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ABSTRACT

Reducing driving speed is a key factor in improving road safety and combating noise emissions.
For this reason, more and more cities across the world reduce speed limits urban in roads to 30
km/h (20 mph). According measures are implemented in major urban areas in Europe (e.g. Paris,
Brussels) and the U.S. (e.g. New York City, Seattle). For the implementation of speed reductions
main roads are of particular interest.

Main roads in urban areas are different from residential roads in several ways, including,
but not limited to the type of trips, vehicular mix and the presence of public transport, and are there-
fore limited in design options to reduce speeds. The study at hand reports on a virtual reality study
conducted in Switzerland using a driving simulator. To assess whether road design influences driv-
ing speed, participants were asked to drive through a series of main roads in VR with varying speed
limits and street designs. Speed and lateral position were recorded; in a follow-up survey, partic-
ipants stated their preferred speed along the same segments and were asked about risk aversion.
Results indicate that only certain designs result in slightly lower driving speeds, while controlling
for self-reported risk aversion and driving style. Given the characteristics of main roads, measures
reducing the (perceived) lane width are promising, but require further investigation.

Keywords: urban roads, driving speed, simulator, road design
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INTRODUCTION

Reducing driving speed plays a crucial role in promoting road safety as it not only lowers the
likelihood of traffic accidents but also decreases their severity (1). Moreover, speed reduction is
an economical and highly efficient strategy to tackle noise pollution. Improved traffic flow and
reduced congestion are other significant advantages of decreasing speed. Ultimately, reducing
speed increases driving comfort and enhances the quality of stay for all road users, including, but
not limited to pedestrians, cyclists and car drivers.

To this end, many European cities and countries have reduced the speed limits of residential
and neighborhood roads from 50 km/h (30 mph) to 30 km/h (20 mph) or even 20 km/h (12.4 mph).
At the same time, there is a discussion to reduce speed limits on main roads in urban areas in
the Netherlands, Germany, Switzerland and several other countries (2, 3). In Helsinki, Finland,
maximum driving speeds throughout the city are set at 40 km/h (4).

Conventional measures such as speed limits and law enforcement have their merit in en-
suring traffic safety. However, they also have their limitations since drivers fail to perceive risks
related to increased driving speed and adherence to speed limits is generally low.

A complementary measure to achieve speed reduction is the adaptation of road design.
Road design has been found to be critical factor determining the speed at which drivers travel and
their adherence to speed limits. An explanation for this observation is found in the concept of self-
explanatory roads (SER) (5, 6). The SER approach suggests that road designs match their intended
function to promote desired driver expectations and safety behavior. Additional explanations for
the effect of road design on driving speed are based on cognitive load theory and risk perception (7):
if a driving situation becomes more complex the cognitive load increases, and the driver reduces
the speed. Furthermore, risk tolerance is assumed to influence driving speed. As perceived risk
increases the driver reduces the vehicle’s speed to maintain their acceptable level of risk tolerance.

Previous research on the impact of road design on speed is still sparse and is mostly limited
to investigations on the influence of road design on either rural roads, the transition between urban
roads and rural roads and main urban roads with a higher speed limit. Research has shown ’spot’
or “punctual” measures, such as speed-humps (8), digital information boards (9) or chicanes (8, 10)
can result in local speed reductions, but do not result in overall lower driving speeds. Continuous
design measures, such as markings, have not been investigated to the same extent, for urban roads.
These measures are especially relevant, as urban main roads function as places, but also as corridors
for public transport, logistics and emergency services. Research that quantifies the impact of road
design on main urban roads with lower speed limits is missing.

Against this background, the study at hand aims to close this gap in the research and eval-
uates the impact of specific road design measures on driving speed on main urban roads, while
focusing on continuous road design measures. Also, the present study aims to better understand
the underlying psychological processes and to provide evidence based explanations for the impact
of road design on speed choice.

The following research questions guide the present investigation: (1) What is the impact of
specific road design features on speed choice in urban main roads?; (2) What are the psychological
processes that explain the impact of road design on speed choice?

