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significantly impact future traffic volumes, in turn affecting urban street Received: September 12, 2021
designs and adjacent land use. While integrated studies on potential Received in revised form:
traffic and land-use changes due to AVs largely concern issues of October 27, 2021

location choice and changing settlement patterns, assessments of how Accepted: October 27, 2021
AVs may influence the quality of streets depending on the requirements Available online: February 21,
of adjacent land use remain scarce. This paper presents an integrated 2022

assessment of the urban effect of AVs on traffic and neighborhoods in
Vienna. It provides a methodology to assess whether changing traffic
volumes are compatible with the land use of a given neighborhood to
approximate street space requirements for shared automated shuttles and
to visualize possible trajectories of spatial transformation by considering
local development goals. The results show that the opportunities to
convert street space and the risks of environmental harm due to AVs
will vary across neighborhoods and street typologies. It is crucial for
policymakers and planners to consider such contextual differences
to gain better insight into the functional requirements and urban
consequences of AVs. This assessment aims to shed light on the possible
trade-offs of a system change in favor of AVs to help evaluate adequate
operational conditions and inform proactive traffic and urban design

policies to harness possible implications.
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1 Introduction

The introduction of automated driving to urban environments may significantly alter mobility patterns
and transport demand, which will, in turn, affect the intensity of street life, infrastructural require-
ments, and urban form. How future changes may spatially manifest will differ depending on existing
urban structures, land use, and street typologies. This gives reason to assume that the spatial impact of
automated vehicles (AVs) will occur unevenly across cities, affecting some neighborhoods more than
others. However, despite the surging interest in spatial implications of AVs in recent years, there is a
lack of studies that look at effects on urban form in an integrated manner (Stead & Vaddadi, 2019).
Although models exist that examine the correlation between traffic changes induced by different types
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of AVs and land use, they largely address impacts on parking, location choice, and changing settlement
patterns, i.e., urban sprawl or re-urbanization (Gelauff et al., 2017; Wellik & Kockelman, 2020; Zhang
& Wang, 2020). Integrated assessments at the neighborhood scale, however, remain scarce.

In recent years, numerous studies were conducted to investigate first-order effects' of automated
driving and to elicit potential changes in vehicle miles travelled, ease of travel, and mode choice depend-
ing on scenario-based assumptions (e.g., Boesch et al., 2016; Liu et al., 2017; Zhang et al., 2018). The
studies which examine impacts on urban form (secondary effects according to Milakis et al., 2017) us-
ing simulations address issues of urban sprawl, changing parking needs, and provision of infrastructure
(e.g., Thakur et al., 2016; Zhang et al., 2015). With regards to parking, it was shown that high levels of
shared automated vehicles (SAVs) may considerably reduce urban parking demands, while the primacy
of single occupied vehicles could exasperate the need for parking (Soteropoulos et al., 2019). Recogniz-
ing that an uptake of automated driving will unfold gradually and along various transitional pathways
(Fulton et. al, 2017), more recent studies point towards a growing demand for pickup and drop-off
infrastructure and a trade-off between an increase in traffic, e.g., due to deadheading (zero-passenger
vehicle travel) and savings in parking space (Kondor et al., 2020). Such studies show that changes in
parking demand and land use are likely to be unevenly distributed across cities districts, from the urban
core to suburban areas (Kondor et al., 2020; Zhang & Wang, 2020).

Adding to studies that differentiate traffic and spatial implications of AVs according to land use
and urban form, this paper presents a study on urban traffic compatibility and street design impacts
conducted for the city of Vienna, Austria. The aim of this paper is to provide an integrated assessment
of AV traffic and urban effects at the neighborhood level and to emphasize its informative value for the
debate on operating conditions and geographic scope, as well as policy regulations for automated driving
(Stayton & Stilgoe, 2020). We argue that integrated assessments and context-specific design strategies
have a threefold benefit.

First, it shows to what extent changing trafhic volumes and mobility patterns are compatible with
different neighborhoods depending on their urban form, land use, and corresponding demands for
curb access and use of public space. Second, knowledge is gained regarding the effects on street life and
infrastructural requirements, which automated driving may strain or alleviate in some street typologies
more than in others. Third, design strategies for reallocating urban space are explored that add to the
livability of streets while integrating measures to optimize shared automated mobility systems, such as
designated pickup and drop-off points.

The paper is structured in four parts. The first part introduces the research approach and the meth-
odologies developed to examine urban impacts in different neighborhoods and street typologies with
regards to: a.) compatibility changes between traffic demand and land use; b.) curb access demands; and
c.) possible design strategies that integrate generated results with literature findings and urban develop-
ment goals set by the City of Vienna.

Part two presents the results of the spatial assessments and design strategy for one of the three study
areas in Vienna. In the third part, the findings are discussed comparatively, juxtaposing the impacts
of modified traffic demand, mobility patterns, and spatial demands across urban neighborhoods. Ad-
ditionally, insights concerning policy considerations are deduced, methodological limitations are high-
lighted, and directions for further research are elaborated.

In the final part, the conclusions of the study are summarized.

! According to Milakis et al. (2017) societal and policy relevant implications of introducing AVs may be categorized as: a.)
first-order effects (traffic, travel cost, and travel choices); b.) second-order effects (vehicle ownership and sharing, location
choices and land use, and transport infrastructure); and c.) third-order effects (energy consumption, air pollution, safety,
social equity, economy, and public health).
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2 Method

2.1 Base-line simulation of scenarios with AVs

The in-depth study of second order effects presented in this paper was conducted as part of a larger re-
search project analyzing traffic, energy, and spatial impacts of automated vehicles in the greater Vienna
region. It therefore builds on the output data from scenarios with AVs, previously developed and mod-
elled in MATSim. To distinguish which data was retrieved from the scenario-based model and which
data sets were additionally calculated as input variables for the study at hand, the three scenarios (2.1.1.),
the simulation approach (2.1.2), and the use of its output (2.1.3.) are briefly described.

