<@ sustainability

Article

Compatibility of Automated Vehicles in Street Spaces:
Considerations for a Sustainable Implementation

Aggelos Soteropoulos 12*

check for

updates
Citation: Soteropoulos, A.; Berger,
M.; Mitteregger, M. Compatibility of
Automated Vehicles in Street Spaces:
Considerations for a Sustainable
Implementation. Sustainability 2021,
13, 2732. https://doi.org/10.3390/
sul13052732

Academic Editor: Soledad Nogués

Received: 21 January 2021
Accepted: 25 February 2021
Published: 3 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Martin Berger 2 and Mathias Mitteregger !

Future.lab, Technical University of Vienna, 1040 Vienna, Austria; mathias.mitteregger@tuwien.ac.at
Institute for Transportation System Planning, Technical University of Vienna, 1040 Vienna, Austria;
martin kp.berger@tuwien.ac.at

*  Correspondence: aggelos.soteropoulos@tuwien.ac.at; Tel.: +43-1-58801-25018

Abstract: Automated Vehicles (AVs) will bring a fundamental change in the mobility sector in the
coming years. Whereas many studies emphasize opportunities with AVs, studies on the impacts
of AVs on travel behavior particularly show an overall increase in traffic volume. This increase
could impair the needs of other uses and users within street spaces and decrease the permeability
of the street space for pedestrians and cyclists. However, only a few studies, so far, have looked
at the changes of traffic volume due to AVs at the street level, and to what extent these impair the
needs of other uses and users within different street spaces was not in the focus at all. This paper
investigates the compatibility of AVs in street spaces, building on different modeling results of
scenarios with AVs based on the Multi-Agent Traffic Simulation (MATSim) framework. Using the
so-called compensatory approach and the whole street network of Vienna, Austria, as a case study, we
examine how compatible AVs and their related changes in traffic volume are with the needs of other
uses and users, i.e., pedestrians and cyclists, within different street spaces, by specifically considering
the various characteristics of the latter. Results show that the effects of AVs on the compatibility of
street spaces would be unevenly distributed across the city. For Shared Automated Vehicles (SAVs),
a deterioration in compatibility is observable, especially in inner-city dense areas, because of an
increase in traffic volume and an already high amount of competing uses. In contrast, especially (on
main roads) in the outskirts, improvements in compatibility are possible. This particularly applies to
SAVs with a stop-based service. However, private AVs interlinked with an overall capacity increase
would lead to a deterioration in compatibility, especially in parts of the higher-level street network
that already have incompatible traffic volumes, further increasing the separating or barrier effect of
such streets. The results can provide insights for policymakers and stakeholders about where and
how to facilitate AVs, to reach an implementation that is compatible with the different uses and needs
of users within street spaces: While SAVs should be implemented particularly in the outskirts, as
a complement for public transport, an implementation of AVs in the lower-level street network in
inner parts of the city should not be facilitated, or it should at least be linked to measures that make
street spaces more compatible with the needs of pedestrians and cyclists, e.g., implementation of
walking and cycling infrastructure.

Keywords: automated vehicles; street spaces; compatibility; traffic volume; barrier effect

1. Introduction

Automated Vehicles (AVs) will completely change our mobility and the way of moving
from point A to point B. Already in the next years, dynamic developments with fundamen-
tal changes can be expected in the mobility sector which bring both opportunities and risks.
From the point of view of transport planning, infrastructure planning, and city planning,
strategies are needed to determine where and how AVs can be implemented in the best
possible and sustainable way [1-4].

Several studies have already been carried out on the impacts of AVs on traffic, travel
behavior, and land use, or on wider societal or environmental implications, which can
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serve as a basis for developing strategies and measures for political decision-makers.
Opportunities of AVs mentioned in these studies include, amongst other things, higher
capacity utilization of existing transport infrastructure, improved cost-effectiveness of
public transport if costs of personnel can be reduced, and extended mobility options
for specific user groups (e.g., mobility-impaired people) [1,5]. However, concerning the
impacts on travel behavior, most studies assume that AVs will increase the attractiveness of
vehicles and thus traffic volume, i.e., Vehicle-Miles-Traveled (VMT), in the areas intended
for AVs due to numerous advantages in terms of comfort, use of in-vehicle time, and the
possible mobilization of new user groups [6,7]. However, these changes in traffic volume
due to AVs were mostly shown on a city-wide or transport-system level, but how they
interfere within street spaces with their different adjacent uses and needs of users was
hardly researched so far; however, this is of high relevance regarding implementation
strategies for AVs in cities.

In principle, street spaces are subject to a wide range of competing usage demands
and requirements and needs of people who want to move, stroll, meet, stay, sit, or play [8,9].
In addition to the traffic function of streets, the type and extent of further demands on
street spaces result from their environment, i.e., the nature and extent of buildings and
type of land usage along the street (surrounding uses) and the linkages between the two
sides of the street [10,11]. These usage demands are partly contradictory, conflict with
the traffic function of streets, and lead to conflicts of use within street spaces [12]. In
particular, conflicts between the demands of motor vehicle traffic and the needs of other
users, i.e., pedestrians and cyclists or users of micro-mobility (that move, stay, sit, etc., in
the street space), are only reasonable up to a certain intensity or reasonable depending on
the concrete situation. However, if the traffic volume of motor vehicles rises above this
limit, it reaches a level of dominance that impairs the other needs of users of the street
space to an extent that is no longer compatible [10,11,13].

Therefore, from a planning point of view, it is necessary to investigate to what extent
the implementation and use of AVs in street spaces are compatible with the uses and needs
of other users within street spaces due to the increase in traffic volume associated with
AVs. This is all the more important as not only an increase in traffic volume might affect
street spaces with AVs in the future, but also the traffic flow facilitated by AVs with short
gaps between vehicles enabling higher capacity utilization of the transport infrastructure,
leads to denser traffic. Pedestrians and cyclists could find gaps more difficult and the
separating or barrier effect of the streets (also known as community severance), relating to
both physical and psychological impediments to pedestrian and cyclist movements [14,15],
is increased. This leads to a decreasing permeability of the street space for pedestrians and
cyclists [16,17].

This paper investigates the compatibility of AVs and their related changes in traffic
volume with the needs of other uses and users, i.e., pedestrians and cyclists, within different
street spaces. Using the case study of Vienna, Austria, first different scenarios with AVs are
modeled, using the Multi-Agent Transport Simulation (MATSim) framework which was
performed by Trafility (www.trafility.at (accessed on 21 January 2021)) to obtain potential
changes in traffic volume due to AVs at the street level. Building on the modeling results,
the so-called compensatory approach based on GIS is used to assess how compatible these
changes in traffic volume due to AVs are with the needs of other uses and users in the street
spaces, i.e., to what extent the changes in traffic volume due to AVs impair these needs,
by specifically considering various characteristics of the street spaces. To the best of our
knowledge, this has not been done before.

This paper is structured as follows. Section 2 presents related work on this topic and
stresses the particular contribution of this study with regard to previous research. Section 3
describes the different scenarios with AVs and their modeling, using MATSim, as well as
the compensatory approach for examining the compatibility of AVs within street spaces,
based on the changes in traffic volume in the scenarios. Section 4 presents the results of the
analysis of the compatibility of AVs within street spaces, using the case study of Vienna,
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Austria. Section 5 provides a discussion of the results and Section 6 closes the paper with a
conclusion and possible future avenues of research.

2. Related Works

Investigating the impacts of AVs on travel behavior has been widely popular in the
last years. Existing studies apply various models and simulations to analyze these impacts,
as AVs are not yet available to the public at large, and gathering empirical data for further
analysis is not possible on a large scale [16,18]. This includes existing travel demand
modeling methods, including trip-based models [19], activity-based models [20,21]) and
agent-based models [22-25].

Besides using different methods to explore impacts, the studies also define different
scenarios for the transport supply with AVs, i.e., by replacing all or a specific share of current
private vehicle trips with Shared Automated Vehicles (SAVs) and private AVs [21,26], by
splitting trips by modes, using a rule-based mode-choice model based on the existence/non-
existence of public transport [22,27] or by incorporating SAVs and private AVs as a new
transport option in the mode-choice model [19,28]. Moreover, studies also apply different
assumptions for AVs, e.g., regarding the reduction of the Value of Time (VOT), because of
increased comfort and productivity while traveling as a passenger, instead of concentrating
on the driving task and increased road capacity, but also how SAVs are assigned and
relocated or the size of SAVs and acceptable waiting times or operating costs [16].

