandemic, with the adoption of the most severe measures and the lockdown,
which has led to the closure of most activities and changes in habits when carrying out the
most basic activities. Without any warning, cities were forced to slow down, reduce and even
stop much of their activity for months. Knowing how the pandemic has transformed urban
dynamics and what the patterns of these dynamics are in the phases of lockdown and
subsequent restrictions is essential for decision-making, establishing new measures or
evaluating their effectiveness in preventing and controlling the spread of the pandemic and
in understanding the city's resilience to these measures to contain severe outbreaks.

New geolocation technologies offer significant possibilities to study population mobility and
the possible spread of contagious diseases are well known (Sirkeci and Yucesahin, 2020,
Ferretti et al., 2020). Mobile phone data had only been rarely used in epidemiological
research, but their enormous potential has been demonstrated during the COVID-19
pandemic to estimate the effectiveness of the control measures in many countries (Oliver et
al., 2020b).

This research aims to study the impact of the pandemic on the dynamics of the city
throughout the day and its spatial relationship with land uses, an aspect that the authors
believe has not as yet been discussed in depth. The presence of the population in each area
of the metropolitan area of Madrid (Spain) is calculated throughout the day using
information from mobile phones. This daily distribution of the population is analysed for a
typical week, and then compared with the daily distributions in the weeks of confinement
decreed due to the state of emergency in Spain. During this lockdown period, we also analyse
the effects of the different phases, where measures to restrict the mobility of the population
and the opening of the different activities have been tightened or eased.

In order to analyse urban dynamics, mobile phone data were crossed with the distribution of
land uses within each transport zone. Typical hourly activity profiles have been obtained for
each land use and multiple regression models (OLS) have been calculated for four major
moments in time (morning, afternoon, evening and night). The analyses carried out show the
level of activity throughout the day that each type of land use has maintained according to
the degree of restrictions imposed.

Madrid metropolitan area as a case study is also of special interest, given the high impact
that the disease has had. Spain has been one of the countries most affected by the pandemic,
with rates of confirmed cases and deaths among the highest in the world (Johns Hopkins
University, 2020). Madrid, the most affected metropolitan area in Spain, was also one of the
first affected areas in Europe to establish a lockdown and has also witnessed various phases
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in the application of the measures, which allows us to evaluate the impact of different types
of measures and serves as a reference in the evaluation of the same.

2. CASE STUDY, DATA AND METHODOLOGY

2.1 Study Area and Phases

The study area consists of the municipalities included in the Morphological Urban Area
(MUA) (ESPON, 2014) of Madrid that are located within the Region of Madrid. With an
extension of 202,478.46 Ha, the study area enables us to analyse Madrid’s behaviour on a
metropolitan scale, and study in detail what happens in each of the 1,062 transport zones
into which it is divided (Figures 1 and 2). Just over 5.7 million people reside in the
metropolitan area of Madrid according to the 2019 census.

When it comes to the time frame, the research analyses the impact of the COVID-19
pandemic on the distribution of the population in the study area over 6 weeks (March 23 -
May 10, except Easter). In these weeks, the Government of Spain had activated the State of
Alarm prior to the adoption of the Transition Plan to the New Normal. They were the weeks
of greatest restrictions, with various measures to regulate activities in the different phases.
Additionally, the analysis extends to the week of February 14-20, 2020, taken as a reference
(WO0), representing the distribution of the population in a normal week, prior to the pandemic.

The weekly analysis allows us to study the impact of the different measures decreed by the
government on mobility and the degree of confinement of the population.

To understand the results obtained, the phases of the lockdown decreed by the Government
of Spain and the most important measures established in each of them (Table 2) must be
defined. Table 1 shows the dates of the study weeks, relating them to the phases and
measures indicated in Table 2.
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Study weeks | Dates Corresponding phase
WO 14-20 February Reference week. Normal activity prior to COVID-19.
w1 23-29 March Second week after the Declaration of the State of Alarm
W2 30 March - 5 April | First week of Extension of State of Alarm 1
W3 13-19 April First week of Extension of State of Alarm 2
W4 20-26 April Second week of Extension of State of Alarm 2
W5 27 April - 3 May First week of Extension of State of Alarm 3
W6 4-10 May Second week of Extension of St