2.1.1 Three scenarios with AVs

Based on an extensive literature review of earlier studies that address AVs' impact on travel behavior,
three scenarios were developed that differ in their underlying assumptions (Table 1): The first scenario
assumes the introduction of shared automated shuttles (with 10 seats) providing on-demand door-to-
door travel. The second scenario assumes that shared automated shuttles run on-demand, but stop at
designated collection points, i.e., existing bus stops. The third scenario assumes the automation of the
current number of private vehicles, i.e., private AVs, with a udility increase of 25% due to higher levels
of comfort and the possibility to engage in non-driving related tasks. The utility increase reflects earlier
studies that assume the reduced value of time, varying between -20% and -50% (e.g., Auld et al., 2018;
Boesch etal., 2018), and corresponds with the results of stated preference surveys on the topic (see Harb
etal., 2021, for an overview).

Since high penetration rates of private AVs could potentially allow for shorter distances between
vehicles, an overall capacity increase of 40% was additionally assumed. Earlier studies have assumed a
capacity increase between 10% and 80% (Childress et al., 2015; Friedrich, 2016; Meyer et al., 2017).

Table 1. Overview of the three scenarios with AVs implemented and modelled in MATSim

Scenario 1 Scenario 2 Scenario 3
Automated shuttles door-to-door service | Automated shuttles stop-based service Private AVs
Automated shucttles as an additional trans- Automated shuttles as an additional Automation of current private
port option with door-to-door service transport option with stop-based service vehicles with an increase of
(existing bus stops) utility of 25% and an overall
capacity increase of 40%

2.1.2  Thesimulation approach

The agent-based transport simulation package was used to model daily activity plans in a realistic
transportation network, in this case comprising the city of Vienna and the neighboring municipalities
Madling and Baden, and to observe how agents, i.e., travelers and vehicles, navigate the network at the
individual level. In contrast to earlier studies on changes in travel behavior with AVs (e.g., Spieser et al.,
2014), which did not consider congestion and explicit traffic assignments, MATSim included these is-
sues. Using MAT Sim, it is possible to optimize travel plans of a synthetic population under specific trav-
el constrains and to investigate the impacting variables of mode choice (Liu et al., 2017). In MATSim,
all agents try to maximize their utility in a co-evolutionary process until a dynamic user equilibrium is
reached, meaning that no agent can further improve their mobility behavior alone by modifying their
plan (Horni et al., 2016; Liu et al., 2017).
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Mobile phone data from the Austrian mobile phone provider Al, i.e., anonymized motion tra-
jectories of mobile phones connecting to radio cells, was used as input data on agents’ starting points,
end points, and activity times for the simulation. Based on an automated process detecting anonymized
movement trajectories in mobile phone data, a randomized data sample was generated and spatially
distributed over the entire analysis area, forming the basis for the simulation’s synthetic population. The
synthetic population (agents) comprised the population of the analysis area, i.c., the city of Vienna and
the neighboring municipalities M6dling and Baden. Due to computing power issues and calculation
times, the simulation was based on 15% of the synthetic population and was then extrapolated.

To analyze travel behavior changes for a typical weekday, the simulation used mobile phone data
from Wednesday, October 2018. Public transport was integrated using existing timetables, whereas
distances travelled by pedestrians and cyclists were approximated by means of Euclidean distance and a
detour factor to reduce calculation time.

213 Use of simulation results

The MATSim simulation model provided the following output data sets on a city scale:
(1) Modal split changes excl. pedestrian traffic (city and district scale);
(2) Number of trips performed by automated shuttles;
(3) Percentage of rejected trips by automated shuttles;
(4) Number of empty trips by automated shuttles;
(5) Occupancy rates of automated shuttles;
(6) Average waiting times by passengers;
(7) Average travel time with automated shuttles;
(8) Average travel distance with automated shuttles.

Issues of land use or urban form were not considered as part of the MATSim simulation and
were, therefore, not part of its output. To analyze urban implications at a street level, it was necessary to
specify relevant, although missing, traffic variables in order to study traffic land use compatibility and
street design changes. In effect, the following parameters were additionally calculated for selected street
segments:

(1) Change in traffic volume (number of vehicles at peak hour);

(2) Number of passenger pickup and drop-off by automated shuttles throughout the day;

(3) Number of waiting automated shuttles throughout the day.

Calculating these variables for all scenarios described above made it possible to select urban loca-
tions and scenario conditions which show the most distinct effects, but are representative for the neigh-
borhoods (2.2.1). Moreover, it was possible to delineate the following variables of functional demand
and approximate activity levels for the street segments selected:

* Density of passenger pickup and drop-off events along a street space;
* Demand for passenger loading zones to facilitate peak hour pickup and drop-off;
* Spatial demand of waiting vehicles.

The quantitative approximation of spatial impacts provided the basis for a more detailed concep-
tion of street design transformations which were substantiated by literature-based and normative as-
sumptions.
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2.2 Integrated assessment of impacts on urban street designs

2.2.1  Site selection based on land-use types and street typologies

The site selection for analyzing impacts on urban street designs is based on the simulation results. Sce-
nario impacts regarding vehicle kilometers travelled and loading/unloading events by AV shuttles are
compared on a city scale and areas with high activity levels are determined. Aiming to assess impacts in
different urban environments, the sites are selected based on the heterogeneity of adjacent land-use types
and street typologies. The following three street segments were selected: 1) an inner-city commercial
street; 2) a suburban arterial with a tramway; and 3) an industrial access street (Figure 1).