Focusing on private AVs, Kim et al. [29], for example, used an activity-based model
(including mode and trip-choice), assumed a change in road capacity by +50%, and indi-
cated an increase in VMT by 4% for the Atlanta region in the US. The increase in VMT
goes up to 13% when also assuming changes in the value of time by —50% for private
AVs compared to current private cars. Zhao and Kockelmann [19] investigated the effects
of both private AVs and SAVs in Austin, USA, using a trip-based model. They assume
a reduction in VOT for both private AVs and SAVs by 50% compared to current private
cars and operating costs of 1 $ per mile and report an increase in VMT by 28%. Martinez
and Viegas [30] assume a replacement of all motorized trips by SAVs with ridesharing
and indicate also a decrease in Vehicle Kilometers Traveled (VKT) by 25% for the city of
Lisbon, Portugal.

However, some of the earlier studies [31] did not consider congestion and explicit
traffic assignment [32], while studies looking at the routing of AVs in congested areas
stress the issue of balancing traffic flows [33,34]. In recent years, several studies looking at
the impacts of AVs on travel behavior also used the agent-based model MATSim [23,24].
MATSim allows users to consider these issues and to obtain more realistic and executable
travel plans under transport constraints, as well as for a more detailed investigation [23,35].

Boesch et al. [24], for example, used the MATSim framework and focused on the
effects of both private AVs and SAVs in the city of Zug in Switzerland. They assume a
reduction of the value of time for SAVs by 54%, compared to current private cars, as well
as operating costs of 0.46 CHF/km (and a reduction of the value of time for private AVs
and operating costs for private AVs and public transport), and indicate an increase in VMT
by 16%.

Overall, the studies mostly indicate an overall increase in VMT due to private AVs
and SAVs, unless there is a high share of people willing to share their ride and especially
if a reduction in the value of time is assumed [16,36]. However, results on the changes in
traffic volume, i.e., VMT, were mostly presented on a city-wide level and only a few of
these studies also looked at changes in traffic volumes at the street level.

Friedrich and Hartl [27], for example, investigated the impacts of SAVs, using a
macroscopic travel demand model, and assume a replacement of all private cars by SAVs
with and without ridesharing (but existent public transit), for the region of Stuttgart in
Germany. They indicate an overall increase in VKT by 18% for SAVs without ridesharing
and an overall decrease in VKT by 20% for SAVs with ridesharing. However, when looking
at the street level, mixed effects are shown. The results for SAVs with ridesharing show a
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reduction in traffic volume, especially on main roads in the outskirts, while some roads
in the lower-level street network in inner parts of the city experience an increase in traffic
volume. For SAVs without ridesharing, however, an increase in traffic volume is shown on
most streets of the higher and lower-level street network.

Similarly, in a study by the International Transport Forum [22] the effects of SAVs
with ridesharing are investigated for Lisbon, Portugal, using an agent-based model. They
assume a replacement of all private cars by SAVs with ridesharing (but existent public
transit) and report an overall decrease in VMT by 6%. When looking at the distribution
of traffic volume at street level at peak hour, especially streets in the higher-level street
network experience a drop in traffic. However, for streets of the lower-level street network
in the city-center (especially in areas where traffic was previously largely absent), an
increase in traffic is reported. It is also mentioned that this potential increase in traffic
conflicts with walking and cycling in these areas.

However, so far this circumstance, i.e., to what extent a possible increase in travel
volume by AVs in specific areas impairs the needs of other users, e.g., pedestrians and
cyclists, and uses or is compatible with these needs, was not investigated further for the
case of AVs.

Several earlier studies address this aspect, although not in the context of AVs. These
studies used different approaches to assess the compatibility of traffic with the needs of
other uses and users, i.e., pedestrians and cyclists, and were used in the last years in
Biithlmann and Laube [11], Frehn et al. [37], or Baier et al. [38]. Besides a lot of qualitative
and broad approaches [37,38], one often applied and more comprehensive approach for
this topic is the so-called compensatory approach by von Mérner et al. [39] which was
refined by Bithlmann and Laube [11]. This approach assesses the compatibility of traffic
with the needs of other uses and users in the street space by specifically taking into account
the different characteristics, e.g., typology, area type, etc., of street spaces in a quantitative
and more detailed way.

This paper differs from previous work, as it looks at the impacts of AVs on travel
behavior, i.e., changes in traffic volume, at the street level based on outputs from different
scenarios with AVs which were modeled with MATSim and allow for an investigation
with great temporal and spatial detail. It further builds on these results and uses the
compensatory approach based on GIS to assess the compatibility of these changes in traffic
volume due to AVs with the needs of other uses and users in street spaces, which has not
been done in other studies before.

3. Method

In order to investigate the compatibility of AVs in street spaces, an analysis on the
traffic volume changes due to AVs at street level was performed for the case study of
Vienna, building on outputs from different scenarios with AVs modeled in MATSim. Based
on the modeling results on changes in traffic volume, i.e., number of vehicles at peak hour,
at street level, the compensatory approach based on GIS is used to assess the compatibility
of the changes in traffic volume due to AVs with the different demands of uses and users
within street spaces.

3.1. Data: Street Network and Street Segmentation

Street network data of the year 2019 were obtained for the whole administrative area
of the city of Vienna from the Austrian Graph Integration Platform (GIP). The GIP is a
freely accessible administrative database owned by different road operators (state, cities,
municipalities) in Austria which update this database [40]. Within this dataset, all streets
not approved for motorized traffic (e.g., walking and cycling paths) were deleted. The
street network was split up into street links with a maximum length of 100 m (N = 52,840),
which proved to be the most suitable spatial reference units in order to investigate the
compatibility of AVs in different street spaces. This was done because, on the one hand,
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the physical attributes and amenities vary within one street and its intersections, and on
the other hand, a too-small segment size would produce a large amount of noise [41].

3.2. Scenarios of AVs Modeled in MATSim

The scenarios that build the basis for examining the compatibility of AVs in street
spaces are based on MATSim, a large-scale agent-based transport simulation package that
was used to model each person’s activities in a realistic transportation network, i.e., city
of Vienna, and to observe on an individual level how agents (representing travelers and
vehicles) fare in the network [23,35] (The simulation within MATSim was carried out by
Trafility and is described in more detail in [42]).

Within MATSim, all agents try to maximize their utility in a co-evolutionary iterative
process until a dynamic user equilibrium is reached, meaning that no agent can further
improve their mobility behavior by modifying their plan [23,43,44]. An iteration in MATSim
generally consists of three steps:

e In the first step, the plans, i.e., activities and connecting trips during a day, of all
agents are simulated simultaneously based on input data of a synthetic population. A
queue-simulation model is used which moves vehicles from link to link in the network.
When the capacity limit of a link is reached, traffic slows down and congestion builds
up on the upstream link. This way, the choices from the agents’ plans directly affect
the simulation travel times. Since this may introduce delays, the outcome of a plan is
different than its initial version [44,45].

e  Therefore, the second step of the iteration is the scoring, i.e., comparing how well an
initial plan worked out. The observed plan is translated into a utility value (score)
based on a predefined utility function (e.g., performing an activity is increasing utility
while driving a car or having to wait for a bus is decreasing utility). This utility
function accounts for both the travel and the activities (Equation (1)). The final score
is assigned to the selected plan of the agent. Over time, agents can collect such plans
in their memory which has a predefined size of N past plans [23,45].

q+1

q
u= 21 utmvel,ittmvel,i + . uactivity,itactivity,j (1)

1

]

of travel for ith tripinaday;i=1, 2,3, ..., q trips; t;; i = Travel time for ith trip;
Uactivity; | = Utility of performing the jth activity inaday;j=1,2,3, ..., 4 + 1 activities;
and t,ctiviry; | = Duration of jth activity [23,35]

e The last stage of the iterative process is re-planning: For each agent, a re-planning
strategy is chosen. This may be a selection strategy (i.e., selecting from an agent’s
memory a plan based on its utility) or an innovation strategy, where a certain plan
of an agent is duplicated and modified in a specific way (e.g., choosing a different
departure time for a trip). Finally, if this leads to a state where an agent has more than
N plans in memory, a removal procedure is applied, that chooses a plan to be deleted
from the memory. In the next iteration, the selected /modified plans will be executed,
scored, re-planned, and so on, until a dynamic user equilibrium is reached, i.e., no
agent can further improve their mobility behavior by modifying their plan [23,35,45].