2. Suburban arterial
with tramway

1. Inner-city
commercial street

A 1:150.000

3. Industrial
access street
Land Use Types
- Commercial/Downtown (mid to high density)
TQ/DQQQSSG [ Mixed-Use/Intense Commerecial (mid to high density)

- Mixed-Use/Moderate Commercial (mid density)

[ Residential (low density detached housing)
- Industry/Production (low to mid density)

Figure 1. Overview of the selected sites for analysis
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222  Compatibility assessment of automated driving

The compatibility assessment of automated driving in street spaces is based on the “compensatory ap-
proach” most recently applied by Bithlmann and Laube (2013: 33). The following section describes the
steps carried out as part of the compensatory approach and that were conducted using ArcGIS (see also
Soteropoulos et al., 2021):

a) Determining the maximum compatible traffic volume based on area categories

To determine the maximum compatible traffic volume for individual street segments, the area type,
building volume and age, and adjacent land uses were considered. After integrating data on a) area types
and building age, b) zoning categories, and ¢) the number of shops and businesses, five different area
categories were distinguished:

* Commercial center/ downtown: predominantly urban perimeter blocks with more than four
stories, and a high degree of business and retail;

* Mixed-use area with intense commercial use: predominantly urban perimeter blocks with more
than four stories, and a moderate to a high degree of business and retail;

* Mixed-use area with moderate commercial use: predominantly urban perimeter blocks with
more than four stories or semi-open developments with two to four stories, and a moderate
degree of business and retail;

* Low-density residential area: predominantly detached or semi-detached buildings and allot-
ments with occasional shops or other functions with a high public frequency;

* Industrial area: predominantly industrial use with low residential use and no functions with
high public frequency, such as housing or retail.

Maximum compatible traffic volumes, i.e., the number of motorized vehicles at peak hour, were as-
signed to the defined area types based on the following assumptions (Table 2): In the city center, i.e., ar-
eas with a high density of buildings, retail, and business, the requirements for street design elements and
urban quality are highest. There is a high demand by pedestrians and cyclists (e.g., residents, employees,
customers, etc.) to move, stroll, linger, and cross street spaces. In comparison, in residential neighbor-
hoods with predominantly detached or semi-detached buildings or industrial areas, where the density of
buildings, retail, and business is lower or not even present, requirements for street design elements are
lower (Bithlmann & Laube, 2013; Gehl Architects, 2009; von Morner et al., 1984).

2 The so-called compensatory approach by von Mérner et al. (1984), redefined by Bithlmann and Laube (2013), makes it
possible to assess the compatibility of motorised traffic with the needs of other forms of use and users, i.e., pedestrians and
cyclists. In contrast to other existing qualitative and broad approaches (e.g., Baier et al., 2011; Frehn, 2013), this approach
quantifies the specific characteristics of a street space, e.g., typology, land-use types etc., in order to assess the level of compat-
ibility between car traffic and other demands in a more detailed manner.
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Table 2. Overview of area categories and traffic-land use compatibility

Area Category

Traffic-Land Use Compatibility (number of vehicles at
peak hour)

Commercial / Downtown

Mixed-use area with intense commercial use:

Mixed-use area with moderate commercial use

Low density residential area

Industrial area

<= 20 (well compatible)

>20 — 50 (compatible)

>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)

<=400 (well compatible)

>400 — 600 (compatible)

>600 — 1000 (only just compatible)
>1000 — 1200 (not compatible)
>1200 (completely not compatible)

<= 600 (well compatible)

>600 — 1000 (compatible)

>1000 — 1200 (only just compatible)
>1200 — 1500 (not compatible)
>1500 (completely not compatible)

b) Adapting the maximum compatible traffic volume based on street characteristics

The area categories distinguished in the first step, represent an initial classification. But since street

designs, traffic volumes, and modal mix may significantly vary within the same area category, levels of

maximum compatible traffic volume need to be fine-tuned according to a street segment’s characteris-

tics. To adapt the levels of maximum compatible traffic volume, the following criteria are considered:

a) Distribution of space;

b) Use by pedestrians and cyclists;
¢) Speed;

d) Heavy goods vehicle traffic;

e) Green and design elements;

f) Crossability.
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The assessment of street characteristics builds on data sets from the city of Vienna (e.g., distribu-
tion of space) and the simulation results (e.g., speed). Following the logic of a compensatory approach,
the defined criteria serve as compensatory elements. Depending on their availability, levels of maximum
compatible traffic volume are adapted by an increase or decrease of +100 to -100 vehicles at peak hours.
In effect, high crossability values, which indicate the number of available crosswalks, may positively af-
fect the compatibility of traffic volumes, while the opposite is the case for low crossability values. The
assessment of street characteristics and adaptation of max. compatible traffic volumes take the functional
demand of adjacent land uses and other mobility users (e.g., pedestrians and cyclists) into account.
Tables 3 to 5 give an overview of how the different criteria are assessed.

Table 3. Overview of the criteria “distribution of space,” “use by pedestrians and cyclists,” “speed,” and “heavy goods vehicle
traffic” and adaptation values

a) Distribution of  b) Use by pedes- ©) Speed d) Heavy goods  Levels of compat-  Adaptation of the
space trians and cyclists  Average speed on vehicle traffic ibility with needs  max. compatible
Ratio between the street segment  HGV share of the  of adjacent land traffic volume

street space for

total motor vehicle

use and users

pedestrians and traffic volume
cyclists to street
space for motor
vehicle traffic
>=1.25 very low <=10 km/h very low ++ well compatible  + 100 vehicles/
(residential streets, peak hour
pedestrian- and
encounter zones)
1.00 to < 1.25 low > 10km/h <= 20 low + compatible + 50 vehicles/peak
km/h (tertiary roads, ac- hour
cess roads etc.)
0.75to < 1.00 medium > 20km/h <= 30 medium o only just com- + 0 vehicle/peak
km/h (secondary roads) patible hour
0.5t0<0.75 high > 30km/h <=40 high - not compatible - 50 vehicles/peak
km/h (primary roads, hour
Federal roads)
<0.5 very high > 40 km/h very high -- Completely not - 100 vehicles/peak
(Motorways and compatible hour
expressways as
well as streets in
industrial areas)
Table 4. Overview of the criterion “green and design elements” and adaptation values
Number of Trees and Bushes per 100 meters
Number of design elements per 0 lw4 5t 9 10 to 14 15 or more
100 meters
0 - - - o o
1 - o o + +
2t04 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)
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Table 5. Overview of the criterion “crossability” and adaptation values

Crossability — Number of pedestrian crosswalks per 100 meters

Area 0 o1 02 03 04 05 06 07 08 09 1,0 11 12 1,3 14 15 16
Category

1,7+

Commercial - - - - - - - - - - - o o o + + +
/ Downtown

Mixed-use - - - - - - - - - o o o + + + o+
area with
intense com-
mercial use

Mixed-use - - - - - - - o o o + + + 4+
area with
moderate
commercial
use

Low-density - - - - - o o o + + e I U
residential
area

Industrial - - - o o o + + + s S = = S S
area

++

++

++

++

++

-- 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)

¢) Comparing the actual traffic volume with the adapted maximum compatible traffic volume

Once the level of maximum compatible traffic volumes is adapted according to street characteristics,
the final value is compared to the actual traffic volumes in selected street segments. For this study, the
comparison is conducted for each of the modelled scenarios, i.e., the reference scenario and the three
scenarios with AVs, in order to compare the compatibility of scenario-based traffic volumes with the de-
mands of adjacent land uses. The assessment is conducted for the entire street network of Vienna. Table
6 illustrates how to conduct the comparison by taking the example of a street segment in a mixed-use
neighborhood with intense commercial activity in Vienna, Austria.
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Table 6. Compatibility assessment for an exemplary street segment: Current levels of traffic are compared to the adapted
maximum compatible traffic volume, which is changed according to the evaluation of criteria in a given street segment

Adaptation of max. compatible traffic volume

Max. C1 C2 C3 C4 C5 C6 Sum  Adapted Current  Assessment of
compatible max. traffic compatibility
traffic compat- volume
volume for ible traffic
area category volume
Street 150 +175 25  -100 +50  -25 50 +25 <=75 (++) 157 + compatible
segment >75 bis 175
in mixed- +)
use area >175 bis
with 425 (o)
intense >425 bis
com- 625 (-)
merce >625 (--)

C1 = criterion “distribution of space”; C2 =criterion “green and design elements’;
C3 = criterion “use by pedestrians and cyclists”; C4 = criterion “crossability”; C5 = criterion “speed”;
C6 = criterion “heavy goods vehicle traffic”

2.2.3  Approximating spatial demands of shared automated shuttles

a) Density of passenger pickups and drop-offs

With the rise of AVs, an increasing amount of street space will be needed for picking up and dropping
off passengers (Stead & Vaddadi, 2019). To approximate the intensity of pickup and drop-off events for
this study, we first evaluate the hourly distribution of loading/unloading moments taking place within a
given street segment over the course of the day. Depending on land use and street typology, this reveals
identifiable peak hours for some streets and a more or less even distribution throughout the day for oth-
ers. In a second step, the density of pickup and drop-off events is approximated. The peak hour data is
spatially evaluated in relation to existing urban functions (trip sources and destinations) along a street.
The results are less conclusive than real-time data since traflic generation rates are not differentiated ac-
cording to land-use types (e.g., residential use, commercial use, etc.). Nonetheless, the assessment high-
lights destinations with higher land-use intensity (e.g., population and workplace density, number of
customers and guests, etc.) and points towards areas that may be affected by changing spatial demands
(Oblozinska & Axhausen, 2004).

b) Passenger loading zones

To approximate loading zone requirements for the street segments in this study, the calculation is based
on earlier studies that examined the effectiveness and dimensioning of dedicated collection points for
shared on-demand ride services. For instance, in a study conducted as part of Seattle’s Mobility Playbook
(Schwartz, 2017), loading zone requirements were calculated for different land-use types (e.g., residen-
tial, commercial, office, public facility) based on corresponding peak-hour trip generation rates. The un-
derlying assumption was that within a given hour up to 80 loading or unloading moments (1h/45s=80)
could successively take place at a single loading zone. In contrast, a study by the International Transport
Forum assumed an average loading zone size of 15 meters, placed at a distance of 150 to 200 meters
(ITE 2018: 66). Larger loading zones were assigned to destinations of high demand, e.g., schools or
shopping centers. Finally, in studies conducted for San Francisco (Fehr & Peers, 2018) and Cincinnati
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(Fehr & Peers, 2019) loading zone dimensions were differentiated depending on their location along
an urban block.