Input data for start points, end points, and times of activities of agents within the
simulation, i.e., their daily activities and times, were obtained from mobile phone data, i.e.,
anonymized motion trajectories from location area updates of mobile phones connecting
to radio cells, from the Austrian national mobile phone provider Al. Based on an auto-
mated process to detect anonymized movement trajectories from the mobile phone data, a
randomized data sample was generated and spatially distributed over the entire analysis
area, which formed the basis for the synthetic population used for the simulation. Figure 1
shows the spatial distribution of activities, as well as the number of activities carried out
throughout the day, based on the mobile phone data. By using detailed mobile phone data,
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Figure 1. Spatial distribution of activities (a) and number of activities carried out throughout the day (b), based on the

mobile phone data [22].

The simulation was modeled for a typical weekday and uses the mobile phone data
from a weekday, i.e., Wednesday (representing a typical weekday), in October 2018. The
implementation of public transport was based on actual timetables. To reduce calculation
time within the simulation, pedestrians and cyclists were not routed based on the existing
street network; instead, their travel times and distances were approximated, utilizing
Euclidean distance and a detour factor.

The simulation was calibrated based on (a) data from permanently installed traffic
counters, i.e., inductions loops and overhead detectors, owned by the city of Vienna and
the operator of the Austrian motorways; (b) counting data of public transit passengers from
the Vienna public transport authority; and (c) data from the national transport household
survey [46].

To model the impacts of AVs on the transport system for the whole city of Vienna,
a reference scenario resembling the actual or current mobility within the city and three
scenarios with AVs were developed. In the first scenario, SAVs with door-to-door service
and in the second scenario, SAVs stopping only at specific stops, i.e., existing bus stops,
are implemented as a new means of transport. In the first scenario, agents are picked up
by SAVs from one activity location (e.g., home) and brought to the next activity location,
while in the second scenario, SAVs transport agents between existing bus stops nearest
to their activity locations. Here, the total travel time includes walking time to and from
the stop. Within both scenarios, SAVs allow ridesharing, meaning that other agents can
get on board or get off from the SAVs along the way. The third scenario focuses on the
automation of current private vehicles, i.e., currently existing private vehicles are replaced
by private AVs.

It should be mentioned, that the different scenarios—similarly to the scenarios on the
transport supply with AVs used in former modeling studies (Section 2)—would strongly
need specific policies, e.g., policy changes to incentivize sharing in the case of SAVs, that
are not anticipated in the scenarios in detail. Nonetheless, defining specific scenarios and
assessing their effects helps to conceptualize the future with AVs and to identify what
kind of implementation of AVs and which policies for AVs are necessary in order to reach
desirable scenarios [18,47].

To model the SAVs within Scenario 1 (SAVs with door-to-door service) and Scenario 2
(SAVs with a stop-based service) the demand-responsive transport optimization extension
for MATSim [48] was used. SAVs are dynamically routed, using an insertion heuristic that
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aims at minimizing the total taxi workload measured as the total time spent on handling
requests [48]. Whenever a new request is submitted, the algorithm searches the routes of
all vehicles for optimal insertion. A request from a passenger is accepted if the following
criteria are met:

e  The maximum waiting time a customer is willing to wait for departing (i.e., waiting
and boarding), which was assumed—based on former studies [42,49]—to be 10 min,
is not exceeded.

e  The request can be satisfied within the service hours of the SAVs, i.e., between 04:00
and 24:00 h, and the vehicle time window and capacity of vehicles consisting of
10 seats is not exceeded.

e  The overall time spent on traveling (waiting, boarding and riding) must not exceed
the empirically derived time t, with t, = at, 91"t + 3, where t,4i"! is the direct time
between the origin and destination of the request, while ot and {3 are used to model
the maximum amount of time loss due to waiting, boarding, i.e., pick-up and drop-off,
and possible detours). Time for boarding was assumed to be 45 s.

A request can be rejected only immediately after submission. Once scheduled, the
request is guaranteed to be served and cannot be rejected later even if there are some delays
while driving that lead to violation of the wait and travel time restrictions above [48].

The starting points of the SAVs, i.e., their distribution at the beginning of the service
time, were determined through a temporal-spatial clustering that was based on activity
end times. For the clustering, the Density-Based Spatial Clustering of Applications with
Noise (DBSCAN) algorithm [50] was used with a minimum cluster sample of 100 activities
and a maximum distance between activities of 250 m. Based on this activity clustering,
starting points and number of SAVs were distributed in such a way that the SAVs cover
15% of the cluster’s demand.

Within Scenario 3 an automation of all current private vehicles was incorporated, i.e.,
existing private vehicles were assumed to be automated. This included a utility increase of
private AVs in MATSim by 25% due to higher comfort and the possibility to use in-vehicle-
time. This reflects assumptions on a reduction of the value of time made in former studies,
often varying from —20 to —50% [24,51,52], but also corresponds with the results of stated
preference surveys on this topic [36,53,54]. Moreover, the capacity of the whole street
network was increased by 40% as AVs—especially with a high penetration rate—enable
closer gaps between vehicles and increase capacity. This also corresponds with existing
studies in which assumptions on an increase of capacity due to AVs mostly vary between
10 and 80% [20,28,55-57].

3.3. Measuring the Compatibility of AVs in Street Spaces

The method used to measure the compatibility of AVs with other demands of uses and
users in the street space builds on the so-called compensatory approach initially developed
in the work of [39] and further developed by [11]. For the analysis of the compatibility
of AVs with other usage demands in the street spaces, this compensatory approach was
adapted and further developed to account for the specific implications and characteristics
of AVs.

The compensatory approach assesses the compatibility based on the traffic volume at
peak hour and the specific characteristics of the street space and is structured into three
analysis steps [11]: First a rough maximum compatible traffic volume, i.e., number of motor
vehicles at peak hour, is defined for individual streets sections, based on the area type,
nature and extent of buildings, adjacent uses, and the location’s function and importance.
Since this defined maximum traffic volume may vary depending on various influencing
factors, it is adapted based on further characteristics of the street space in a second step.
In a third step, the adapted maximum traffic volume at peak hour is compared with the
actual traffic volume at peak hour in order to assess the compatibility of the actual traffic
volume with the other demands within a street section. All of these steps were carried out
by using ArcGIS.
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3.3.1. Determining the Maximum Compatible Traffic Volume

To determine the maximum compatible traffic volume for an individual street section,
the area type, the extent and age of buildings, and the adjacent uses were considered. In
principle, and based on the studies of [8,11], areas in the city center, i.e., areas with a high
density of buildings, shops and businesses, request a higher demand on the qualities of
the street space, i.e., higher needs of pedestrians and cyclists (e.g., residents, employees,
customers, etc.) to move, stroll, stay, or sit in these street spaces, than residential areas with
predominant detached or semidetached buildings or industrial areas, where the density of
buildings, shops and businesses is lower, or these are not even present.

To consider these issues and based on [11,39] five different area categories are distin-
guished for determining the maximum compatible traffic volume of street spaces:

e  City center/business district: predominant close block development with more than
four floors and intensive business use and shops

e  Mixed-use with intensive business use: predominant close block development with
more than four floors and medium to intensive business use and shops

e  Mixed-use with medium intensive business use: predominant close block develop-
ment with more than four floors or half-open buildings with two to four floors and
medium intensive business use and shops

e Low-density residential: predominant detached and semidetached buildings and
allotments with only occasional shops or other public-intensive uses

e Industrial: predominant industrial uses with low demands of residents and no public-
intensive uses, such as residential or shopping

In order to categorize the street sections based on the different area categories, in a
first step, data on (a) area types and age of buildings and (b) zoning categories were used.
In a second step, also data on the number of shops and businesses were used to categorize
the whole street network of Vienna in the different categories (Figure 2). Here, data from
the city of Vienna, GIP, and Open Street Map were used. Motorways and expressways
were assigned to the last category due to their exclusive traffic function. An overview of
the categorization of the street network of Vienna according to the different area categories
is presented in Appendix A.

Based on authors [11,39], the following maximum compatible traffic volumes, i.e.,
motor vehicles at peak hour, have been applied for the different area categories (Table 1).

Table 1. Applied maximum compatible traffic volume for different area categories.

Area Category Compatible Traffic Volume (Vehicles at Peak Hour)

<20 (well compatible)
>20-50 (compatible)
City center/business district >50-150 (only just compatible)
>150-400 (not compatible)
>400 (completely not compatible)

<50 (well compatible)
>50-150 (compatible)
>150-400 (only just compatible)
>400-600 (not compatible)
>600 (completely not compatible)

<150 (well compatible)
>150-400 (compatible)
>400-600 (only just compatible)
>600-1000 (not compatible)
>1000 (completely not compatible)

Mixed-use with intensive
commercial use

Mixed-use with medium intensive
commercial use
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Table 1. Cont.

Area Category Compatible Traffic Volume (Vehicles at Peak Hour)

<400 (well compatible)
>400-600 (compatible)
Low-density residential >600-1000 (only just compatible)
>1000-1200 (not compatible)
>1200 (completely not compatible)

<600 (well compatible)
>600-1000 (compatible)
Industrial >1000-1200 (only just compatible)
>1200-1500 (not compatible)
>1500 (completely not compatible)

Step 1

Zoning categories

Area lyp.e a‘m:l age of Business district Mixed buidling Residential area Garden Industrial area
buildings area settlement

buildings from
Gruenderzeit! with high
structural density and high
population density
Buildings from Gruenderzeit
with high structural density
and low population density

buildings from Gruenderzeit
with low structural density

buildings with mixed
construction age and low
structural density

single-family houses and
allotments

Step 2

Number of shops and businesses

Categorization in Step 1 Otol 2to5 6to 10 >10

Mixed-use with
intensive business use

Mixed-use with medium
intensive business use

Low-density residential

Industrial

* period of time in the 19th century; Data: City of Vienna, GIP, Open Street Map

Figure 2. Overview of steps for categorizing street sections into the different area categories, based on
data on area type and age of buildings, zoning categories, and the number of shops and businesses.

3.3.2. Adapting the Maximum Compatible Traffic Volume Based on Further Characteristics

The categories distinguished in the first step only form a rough categorization. Within
the respective categories, however, the design of the street space and their use by pedes-
trians and cyclists may differ significantly. Therefore, the applied value of the maximum
compatible traffic volume based on the area categories is adapted by considering the criteria
(a) distribution of space, (b) use by pedestrians and cyclists, (c) speed, (d) heavy-goods
vehicle traffic, (e) crossing needs, (f) green and design elements, and (g) crossability. Here,
the criterion crossing needs was considered in addition to the initial compensatory ap-
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proach of authors [11,39]—which only incorporates the other six criteria—to also account
for different existing types and intensities of crossing needs (low /punctual, high/linear) in
street spaces.

Based on the logic of the compensatory approach, these criteria serve as compensation
aspects because of which the level of the compatible traffic volume with the demands of
other uses and users in the street spaces may increase or decrease in the magnitude of +100
to —100 vehicles at peak hour [11,39]. The following section describes how the different
criteria, i.e., characteristics of the street space, have been considered. Here, Tables 2—4 give
an overview of how the criteria were assessed. The assessment of the different criteria for
the whole street network of Vienna is presented in Appendix B.

Assessment of Criteria

(a) Distribution of space

The criterion distribution of space evaluates the width of areas dedicated for pedestri-
ans and cyclists, i.e., sidewalks, cycle lanes and green strips, in relation to the area dedicated
for motor vehicle traffic, i.e., roadway and area for stationary traffic. Based on [11,12],
it assumes that the smaller the ratio between the width of the area for pedestrians and
cyclists in the street space in comparison to the width of the area for motorized traffic, the
less motor vehicle traffic is tolerated. To calculate the ratio, data from the city of Vienna
were used. Since there were no data available on the width of bicycle infrastructure on the
roadway, the ratio determined was adapted according to the following: If there is a bicycle
street within the street section, the ratio was increased by 20%, if there is a cycle lane on the
street section, the ratio was increased by 15%, if there is a multi-purpose lane on the street
section, the ratio was increased by 10%, and if cycling against the one-way traffic exists on
the street section the ratio was increased by 5%. Finally, for the ratio between the width of
the area for pedestrians and cyclists and the width of the area for motor vehicle traffic, the
compatibility levels shown in Table 2 were determined.

(b) Use by pedestrians and cyclists

The criterion use by pedestrians and cyclists assumes that motor vehicle traffic disturbs
or endangers pedestrians and cyclists in their activities in the street space. Therefore, with
an increasing number of pedestrians and cyclists that use the street space, motor vehicle
traffic is less compatible [12,39]. Data for the number of pedestrians and cyclists within the
street space were derived from a Strava heat map, building on different relational categories
of the intensity of use by pedestrians and cyclists, as the actual number of pedestrians and
cyclists was not explicitly available from Strava (Table 2).

(c) Speed

The criterion speed evaluates the driven speeds at the street section. Based on [11,12],
it assumes that traffic speeds have a decisive influence on the usability of the street by
residents and the safety of non-motorized road users (e.g., crossability of the road) and that
higher speeds driven at the street section make motor vehicle traffic less compatible. For
the evaluation, the respective average driven speed at the street sections for the reference
scenario and the three scenarios with AVs in MATSim were calculated and the compatibility
levels that are shown in Table 2 were implemented.

(d) Heavy goods vehicle traffic

The criterion heavy-goods vehicle traffic evaluates the share of heavy-goods vehicles
(HGV) of the total motor vehicle traffic volume. Based on [11,39], it assumes that HGV
traffic, in conjunction with an overall low volume of traffic, is a nuisance for residents,
particularly due to noise emissions but also concerning traffic safety. Since data on the
share of HGV traffic were not available, the HGV share was derived based on the street
category and information on residential streets (traffic-calmed sectors with walking speed)
and industrial areas as shown in Table 2.
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(e) Crossing needs

The criterion crossing needs specifically evaluates the actual crossing needs at the
street section. It assumes that the existence of shops, businesses, or other facilities on
both sides of a street, as well as specific places and parks, generate a different intensity of
crossing needs. Whereas in shopping streets often high linear crossing needs and at squares,
parks and square-like street spaces aerial crossing needs exist, other street spaces only
incorporate low punctual crossing needs [12,58]. Based on [12], it is assumed that motor
vehicle traffic disturbs the crossing activities and that with increasing intensity of crossing
needs, motor vehicle traffic is less compatible. For this criterion, the intensity of crossing
needs was derived based on the number of cross-relations between shops, businesses and
other facilities, i.e., schools, sport centers, kindergartens, hotels, etc., on both sides of the
street section, as well as based on information on shopping streets and squares and (entry
points of) parks, based on data from the city of Vienna (Table 2).

(f) Green and design elements

The criterion green and design elements evaluates the design of the street space with
green areas and trees or related design elements. Based on [11,12], the assumption is that
fewer green areas and trees or related design elements in the street space reduce the quality
of stay and therefore less motorized vehicles are compatible. The evaluation is based on the
number of design elements, i.e., street furniture, benches, fountains, etc., as well as trees,
bushes, or flowers in the street space, and the compatibility levels that are shown in Table 3
were implemented. Data were obtained from the city of Vienna and Open Street Map.

(g) Crossability

The criterion crossability evaluates the number of crossing aids in relation to the length
of the street section. Based on [12], it assumes that depending on the previously defined
area categories (Section 3.3.1), an appropriate number of crossing aids is necessary to ensure
that pedestrians can cross the street easily as possible and without long detours. To obtain
the final value for the criterion, the ratio of the number of crossing aids in comparison
to the length of the street section is multiplied by 100, whereby, for example, a value of
1.0 means an average distance of 100 m between two crossing aids [12]. Table 4 gives an
overview of the respective compatibility levels for each of the predefined area categories.
According to [12], it is assumed that pedestrian and encounter zones and residential streets
can be crossed everywhere and, therefore, these are well compatible with the needs of
the uses and users; for streets with a speed limit of 30 km/h, it is assumed that these
can be crossed almost everywhere and that they are, therefore, only just compatible with
the needs of the surrounding uses and users. If streets with a speed limit of 30 km/h
are additionally equipped with one or more crossing aids, it is assumed that these street
sections are compatible with the needs of the surrounding uses and users.
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Table 2. Compatibility levels for the criteria distribution of space, use by pedestrians and cyclists, speed, heavy-goods vehicle traffic, and crossing needs.

Ratio bet?e]e)risgri]e); :/i\l(;gt%ffigal’c:destrians (b) Use by (©) Speed ((i\)/';iecal‘éyfg(f)gg ) . Categories of Compatibility Adaptation of the
and Cyclists in Comparison to Area Pedestrians Average Speed on the HGYV Share of the Total Motor (e) Crossing Needs with Needs of Surrounding Maximum Compatible
Width for Motor Vehicle Traffic and Cyclists Street Section Vehicle Traffic Volume Uses and Users Traffic Volume
very low ++ +100
>1.25 very low <10 km/h very low (streets sectioniav;iﬁktli :S(; shops or other well compatible vehicles/peak hour
low 50
1.00 to <1.25 low >10 km/h <20 km/h low (street sections with at least 1 shop or other com ; tible vehic1e57 cak hour
facility, no cross-relations in between) P P
medium
. . (squares and parks or streets sections with 1 o +0
0.75 to <1.00 medium >20 km/h <30 km/h medium or more cross-relations between shops or only just compatible vehicles/peak hour
other facilities)
05 t0 <0.75 high 530 km /h <40 km/h high high - 50
. - g = & (shopping streets) not compatible vehicles/peak hour
very high
. . (shopping streets or squares and parks with 2 - —100
<05 very high >40 km/h very high Completely not compatible vehicles/peak hour

or more cross-relations between shops or
other facilities)
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Table 3. Compatibility levels for the criterion green and design elements.