For the street segments selected, loading zone requirements are determined based on the number of
peak-hour pickup and drop-off events, and adapted depending on the location of a loading zone, e.g.,
near an intersection or in the middle of an urban block. In the event that an AV shuttle would approach
an occupied loading zone and need to drive to the nearest free zone, additional loading zones are located
at a distance of 150 to 200 meters.

¢) Parking demand for waiting vehicles

Finally, to approximate the short-term parking need for empty vehicles in this study, the maximum
number of simultaneously waiting AV shuttles is derived from the median waiting time of AV shuttles
in a given street segment. Due to modelling a 15% sample, results are influenced by the multiplication
factor. Thus, absolute values need to be treated with care.

2.24  Additional criteria for changes in urban street design

The approximated spatial impacts of AVs are supplemented by literature-based and normative assump-
tions to substantiate the direction of spatial transformation. This is because any opportunities to real-
locate urban space will ultimately depend on public policy and regulation. With AVs being only one of
many mobility options on the rise, future street designs will be shaped by how the growing diversity of
uses and spatial needs are publicly governed (Figure 2). In three expert workshops with mobility repre-
sentatives of Vienna’s planning department, normative assumptions were selected for each site based on
the City’s strategic development goals. They respond to the following policy questions:
* Restrictive vs. supportive provision of infrastructure for shared automated on-demand services
(e.g., loading zones)?
* Restrictive vs. supportive parking management?
* Reallocation of on-street parking in favor of added travel lanes vs. lanes for active mobility
modes and improved livability of public spaces?
* Static vs. dynamic prioritization of curb access according to land use and time of day?

Transit stops & Active mobility Lingering Loading zones Parking areas
Hop-On Hop-Off Areas & play & social interaction for goods for micro mobility

) 3 ®
0 R,

%A

Mk

Figure 2. Shifting forms of use in public space (Bruck et al., 2021)

3 Results

To give an example of how to conduct the integrated assessment, this section presents the results for an
inner-city commercial street affected by changing traffic patterns and spatial demands (Figure 3).
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1. Inner-city
commercial street

A 1:150.000

Land Use Types

- Commercial/Downtown (mid to high density)
[ Mixed-Use/Intense Commercial (mid to high density)
I Mixed-Use/Moderate Commercial (mid density)

N Residential (low density detached housing)
B ndustry/Production (low to mid density)

Figure 3. Location of inner-city commercial street

Before determining the visualized design options, the analytical steps described in the methods sec-
tion are performed. For each site, the simulation results of individual scenarios are used to examine the
compatibility between traffic changes due to AVs and existing land use, as well as the spatial implications
for street designs. While the following description focusses on the implications for an inner-city com-
mercial street, Section 4 will discuss the results in relation to other urban street typologies.

3.1 Traffic-land use compatibility and street design impacts of AVs in an inner-city
commercial street

a) Compatibility

The approach of the traffic-land use compatibility assessment of street spaces with AVs builds on chang-
es in traffic volume at peak hours. Figure 4 shows how the traffic volume, i.e., the number of vehicles
at peak hour, changes within the selected inner-city street and surroundings by comparing the reference
scenario to scenario 1 (automated shuttles providing a door-to-door service). Compared to the reference
scenario, the number of vehicles increases in scenario 1 by up to 150 vehicles, within the selected street.
An increase in the number of vehicles at peak hours is also shown for other parts of the lower level street
network. In contrast, a lower number of vehicles is only shown on some segments of the main roads.
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Change of vehicles at peak hour

Comparison of scenario 1 and reference scenario

+250 and more

.
+150 to +250

+25to +150

\

ad X/// :
Vk

@ =\ -25t0 +25

-150to -25

-250to-150

/
/ - -250 and less

Figure 4. Change of vehicles at peak hour at street level for a selected inner-city street and surrounding streets: comparison
between scenario 1 and reference scenario

Figure 5 shows the compatibility assessment of the inner-city street and surrounding streets for
the reference scenario without AVs (left) and the change in compatibility by comparing the results for
scenario 1 with the reference scenario (right). The results for the reference scenario show that current
trafhic volume is compatible in most segments of the lower level street network, as well as on the selected
inner-city street. On some segments of the higher order streets, however, the current traffic volume is not
compatible with the demands of surrounding land use and other modes.

In line with the aforementioned changes in traffic volume, the comparison between scenario 1 and
reference scenario shows that the compatibility deteriorates on some street segments of the lower level
street network. This also applies to one segment of the selected inner-city street. Looking at the entire
area, hardly any compatibility improvement is shown.
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Reference scenario Comparison of scenario 1 and reference scenario

NN

: [ —
N
- well compatible - 2 levels worse
compatible 1 level worse
only just compatible no change
not compatible 1 level better
- completely not compatible ﬂg‘ 2 levels better

Figure 5. Overview of the compatibility assessment for the reference scenario and the comparison between scenario 1 and the
reference scenario

b) Distribution of passenger pickups and drop-offs

For an urban environment that is characterized by high levels of retail, service, and office use, the results
show that door-to-door service of shared automated shuttles would ensue a particularly large number of
arrivals and departures during the afternoon hours. Figure 6 shows the approximated spatial distribution
of the number of automated shuttles stopping to pick up or drop-off passengers at peak hours. Mapping
the density distribution of access or egress moments along a street segment or part of the road network
may reveal areas and times of significant demand. For planners, these may indicate areas that require
particular attention concerning potential conflicts of use and the adequacy of provided infrastructure.
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Figure 6. Approximated density of pickups and drop-offs at peak hour (above) and daily dynamic (below)