Number of Trees and Bushes per 100 m

Number of Design Elements per 100 m
0 1to4 5to9 10 to 14 15 or More

0 - - - o o

1 - o o + +
2to4 o + + ++ ++

5 or more + ++ ++ ++ ++

—, very low = completely not compatible (—100 vehicle/peak hour); -, low = not compatible (—50 vehicle/peak
hour); o, medium = only just compatible (£0 vehicle/peak hour); +, high = compatible (+50 vehicle/peak hour);
++, very high = well compatible (+100 vehicle/peak hour).

Table 4. Compatibility levels for the criterion crossability.

Crossability—Number of Crossing Aids per 100 m
0 01 02 03 04 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2 1,3 1,4 15 1,6 1,7+

City center/commercial area - - - - - - - - - - - o o o + + + T+t
Mixed-use with intensive

Area Category

: - - - - - - - - - + + + ++ ++ ++
commercial use ° ° °
Mixed-use with medium - - - - - - - o o o + + + ++ ++ ++ ++ ++
intensive commercial use
Low-density residential - - - - - o o o + + + ++ ++ ++ ++ ++ ++ ++
Industrial - - - o o o + + + ++ ++ ++ ++ ++ ++ ++ ++ ++

-, very low = completely not compatible (—100 vehicle/peak hour); -, low = not compatible (—50 vehicle/peak hour); o, medium = only just
compatible (£0 vehicle/peak hour); +, high = compatible (+50 vehicle/peak hour); ++, very high = well compatible (+100 vehicle/peak hour).

Weighting of Criteria

To adapt the maximum compatible traffic volume based on the different criteria, a
weighting of the different criteria (rather than using a simple addition) was applied. In gen-
eral, such weightings of different criteria are often based on (1) surveys, (2) reviewing the
relevance of criteria and weighting in the literature or former studies, or (3) a consultation
of decision-makers and experts. We based our weighting on the relevance of the different
criteria described in the literature, as well as internal discussions on the importance of
the criteria. Current literature especially emphasizes the existence of walking and cycling
infrastructure and sufficient space (e.g., width of sidewalks or bike lanes) allocated to
pedestrians and cyclists as highly relevant from the perspective of pedestrians and cyclists
with regard to the existing motor vehicle traffic—and thus for the assessment of the compat-
ibility of traffic volume with the needs of uses and users within the street space [59-61]: In
street spaces with only small space allocated to pedestrians and cyclists, considerably less
motor vehicle traffic is compatible. Of course, also other criteria like speed, the crossability
or the use by pedestrians and cyclists, i.e., the number of pedestrians and cyclists currently
using the street space, are important [12,15]. However, an adequate provision of space for
pedestrians and cyclists is a key factor. In addition, current claims for a reprioritization of
street spaces in favor of transportation modes such as walking and cycling and away from
private motorized transport that match the latest calls for a transition to sustainable urban
mobility [9,62,63] further prioritize this criterion.

Therefore, a variety of different weights for the criteria have been discussed by using
various exemplary images of street spaces in Vienna and comparing the different results
regarding the compatibility of the street spaces with the traffic volume in the reference
scenario, i.e., comparison of the actual traffic volume in the reference scenario with the
different adapted maximum compatible traffic volumes based on the several weightings.
Table 5 and Figure 3 give an exemplary overview of this evaluation and exemplary weight-
ings in comparison with equal weighting of criteria. Based on the comparison, the following
weighting of criteria was chosen (indicated in bold in Table 5): The criterion distribution
of space was weighted highest (weight of 3.5), whereas the weight for the criterion use
by pedestrians and cyclists was unchanged and all other criteria were weighted, accord-
ingly, lower. Initially, it was discussed to make the weighting more balanced with only a
somewhat higher weight for the criterion distribution of space, leave the criteria use by
pedestrians and cyclists, speed, heavy-goods vehicles, and crossability unchanged and
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apply corresponding lower weights for the criteria green and design elements and crossing
needs. However, the comparison of the various weightings for the different street spaces in
our view overall showed more plausible results for the weighing described above.

Table 5. Overview of the exemplarily applied weighting of the different criterions.

Weighting 1: Weighting 2: Weighting 3:
Criterion Equal Weichts of Criteria Higher Weight for C1, Lower Considerable Higher Weight for C1,
! 8 Weight for C5 and C6 Lower Weights for C3 to C7

C1: Distribution of space 1 2 3.5
C2: Use by pedestrians and cyclists 1 1 1

C3: Speed 1 1 0.5
C4: Heavy-goods vehicle traffic 1 1 0.5
C5: Crossing needs 1 0.5 0.5
C6: Green and design elements 1 0.5 0.5
C7: Crossability 1 1 0.5

Mixed-use with intensive commercial use Lov;r—density residential

126 vehicles at peak hour

Compatibility of traffic volume in the street space
in reference scenario

364 vehicles at peak hour

Compatibility of traffic volume in the street space
in reference scenario

Weighting 1 Weighting 2 Weighting 3 Weighting 1 Weighting 2 Weighting 3
only just only just ; p only just only just
tibl tibl
compatible compatible HotEompatble compatble compatible compatible

Industrial

798 vehicles at peak hour

Compatibility of traffic volume in the street space
in reference scenario

Weighting 1 Weighting 2 Weighting 3
Onlyjlfﬁ oy ]1}st not compatible
compatible compatible

Figure 3. Exemplarily applied weighting and corresponding compatibility of traffic volume in street spaces in the reference
scenario. Source for pictures of street spaces: Google Street View.

3.3.3. Comparison between Actual Traffic Volume and Adapted Maximum Compatible
Traffic Volume

After the maximum compatible traffic volume for the respective street sections was
adapted by taking into account the different weighted characteristics, it is compared to the
actual traffic volume in the street sections. The comparison was conducted for each of the
scenarios that were modeled in MATSim, i.e., the reference scenario and the three scenarios
with AVs. Based on that, the compatibility of the traffic volume in the scenarios with the
other needs of uses and users at the street space was assessed for the whole street network
of Vienna. Table 6 gives an example of how the comparison was conducted.
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Table 6. Example of comparison between actual traffic volume and adapted maximum compatible traffic volume (in number of vehicles at peak hour): assessment of compatibility of a

street section.

Adaptation of Maximum Compatible Traffic Volume

Maximum Compatible

Street Section Adapted Maximum Compatible Actual Traffic Assessment of

Traffic Volume c1 c2 c3 C4 c5 Co c7 Total Traffic Volume Volume Compatibility
<75 (++)
>75 bis 175 (+)
150 +175 —100 —25 —50 +0 —-25 +50 +25 >175 bis 425 (o) 157 + compatible
>425 bis 625 (-)
Street section in area category >625 (<)
“mixed-use with intensive weights
commercial use”
3.5 1 0.5 0.5 0.5 0.5 0.5
unweighted
+50 —100 —-50 —100 +0 —50 +100

C1 = criterion distribution of space; C2 = criterion use by pedestrians and cyclists; C3 = criterion speed; C4 = criterion heavy-goods vehicle traffic; C5 = criterion crossing needs; C6 = criterion green and design
elements; C7 = criterion crossability.
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4. Results
4.1. Street-Level Changes in Traffic Volume at Peak Hour

As the approach to assess the compatibility of street spaces with AVs builds on changes
in traffic volume at peak hour at street level, Figure 4 shows changes in traffic volume, i.e.,
changes in the number of vehicles at peak hour, for the entire street network of Vienna for
Scenario 1 (SAVs with door-to-door service), Scenario 2 (SAVs with stop-based service) and
Scenario 3 (private AVs) in comparison to the reference scenario.

Bl 250 and more Bl 250 and more
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(a) Scenario 1 in comparison to reference scenario (b) Scenario 2 in comparison to reference scenario

B 250 and more

+150 to +250
+25 to +150
-25t0 +25
=150 to 25

=250 to -150

|
B 250 and less

I

(€) Scenario 3 in comparison to reference scenario

Figure 4. Change of vehicles at peak hour on street level: comparison between (a) Scenario 1, (b) Scenario 2, and (c) Scenario

3 and reference scenario.