¢) Demand for pickup and drop-off zones

A high concentration of stopping shuttles may also cause an increase in waiting passengers at the curb.
Studies have shown (ITE 2018; Stiglic et al., 2015) that the provision of dedicated pickup and drop-
off zones may contribute to safer access and egress of passengers, but may also ease trip bundling and
ride-pooling. Figure 7 shows the approximated demand for pickup and drop-off zones for an inner-
city commercial street based on its peak hour turnover. Two zones of equal dimension are located at a
100-t0-200-meter distance serving the average demand, while a third zone is suggested as a temporary
addition during rush hours in order to allow shuttles to evade occupied zones.
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Scenario 1
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Distribution of pickup and drop-off bays every 100-200m

Figure 7. Approximating the demand for pickup and drop-off bays

d) Parking demand for waiting vehicles

Alongside the spatial demand for pickup and drop-off zones, empty AVs may cause parking demand,
if increased vehicle travel due to deadheading between passenger trips is to be mitigated (Kondor et al.,
2020). Figure 8 shows a rough approximation of shuttles’ short-term parking demand for an inner-city
commercial street based on vehicles’ median waiting time. The diagram of the daily dynamic further
shows that the peak parking demand coincides with the peak in passenger pickups and drop-offs. As it
was shown by Kondor et al. (2020) the degree of short-term parking demand will ultimately depend
on the operating radius of automated shuttles, as well as on public policy and operators’ service models.
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Figure 8. Approximated demand for short-term parking of waiting automated shuttles

3.2 Street space transformation

The integrated assessment clearly shows that in a future scenario where shared automated shuttles navi-
gate urban streets, demand for curb access and street space will further diversify and increase (Marsden
etal., 2020). The visualized transformations of street space illustrate means of integrating the functional
requirements of shared automated shuttles, while also providing space for other uses which correspond

with adjacent land use (Figure 9).
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Figure 9. Design changes in an inner-city commercial street

To conceptualize the transformation of street space, simulation results are supplemented by litera-

ture-based assumptions and normative development objectives (Table 7).

Table 7. Influencing variables for the visualization of possible development directions

Scenario assumptions

Literature-based assumptions

Normative assumptions based on Vienna’s

urban development goals

e Introduction of automated on-demand ~ ©
shuttles providing a door-to-door
service on low-ranking streets as an
alternative mobility option alongside
public transit and private motorized
vehicles,
. Overnight, automated shucttles are
parked in public spaces near sources
and destinations, .
e Integration of e-charging stations in
proximity to places of high activity
density.

Reduction of parking demand on
public streets by 25% to 75% due to

a shift towards shared autonomous
shuttles in combination with a public
transit network and provision of short-
term parking for waiting autonomous
shucttles in public spaces (Zhang &
Wang, 2020),

Provision of passenger loading zones
and collection points to facilitate higher
occupancy rates (Stiglic et al., 2015).

Redistribution of street space in favor
of active mobility and micromobil-

ity offers, including the redesign of
approx. half of on-street parking (MA
18, 2015),

Expansion of the cycling network

and improved safety for cyclists by
incorporating a cycling lane against the
one-way system (MA 18, 2015),
Climate adaptation by increasing the
proportion of green space, shading and
unsealing (MA 22, 2015),

The number of on-street e-charging
stations is aligned with the city’s
fast-charging network - no standard
on-street charging,

Unchanged parking management.

33 Alternative spatial developments

a) Facilitating the crossability of street space

Measures to improve pedestrian crossing concern above all the reduction of traffic speeds and narrower

lane widths (Schonauer et al., 2012). Beyond that, different streetscape designs and features may be suit-

able for a neighborhood street with high levels of retail activity. If a large proportion of parking is kept,
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pedestrian crossing may be improved by installing curb extensions (Figure 10, left). These narrow a street
space physically and improve pedestrian visibility while encouraging slower speeds and adding public
space (NACTO, 2013: 45). Alternatively, a shared space scheme may be applied that gives equal priority
to different modes and reduces spatial barriers between activity zones and travel lanes (Karndacharuk et
al., 2014). Accessibility and a sense of place may be promoted, if a level surface with continuous pav-
ing is applied (Figure 10, right). Former on-street parking may be converted into additional space for
recreation and more diverse street furniture, such as trees, seating, and lighting.

Figure 10. Alternative design options for crossability

b) Providing space for short-term parking

Providing short-term parking in proximity to departure locations and destinations could mitigate added
traffic due to the deadheading of AVs. The amount of space required is not only related to fleet size,
but also to the search radius within which automated shuttles would pick up passengers (Kondor et al.,
2020). If short-term parking space is provided in street spaces, this could lead to considerable demand
for space from stationary traffic, depending on the waiting time of vehicles (Figure 11, left). Alterna-
tively, adjacent garages that are vacant or under-utilized could be turned into mobility hubs. Automated
shuttles could be required to use these, not only for overnight parking, but also for short-term parking
and charging during the day (Figure 11, right). In return, street space could be reallocated for added
public space.
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Zoom B2

Figure 11. Alternative short-term parking solutions

¢) Pickup and drop-off zones

There are different ways to respond to an increasing demand for zones in which passengers can board
and exit automated shuttles. Whether pickup and drop-off zones are integrated on-street, meaning,
shuttles stop in the lane closest to the parking lane, or whether they are provided in the form of bays
with direct access to sidewalks, may impact traffic flow and user’s travel time (ITE 2018). If stopping
bays are incorporated at the curb (Figure 12, left), negative impacts on traffic flow may be mitigated and
safe interaction between pedestrians and cyclists enhanced (ibid). In contrast, if pickup and drop-off
zones are provided on-street, stopping vehicles will to some extent induce queueing or, depending on
street widths, overtaking manuevers (Figure 12, right). This may cause longer travel times, but could
contribute to making motorized transport less attractive and incentivize active mobility.