For the scenarios with SAVs, the results show an increase of vehicles at peak hour
in the inner parts of the city—especially in the lower-level street network. In Scenario 2,
the increase is more intense on specific street sections in the inner parts of the city, while
Scenario 1 shows an increase in the number of vehicles at peak hour in more street sections,
i.e., on a larger scale and even in outer parts of the city (e.g., in the northwest of the city
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center). However, for Scenario 2, especially on main roads in the outskirts, e.g., northeast
of the Danube river, a decrease in the number of vehicles at peak hour is observable.

In contrast, Scenario 3 shows an increase in the number of vehicles at peak hour,
especially for the higher-level street network, i.e., motorways, expressways, primary and
secondary roads.

4.2. Assessment of the Compatibility of Street Spaces

Figure 5 gives an overview of the compatibility assessment of street spaces in the
reference scenario without AVs and also shows the changes in the assessment of the
compatibility between Scenarios 1 to 3 (Section 3.2) and the reference scenario.

For the reference scenario, it is apparent that the current traffic volume, i.e., number
of vehicles at peak hour, is compatible in many of the street spaces in the lower-level
street network in Vienna—especially in the outskirts. In the higher-level street network
(e.g., main roads) and also in several streets in the lower-level street network in the inner
parts of the city, the actual traffic volume is mostly not compatible with the needs of the
surrounding uses and users, i.e., pedestrians and cyclists.

Looking at the changes between scenarios with AVs, i.e., Scenarios 1 to 3, in compari-
son to the reference scenario, in line with the aforementioned changes in traffic volume, it
is noticeable that all scenarios with AVs show lower levels of compatibility in comparison
to the reference scenario, especially in the inner parts of the city. In these inner parts, the
compatibility strongly deteriorates especially in Scenario 2 (SAVs with a stop-based service),
but also in Scenario 1 (SAVs with door-to-door service). However, Scenario 2 also shows
an improvement in compatibility along streets in the outskirts, e.g., in the north-western
and northeastern outskirts, as well as in the southeast. In contrast to Scenarios 1 and 2,
Scenario 3 (private AVs) also shows a deterioration in compatibility in comparison to the
reference scenario southeast of the city center, as well as in the north near motorways and
expressways. In inner parts of the city, the deterioration in compatibility is not as intense
as in both scenarios with SAVs.

The results for Scenario 1 (SAVs with door-to-door service) and Scenario 2 (SAVs
with a stop-based service) show that of the streets which were already completely not
compatible before, only those in the central and western part of Vienna experience a high
increase in traffic volume, whereas traffic volume for streets in the eastern and southern
part (and far western part) of Vienna decreases—to a broader extent in Scenario 2. However,
results for Scenario 3 (private AVs) show that traffic volume at peak hour (highly) increases
in most of the already completely not compatible streets which leads to an even higher
non-compatibility with the needs of uses and other road users in these street sections.

4.3. Sensitivity Analysis

The change in compatibility is not only dependent on the change in traffic volume
but also on the applied maximum compatible traffic volume. Therefore, Table 7 shows
the share of street sections in different compatibility categories for (a) the actually applied
maximum compatible traffic volume at peak hour, (b) a decrease in the applied maximum
compatible traffic volume at peak hour by 10%, and (c) an increase in the applied maximum
compatible traffic volume at peak hour by 10% for the reference scenario and the Scenarios
1to 3.
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Figure 5. Overview of the assessment of the compatibility in the reference scenario (a), as well as in Scenario 1 (b), Scenario 2
(c) and Scenario 3 (d) in comparison to the reference scenario. For a more detailed look regarding the change in compatibility
between Scenarios 1 to 3 in comparison to the reference scenario, Figure 6 shows changes in traffic volume, i.e., number of
vehicles at peak hour, only for those street sections on which traffic volumes were already completely not compatible in the
reference scenario.
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Figure 6. Overview of changes in traffic volume at peak hour at street sections that are completely not compatible in the
reference scenario between Scenario 1 (a), Scenario 2 (b) and Scenario 3 (c) and the reference scenario.

It is shown that decreasing the applied maximum compatible traffic volume at peak
hour (in the different area categories) by 10% increases the share of street spaces in which
the traffic volume is completely not compatible in comparison to the actually applied
maximum compatible traffic volume at peak hour for the reference scenario and Scenarios
1 to 3. However, when increasing the applied maximum compatible traffic volume at
peak hour by 10%, an increase in the share of street spaces with compatible and also well
compatible traffic volumes is shown in comparison to the actual applied maximum traffic
volume at peak hour for the reference scenario and the Scenarios 1 to 3.

On the other hand, when looking at the share of street sections in different compat-
ibility categories for the reference scenario in comparison to Scenarios 1 to 3, for all the

different applied maximum compatible traffic volumes at peak hour, the same directions
are shown:

e  For Scenario 1 (SAVs with door-to-door service), the share of street spaces with well
compatible and compatible traffic volumes decreases in comparison to the reference
scenario, while the share of street spaces with only just compatible traffic volumes



Sustainability 2021, 13, 2732

20 of 32

increases, indicating a shift from street spaces with well compatible and compatible
traffic volumes to such with only just compatible trafficc. However, on the other
hand, the share of street spaces with completely not compatible traffic volumes also
decreases in comparison to the reference scenario, indicating likewise an improvement
in compatibility.

Similarly, for Scenario 2 (SAVs with a stop-based service) also mixed effects are shown:
On the one hand, an increase in the share of street sections with well compatible
traffic volumes, in comparison to the reference scenario, is shown, indicating an
improvement in compatibility. On the other hand, a decrease in the share of street
spaces with compatible and only just compatible traffic volumes is shown, while the
share of street spaces with not compatible traffic volumes increases and the share of
street spaces with completely not compatible traffic volumes mainly remains the same,
indicating also a deterioration of compatibility for some street sections.

For Scenario 3 (private AVs), however, the share of street spaces with well compatible
traffic volumes decreases (and the share of street spaces with (only just) compatible
traffic increases), while also the share of street spaces with completely not compatible
traffic volumes increases (and the share of street spaces with not compatible traffic
decreases)—indicating both a shift of street spaces with well compatible traffic vol-
umes to street spaces with compatible traffic and a shift from street spaces with not
compatible traffic volumes to street spaces with completely not compatible traffic, i.e.,
an overall decrease in compatibility.

Table 7. Overview of the share of street sections in different compatibility categories for different applied maximum

compatible traffic volumes in reference scenario and Scenarios 1 to 3 (1 = 52,840).

Assessment of Street

Applied Maximum Compatible Traffic Volume at Peak Hour

Scenario .
Sections 10% Decrease Actually Applied 10% Increase

well compatible 29.6% 32.8% 36.1%

compatible 33.1% 34.0% 34.3%

Reference Scenario only just compatible 14.3% 12.5% 10.9%
not compatible 8.0% 7.1% 6.5%

completely not compatible 15.0% 13.6% 12.1%

well compatible 29.2% 32.7% 36.0%

compatible 33.0% 33.8% 34.2%

Scenario 1 only just compatible 14.9% 13.0% 11.2%
not compatible 7.9% 7.1% 6.6%

completely not compatible 15.0% 13.4% 11.9%

well compatible 30.2% 33.7% 36.8%

compatible 32.9% 33.4% 33.8%

Scenario 2 only just compatible 13.8% 12.1% 10.6%
not compatible 8.1% 7.3% 6.7%

completely not compatible 15.0% 13.5% 12.1%

well compatible 29.4% 32.7% 36.0%

compatible 33.2% 34.0% 34.3%

Scenario 3 only just compatible 14.3% 12.7% 11.0%
not compatible 7.9% 6.6% 6.3%

completely not compatible 15.2% 13.8% 12.4%

100.0% 100.0% 100.0%

4.4. Sensibility of the Compatibility with Increased Traffic in Street Spaces and Interlinking with

the Technical-Infrastructural Suitability of Street Spaces for AVs

For further investigation, Figure 7 shows the sensibility of the compatibility with
additional traffic in street spaces, i.e., the possible increase in the number of vehicles at
peak hour before traffic volumes become completely not compatible.
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+0

It is observable that traffic volumes in the higher-level street network—especially
main roads in the city center—are already completely not compatible and therefore, any
increase in vehicles would further increase non-compatibility. Moreover, also for streets in
the lower-level street network in the inner parts of the city, only a minor traffic increase
would be possible as these street sections already have a high traffic volume in comparison
to the needs of surrounding uses and users. However, some areas in the outskirts seem
less sensible to additional traffic, i.e., higher levels of additional traffic would be possible
before compatibility would decrease, since current traffic volume in these street sections is
very low and the needs of surrounding uses and users are lower than in the inner parts of
the city.

Besides the compatibility of AVs within street spaces or the sensibility of the com-
patibility in street spaces to additional traffic due to AVs, also the existing conditions and
configurations of street spaces are important in order to assess whether the implementation
of AVs may be suitable. The latter could lead to a different complexity for the functional
operation of Automated Driving Systems (ADSs) and thus differentiate regarding their
technical-infrastructural suitability for AVs. Soteropoulos et al. [64] developed an index to
assess the technical-infrastructural suitability of street spaces for the functional operation
of AVs, i.e., the automated drivability, and applied this concept by using the case study of
the city of Vienna. Overlapping both this assessment of the automated drivability, as well
as the assessment on the sensibility of the compatibility in street spaces, with regard to addi-
tional traffic at peak hour (Figure 7), street sections can be observed where (1) AVs could be
deployed without (major) adjustments and relatively soon from a technical-infrastructural
perspective and, likewise, (2) an expected increase in traffic volume due to AVs would
be less problematic regarding the needs of surrounding uses and users, i.e., pedestrians
and cyclists.

+0 to +200

+200 to +550

+550 to +900

+900 and more

Figure 7. Possible increase of number of vehicles at peak hour until completely not compatible in the reference scenario.
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Figure 8 shows the overlap of these assessments for the whole street network of Vienna.
It is well noticeable that most streets in the city center, i.e., in particular main roads (with
high speeds and adjacent business use) but also streets in the lower-level street network,
(shown in pink) have a low automated drivability and likewise permit only a low increase
of additional vehicles until they become completely not compatible. However, some street
sections in the outskirts (shown in dark green) are also characterized by a higher automated
drivability and likewise permit an increase of vehicles before they become completely not
compatible, i.e., in particular streets in industrial areas with low speeds and a low number
of pedestrians and cyclists.

—  ———» high

Automated Drivability

rastructural
for automated

Figure 8. Overlap of the assessment of the sensibility of compatibility with increased traffic (in the reference scenario) and
the assessment of the automated drivability.

5. Discussion

The implementation of AVs will be a relevant topic for cities, transport, and city
planning in the near future. The results presented in this paper are a first investigation
of the extent to which the implementation and use of AVs and related changes in traffic
volume are compatible with the needs of pedestrians and cyclists within different street
spaces. Such an assessment could help cities to implement AVs in a more sustainable way
also considering the needs of pedestrians and cyclists and recognizing not only the traffic
function of street spaces but also their function as spaces for people to meet, stay, sit, or play.

The results for the city of Vienna show that changes in traffic volume, i.e., number
of vehicles at peak hour, with AVs are unevenly distributed in all scenarios investigated.
Putting these changes in traffic volume at peak hour in relation to the different charac-
teristics of street spaces, i.e., land use along the street (surrounding uses) and the needs
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of users within these street spaces, to assess the compatibility of AVs, further showed
diverse results.

For SAVs, increases in traffic volume are observable especially in street sections (in the
lower-level street network) in inner parts of the city. These results correspond very much
with the results of References [22,27] who also report an increase in traffic volume due to
SAVs with ridesharing especially in the lower-level street network in inner-city areas.

Based on the compatibility assessment of these increases in traffic volume with the
needs of uses and users in inner-city streets spaces, this also leads to a (strong) deterioration
of compatibility due to a high sensibility regarding additional traffic in these street spaces,
as it competes with numerous other uses: Especially in areas with intensive business use,
there is a wider range of usage demands, due to pedestrian and bicycle traffic, cross-traffic,
restaurants, and leisure activities of neighboring residents within the street spaces. Here, for
SAVs with a stop-based service, several streets in inner parts experienced a higher increase
in traffic volume, also leading to stronger deterioration in compatibility, in comparison to
SAVs with door-to-door service.

However, while for SAVs with a door-to-door service increases in traffic volume
are observable also in some of the outer parts of the city of Vienna, SAVs with a stop-
based service could also reduce traffic volume at peak hour in some streets—especially
at main roads—in the outskirts. This also corresponds very much with the results of
References [22,27] that both indicate a reduction in traffic volume for SAVs with ridesharing,
especially on main roads. However, both studies report these effects for SAVs with door-to-
door service.

These decreases in traffic volume on main roads—according to the compatibility
assessment—also lead to improvements in compatibility, i.e., reducing the separating
effects of such streets.

In the scenario with SAVs with a stop-based service, passengers can only get on and
off at existing bus stops and therefore increases in traffic volume are bundled. Especially
in inner parts of the city where the density of bus stops is very high and no long walks to
use the SAVs have to be done. Here, high increases in traffic volume are bundled at street
sections near bus stops which in addition to high usage demands also lead to a stronger
deterioration in compatibility. On the other hand, such a service seems to be an alternative
to private cars in the outskirts but still, it bundles more users at specific stops and therefore
could reduce traffic volume especially on main roads in the outskirts to an extent that could
also improve the compatibility of such streets.

In contrast, SAVs with a door-to-door service also lead to an increased traffic volume in
some areas in the outskirts, as SAVs with a door to door service seem to be more convenient
than SAVs stopping only at existing bus stops in these areas. After all, bus stops are less
dense in these areas and longer walks would be necessary in order to use SAVs. Therefore,
SAVs with a door-to-door service are used in these areas, instead of public transport
vehicles or to access public transport stops, e.g., subway stations, instead of walking to
them. However, the overall increases in traffic volume in street spaces in the outskirts (that
at the same time are characterized by lower usage demands), but especially in inner parts
are more distributed over the street network. Therefore, they are not so intense for specific
street sections (in comparison to a more bundled increase in traffic volume for SAVs with a
stop-based service), leading to a less intense deterioration of compatibility.

Results for private AVs, for which changes in traffic volumes at the street level have
not been investigated in detail in former studies, show increases in traffic volume at peak
hour mostly on streets that were already not compatible in the reference scenario. This
leads to an even higher non-compatibility with demands of other road users in these street
sections. Here, it seems that the increase in the overall capacity of the street network by 40%
and the increase in utility by 25% of AVs leads to the circumstance that more people are
using AVs and that these are used especially in the higher-level street network as speeds are
innately higher as in the lower-level street network and the increase in capacity heightens
average speeds (and reduces congestion) and the reliability of higher speeds for more
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vehicles. Therefore, especially higher-ranked streets which were already a barrier in the
city become an even stronger barrier.

When taking into account not only the compatibility of street spaces but also the
technical-infrastructural suitability of AVs, it is shown that especially areas in the outskirts
such as industrial areas or low-density residential areas seem to have a low sensibility
for further traffic (as the number of vehicles in these street sections are very low and
also the needs of surrounding uses and users are lower than in some of the inner parts
of the city) and are also more suitable from a technical-infrastructural view. Given the
results of the different scenarios with AVs, in particular at these street sections or in these
areas a dedicated implementation of AVs, especially as a stop-based SAV service, could be
interesting for cities.

However, although the assessment of the compatibility, using the compensatory ap-
proach, gives first insights, the assessment is only a coarse investigation of the compatibility
of AVs in different street spaces and has several limitations.

The applied compensatory approach gives a height weight to the factor of traffic
volume at peak hour which is a relevant factor and through which the density of (and gaps
between) vehicles can be indirectly taken into account. Thus, a coarse assessment regarding
the compatibility of AVs in street spaces can be made with the help of this approach.
However, other aspects of AVs within the streets spaces, e.g., stopping SAVs at street spaces
for picking up or dropping off passengers, that could further increase the separating or
barrier effect of the streets, i.e., decreasing the permeability of the street spaces, or specific
aspects of traffic flow and impacts on pedestrians and cyclists have to be investigated on a
more detailed level, for example, by using microscopic traffic flow simulation (e.g., Verkehr
In Stadten—SIMulationsmodell (VISSIM)) in specific streets (in addition to MATSim), to
have a more detailed analysis on the impact of AVs on the barrier effect.

Moreover, although values of the maximum compatible traffic volume were derived
from the literature, and also a sensitivity analysis was conducted, clearly results on the
compatibility heavily rely on the values of the maximum compatible traffic volume and
the defined area categories. Furthermore, the adaptation of these values, using different
characteristics, as well as their weighting, plays an important role. Although all of these
aspects rely on existing literature and were also discussed with stakeholders from the city
of Vienna regarding plausibility, more emphasis has to be put on these issues and they
need to be investigated further. This also includes a consideration of linkages between
the different specific characteristics of the street space, e.g., speed and crossability, and a
more specific differentiation between different areas categories and street spaces or taking
into account further empirical findings on the perception of the characteristics in their
weighting [65]. Moreover, some of the data needed for the approach were not available
in a detailed enough manner, e.g., data on the number of pedestrians and cyclists or also
micro-mobility users and the share of HGV traffic (e.g., from transportation models or
micro-mobility providers) were not available; instead, an approximation of data for the
specific characteristics of the street space was used.