Zoom C1 Zoom C2

Figure 12. Alternative solutions for pickup and drop-off points
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4 Discussion

4.1 Comparison of AVs'impacts on land use and street typologies across neighborhoods

For the purpose of this paper, results were presented for only one street typology. The overall study,
however, examined the impacts of AVs in different neighborhoods with varying land use and street
typologies, i.e., an inner-city commercial street, a suburban arterial with a tramway, and an industrial
access street. The analysis confirms earlier research in showing that spatial implications, such as changed
traffic-land use compatibility, functional demands, and street space allocation significantly differ across
urban areas:

* Inner-city street with intensive commercial use: For this area, the simulation results indicate
that automated shuttles (scenario 1) providing door-to-door service would cause an increase
in traffic, especially, if there are no supporting policies or regulatory measures. This negatively
impacts the compatibility of traffic with existing land-use demands and related uses which
strongly characterize such streets (e.g., pedestrian and bicycle traffic, gastronomic use, leisure,
etc.). Today, the spatial integration of different demands for street space is already constrained
by high building densities and narrow street widths with available street space largely distribut-
ed in favor of car parking. The introduction of automated on-demand ride services would, thus,
increase pressure on spatial distribution and require proactive planning and targeted measures,
by 1) reducing the spatial demand of motorized vehicles such as less parking and narrower road-
ways to promote interaction safety between different mobility modes and to dedicate sufficient
space to green areas, lingering, and commercial uses; 2) provide dedicated pickup and drop-off
zones; 3) reduce traffic speeds; and 4) extend pedestrian and cycling infrastructure.

* Suburban arterial with tramway: For this type of suburban street, which is often character-
ized by high traffic volumes, results show that a stop-based automated shuttle service (scenario
2) may reduce congestion levels and positively affect the compatibility of traffic volumes with
surrounding land use. This may represent an opportunity for urban development, if planning
measures are implemented that counteract the neighborhood-separating effect of main roads
and contribute to street livability, by 1) enhancing mobility hubs, such as tramway stations
through furniture and design accents; 2) improving pedestrian accessibility and attractiveness
of spatial connections into surrounding neighborhoods; 3) converting parking in favor of wider
sidewalks and green infrastructure to improve the attractiveness of the public realm and the
frequency of adjacent store fronts, restaurants, or services; and 4) integrating stopping areas for
automated shuttles at existing transit stops in such a way that walking distances are kept short
and seamless transfers are possible.

* Industrial access street: In these kinds of largely uninhabited industrial locations, the use of
automated shuttles providing door-to-door (scenario 1) or stop-based services (scenario 2) does
not lead to any noticeable change in traffic-land use compatibility. Instead, positive spatial ef-
fects may occur when automated shuttles provide shared door-to-door travel within a confined
operational range, e.g., a business park. Automated shuttle services may then be used to pro-
vide an alternative form of organizing internal mobility and access from subway stations, train
stations, or park-and-ride facilities. In effect, a significant share of commuter traffic could be
shifted to transit and the spatial demand of motorized vehicles reduced. Actualizing spatial
development potentials in industrial areas and business parks would require targeted planning
approaches, which 1) increase the attractiveness of shared and active mobility on the last mile
by redistributing street space in favor of pickup and drop-off facilities, continuous bicycle and
green infrastructure; 2) encourage the transformation of existing train stations and park and
ride facilities into mobility hubs that may accommodate future shuttle fleets; and 3) promote
densification and greater diversity of land use when developing freed-up land on company
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premises. However, the potential increase of deadheading caused by a door-to-door service
must be taken seriously and mitigated by respective transport policies, e.g., pricing models,
enforcing higher vehicle occupancy.

42 Regulatory considerations concerning operational conditions

The contextual differentiation of traffic changes and visualization of potential implications for street
designs provide indicators for legislators and planners regarding: what the trade-offs of a system change
may be and which regulatory levers may be proactively applied during the transition to automated mo-
bility. The environmental contexts of use require more deliberate assessments to adequately determine
the circumstances under which AVs may contribute to a safe, equitable, and effective transport system
(Stayton & Stilgoe, 2020). The compatibility study makes it clear that proactive policy measures will
be necessary to reduce vehicular dominance in street spaces, to manage diversifying demands, and to
sustain street livability (Appleyard & Riggs, 2018; Karndacharuk et al., 2014; Marsden et al., 2020). In
advance of a widespread adoption of AVs, several planning and regulatory steps require consideration:

* To reap the spatial benefits of automated vehicles (e.g., the conversion of street space in favor
of diverse modes, a sense of place, and street livability), regulatory decisions are required that
incentivize higher vehicle occupancy rates, shared journeys, and carpooling. After all, studies
show (e.g., Zhang & Wang, 2020) that ride-sharing has a much higher impact on parking
demand reductions than vehicle automation. Designating pickup and drop-off zones for shared
(on-demand) services could be one measure alongside others, as it facilitates trip bundling and
reduces detours. In addition, the provision of designated loading zones may enhance the spatial
organization of mobility services and thus contribute to the clarity of public space, road safety,
and eficient traffic flow.