Beyond that, it should also be mentioned that the different scenarios that built the basis
for the modeling and the assessment of the compatibility could only show coarse directions
of impacts with AVs for a longer time horizon as they assume an operation of AVs in the
whole city of Vienna. Moreover, they would also incorporate specific policies resulting in
such scenarios that were not anticipated for the modeling in detail. As described before
(when mentioning the technological-infrastructural suitability of street spaces for AVs) and
by taking into account latest developments, it becomes clear that AVs will likely roll out
in waves or only in specific areas in the near future and the mentioned changes in traffic
volume will initially occur in these areas [64,66]. However, to put the implementation of
this rollout into some kind of a strategy from the viewpoint of cities, an understanding of
possible changes in traffic volume with regard to different scenarios and their respective
assumptions but also considering how this impairs the needs of other roads users in the
street space is important to conceptualize the future with AVs [18,47]. Not least in order
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to identify or set policies to accompany the implementation of AVs in certain areas that
would prevent undesirable effects, i.e., impairing the needs of pedestrians and cyclists,
from a city perspective.

Lastly, of course, the travel patterns and activities used as input data for the simulation
could also change in the future, as especially the COVID-19 pandemic fostered develop-
ments regarding working from home, i.e., fewer trips to work, and has also negatively
affected public transit usage and ridesharing. For public transport and ridesharing, it
might take some time to reach the same levels of usage as before the pandemic [67,68].

All of these aspects, but also other future developments, have to be taken into account
when putting the results into context, as these might affect the validity of the modeling results.

6. Conclusions and Recommendations for Further Research

This paper investigated to what extent the implementation and use of AVs are com-
patible with the needs of surrounding uses and users, i.e., pedestrians and cyclists, in street
spaces. Based on different scenarios with AVs in MATSim and the associated changes in
traffic volume, i.e., number of vehicles at peak hour, and considering the different charac-
teristics of streets and respective user demands, compatibility in different street spaces was
assessed for the whole street network of Vienna.

For SAVs, results indicate a deterioration in compatibility especially in inner-city dense
areas because of an increase in traffic volume and an already high amount of competing
uses. In contrast, especially (on main roads) in the outskirts improvements in compatibility
are observable. This particularly applies to SAVs with a stop-based service, while for
SAVs with a door-to-door service this effect is only observable to a lower extent. However,
private AVs interlinked with an overall capacity increase would lead to a deterioration
in compatibility especially in streets with already not compatible traffic volumes in the
higher-level street network, further increasing the separating or barrier effect of such streets.

Overall, the analysis can help city and transport planning to evaluate how to imple-
ment AVs in a sustainable way without increasing barrier effects of streets for pedestrians
and cyclists further. It not only gives an overview of possible changes in traffic volume
at street level for different scenarios with AVs, but also enables an indication to what
extent these changes in traffic volume impair the needs of use and users in different street
spaces. Moreover, it calls for taking the specific characteristics of street spaces into account
when considering the implementation of AVs in the future. This also gives hints how
and (helps to identify) in which areas an implementation of AVs should be facilitated and
where the implementation of AVs should be connected to policies and measures to improve
compatibility of traffic with the needs of pedestrians and cyclists.

However, although such an assessment of the compatibility has not been conducted
before, with regard to changes in traffic volume due to AVs, the assessment using the
compensatory approach is only a coarse investigation of the compatibility of AVs in
different street spaces. More emphasis has to be put in future research to focus in a more
detailed manner on the changes of traffic volume of AVs at the street level and how this
might affect other roads users and differs based on various characteristics of street spaces.
Here, future studies modeling the impacts of AVs that build the basis for such an assessment
should also take into account current technological developments of AVs and look at traffic
changes due to AVs in specific areas, as AVs will roll out in waves and possibly first in
specific areas of a city [66].

Moreover, the approach to assess to what extent changes in traffic volume at street level
impair pedestrians and cyclist should be developed further in future research. This concerns
the incorporation of other aspects that seem important with regard to this topic, such as
waiting times at traffic lights or results of the examination of actual traffic interactions
between pedestrians and cyclists with AVs [69-72]. Additionally, other objective indicators
regarding compatibility should be looked at, e.g., a low compatibility means also increased
stress for pedestrians and cyclists that could be detected and mapped, using sensors [73] or
further assessment of the (visual) quality of street space to meet, stay, sit, or play, using
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machine learning and other approaches [8,74], to assess the compatibility of AVs (and also
develop possible implementing strategies) on a broader basis [15], is important.

In this regard, also a much broader assessment of the compatibility of AVs with the
needs of uses and users might be necessary in the future. For example, also privacy issues
due to the cameras, sensors, and lidars that are monitoring the environment of AVs and
thus also pedestrians and cyclists in the street spaces, might be needed to consider for the
implementation of AVs.

Overall, however, the analyses for Vienna give first insights into this topic for the scale
of a whole street network and call for differentiated implementation strategies for AVs that
consider the different characteristics of street spaces throughout a city.

Particularly in areas in the outskirts where sensibility towards a further increase of
vehicles due to AVs is lower and conflicts less with other needs of uses and users than
in the inner parts of the city, implementing SAVs in addition to public transport may
decrease traffic volumes in these areas and thus be interesting for cities to consider. All the
more so from a technical-infrastructural side, since these areas seem to be less complex
environments for AVs in comparison to the crowded streets and intersections in the inner
areas of cities. However, as mentioned as part of the scenario description, this would also
need accompanying measures, e.g., to increase sharing.

In contrast, street spaces in which the current traffic volume at peak hour is already
not compatible with the usage demands and especially in inner-city areas where AVs
could induce traffic volumes, should be designed to be more compatible with the needs
of pedestrians and cyclists (moving, crossing and leisure activities like eating, sitting, or
playing in the street space), e.g., by implementing walking and cycling infrastructure,
speed reduction, or additional crossing aids, etc., or the implementation of AVs should
be linked to these measures. Here, especially the conversion of parking spaces in favor of
such design elements and space for pedestrians and cyclists seems important and could be
become an appropriate and (more accepted) measure with regard to future concepts with
AVs, as parking needs—especially in the case of SAVs—could be reduced [6,75,76]. For
future work, it would be interesting to evaluate the effects of potential planning measures
or policies, such as pedestrianization, creation of public spaces, or restrictions of AVs, in
street spaces that are already completely not compatible and look at how their situation
changes within the assessment of compatibility.

However, since an increase in traffic volume at peak hour is observable at least in
some street sections in all of the scenarios with AVs, measures to reduce the increase in
traffic volume due to AVs such as dynamic mobility pricing or measures to increase the
occupancy rate (e.g., bans or charges for empty rides [77]) could also be useful. In addition,
a lot of cars are already connected and with AVs connectivity will further increase in the
future. At the same time most cities today put efforts to foster the concept of the smart city,
installing traffic sensors or parking detectors or implementing systems (e.g., smart parking
systems) with Internet of Things (IoT) capabilities [78,79]. Moreover, AVs will be equipped
with internet and communication capabilities as part of IoT, ensuring communication and
exchanging information between the vehicles (V2V), but also with the infrastructure (V2I)
and with smartphones of pedestrians (V2P) and cyclists [78,80]. This could enable real-time
control, operation and traffic management of AVs in cities which could also help to reduce
the increase in traffic volume or at least balance traffic and reduce congestion [78].

Finally, regarding the implementation of AVs—even when considering SAVs to com-
plement public transport—it should be carefully evaluated whether they are compatible
with the needs of pedestrians and cyclists, as infrastructural adjustments might be neces-
sary [81,82] that could decrease the permeability of the street space. Doing so is particularly
crucial during the transition phase, when maturity of technology is still low.
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Figure A1. Categorization of street sections in the different area categories for the maximum compatible traffic volume for
Table 2. Overview of the different criteria for adapting the maximum compatible traffic volume.
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Appendix B. Criteria for Adapting the Maximum Compatible Traffic Volume
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Figure A2. Overview of the different criteria for adapting the maximum compatible traffic volume: (a) Distribution of
space (ratio between area width for pedestrians and cyclists in comparison to area width for motorized traffic); (b) Use by
pedestrians and cyclists; (c) Speed (average speed of motor vehicles in reference scenario); (d) Heavy goods vehicle traffic
(share of heavy goods traffic of the total motor vehicle traffic volume); (e) Crossing needs; (f) Green and design elements
(number of trees, bushes and design elements); (g) Crossability.
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