* A city-wide classification of the road network according to automated use cases, traffic speeds,
and land use. Various studies have touched upon the issue of differentiating operational con-
ditions for AVs across urban areas (e.g., Gonzélez-Gonzdlez et al., 2020), but so far, they lack
systematic differentiation of land-use types and street typologies. Street networks will need to
be categorized in a more encompassing manner by reviewing beneficial implications (e.g., im-
proved accessibility), as much as potential risks (e.g., increased traffic volumes and curbside
demand, or lower levels of transit and active mobility) in relation to adjacent land use. AVs will
not only impact the performance of street spaces, e.g., road-user interaction, freedom of move-
ment, formal and informal activities, but also the relation to the surrounding built environ-
ment, its accessibility, and livability.

* Prioritizing active mobility and micromobility in traffic and street designs by converting travel
lanes to slower modes. AVs have the potential to be programmed and respond to digital fenc-
ing, which reduces the need for physical signage and barriers. Depending on street typology,
active mobility can be enhanced by lowering speed-limits, implementing shared space schemes,
and a clear organization of parking and loading zones. On higher order streets, such as arterials,
under-utilized travel lanes may be converted to designated bike lanes or central medians. In
effect, traffic safety may be enhanced and the separating effects of automated traffic mitigated.

* Inlight of a potentially significant parking demand caused by empty automated shuttles, proac-
tive planning in the form of parking studies, inventories, and strategic parking infrastructure
plans is required (Zhang & Wang, 2020). In this fashion, shared fleet parking and maintenance
should be factored in when planning future parking facilities, bus depots, or transit hubs.

* 'The environmental impacts of deadheading and increased vehicle miles travelled by ride-hailing
companies receive increasing attention (Anair et al., 2020). When considering corresponding
policy, policymakers are required to anticipate the long-term adoption of automated fleets,
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which may further induce traffic demand and empty vehicle miles travelled, due to user conve-
nience and operational cost benefits.

4.3 Limitations and further research

The methodology developed for this study represents a two-step approach to delineate street design im-
pacts when using a transport simulation model. Some analytical challenges were met, above all since the
baseline simulation was conducted on the city scale of Vienna. For the purpose of analyzing traffic and
urban impacts on a street-scale, more fine-grained input data, micro-simulations, and an encompassing
parking inventory would undoubtedly lead to more precise assessments.

With regards to the defined variables of functional demand, it is important to note that the ap-
proximation was limited in two specific regards. First, concerning the accuracy of the output data, which
was provided on a street-level basis, rather than based on exact coordinates. Secondly, concerning the
sample simulation, which was based on 15% of the total traffic demand. In effect, the absolute values of
spatial demand (number of passenger loading/unloading events and number of waiting vehicles at peak
hour) need to be treated with care. The results are inevitably distorted by the inaccuracy of input data at
the micro level, the extrapolation factor, and the assumptions on transport supply with AVs that under-
lie the scenarios (Curtis et al., 2020). This is to show that further research integrating micro simulations
is required to assess AV-related street dynamics and land-use impacts more accurately. Furthermore,
local parking demand models are necessary, which factor in different adoption levels of shared mobility
services with and without automation.

Moreover, the baseline simulation, which was used as input for the integrated assessment, showed
limitations in that it did not account for induced demand likely ensuing from AVs, e.g., due to en-
hanced accessibility for the mobility-impaired, elderly, or very young. It may be assumed that the pre-
sented compatibility and street design impacts would be stronger if induced demand was considered.
In addition, future modelling would benefit from incorporating transport policy measures, such as
incentive systems for higher occupancy rates, access restrictions depending on the street category, and
pricing policies. After all, policies and regulatory measures will have a significant impact on how AVs
may ultimately affect changes in traffic demand, designs of streetscapes, and urban form.

5 Conclusion

The study presented in this paper applied an integrated assessment of AV traffic and urban effects at
the neighborhood level for the city of Vienna, Austria. Its aim was three-fold: 1) show to what extent
changing traffic volumes are compatible with the urban form and land use of different neighborhoods;
2) approximate AV effects on urban space, which may strain some street typologies more than others;
and 3) visualize possible design strategies, which add to the livability of streets and integrate measures to
optimize shared automated mobility systems such as designated pickup and drop-off points.

Rather than showing idealized future visions, the study’s visualized spatial transformations reveal
fields of tension concerning spatial developments, which are derived from the integrated assessment of
AVS’ traffic and urban effects. Future street spaces may change in vastly different ways, depending on
whether or not municipalities respond through informed regulatory measures. As such, the visualiza-
tions add another dimension to scenario studies, providing a useful tool to support long-term thinking
and proactive decision-making concerning transport and urban development policy (Stead & Vaddadi,
2019: 126).

In addition, the integrated approach of combining traffic compatibility analyses with spatial im-
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plications of AVs, highlights that opportunities for spatial conversion and risks of environmental harm
will vary across neighborhoods and street typologies. In light of a pressing need to manage increasingly
diverse demands on street spaces, the results of the study may inform the adaptation of traffic and urban
design policies, e.g., parking policy, curbside management strategies, pricing models, or cycling infra-
structure. Put more concretely, analyzing the intensity and daily/weekly dynamic of passenger loading
and unloading events along a particular street may, for instance, help to evaluate the adequacy of street
designs and provision of infrastructure, while also highlighting areas of conflicting use.

Further studies are necessary that consider contextual circumstances, particularly given that inte-
grated and spatially differentiated traffic and urban design impacts of AVs have been under-examined.
Future research is also needed in terms of more refined modelling studies, better alignment of interdis-
ciplinary examinations, and local pilot initiatives. All of these may provide critical input for more con-
textually oriented decision-making. A refined understanding of how different kinds of AV affect certain
neighborhoods and street typologies, depending on existing land-use demands, is crucial in determining
locally adequate operational conditions for AVs.
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