The presented research first reviews previous research on street design, speed choice and
psychological processes in order to develop hypotheses in the section. Second, a virtual reality
(VR) driving simulator study was conducted in which participants were asked to drive through a
series of streets with varying speed limits and street designs. The design of the VR study, proce-
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dures and questionnaire are presented in the section "Methods’. The section *Results’ presents the
findings for this research. The paper concludes with a discussion and outlook.

LITERATURE REVIEW

Speed reduction has significant positive consequences. According to the Power Model low speeds
decrease both the severity and frequency of crashes (11, 12). Lower speeds also contribute to
reduced noise levels generated by motorized vehicles, making the environment more pleasant.
Additionally, slower speeds can result in reduced emissions, leading to improved air quality and
a healthier living environment. Thereby, calming traffic enhance livability of urban environments
(13). Despite its importance, effective speed management remains challenging.

The most obvious measures for reducing driving speeds is the posting of speed limits, but
the effectiveness of this measure has its limitations. From a driver perspective, adherence to speed
limits, in particular to perceived low speed limits such as 30 km/h, might be difficult for several
reasons (14). First, it is likely that drivers focus on other vehicles rather than speeds and other road
features due to the familiarity of a road (15). Second, especially in the case of downward changes
of the speed limit without visual changes, the appearance of a road is not a reliable indicator of
driving speed (16). Finally, posted speed limits are not credible due to a mismatch between road
design characteristics and the prevailing speed limit (17). These reasons especially hold for main
urban roads, as their design, building features and landscape features do not coincide with a lower
speed limit.

The concept of self-explaining roads helps to better understand poor adherence to speed
limits. Two psychological principles are central to this concept: categorization and expectancy.
Through experience drivers learn to categorize roads based on visual characteristics. The catego-
rization is the foundation for expectations with regards to risks and adequate behavior. By utilizing
design elements such as lane width, pavement markings, and vertical offsets the road space can
convey information that drivers use to categorize and understand roads as intended by the planning
authorities, leading to behavior consistent with the interpretation. For example, road space green-
ery may be a visual cue that leads drivers to categorize the road as a road in which slower speeds
are safe and therefore reduce their speed.

Additional explanations for the effect of road design on driving speed are based on cogni-
tive load theory and risk perception (7). Cognitive load is defined as the mental effort to perform a
task. The theory suggests if a driving situation becomes more complex the cognitive load increases,
and the driver reduces the speed. Further, risk tolerance is assumed to influences driving speed. As
perceived risk increases the driver reduces the vehicle’s speed to maintain their acceptable level of
risk tolerance. Therefore, we hypothesize that an increase in risk perception can lead to a reduction
in driving speed and that an increase in complexity leads to reduction in driving speed.

Several studies have investigated the impact of pavement markings on speed choice (7).
There is mixed evidence on the impact of wide center lines on speed choice. While some research
finds that wide center lines (median) reduce the chosen speed in rural roads (18-20), other studies
report an increase in driving speed (21, 22). Medians with a hatch pattern resulted in lower driving
speed (23), as did medians with a relief on rural roads (18, 19). Colored center strip with markings
leads to a lower speed on rural roads (20). The removal of a center line can result in small reduc-
tions in driving speed (7). These designs elements partially achieve their effect through different
processes: on one hand, a median results in a larger distance to opposing traffic, thus reducing
perceived risk. On other hand, if a median is paired with (perceived) lane narrrowing and/or a
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perceived higher driving speed, medians can result in lower driving speeds.

Similar effects could be achieved with side markings. Edge and lane markings on roads
outside urban areas bring vehicles to the edge of the road, but do not lead to a reduction in speed
(20, 24). In combination with a center line marking, speed reductions could be observed (20).
Again, by reducing the perceived width of the roadway, it is also possible to achieve a reduction
in speed by increasing the cognitive load of motorists. On urban roads, the effect of side markings
has not been extensively researched.

Painted bike lanes, despite serving a different purpose, can be considered as a special type
of side-marking. Widening the bike lanes so that they overlap with the traffic lanes, combined with
a horizontal offset, resulted in a reduction in speed (25). The introduction of one-way traffic, the
widening of the bike lanes, and the installation of a sign resulted in a reduction of speed (26). In
contrast, a simulator study showed that the bike lanes only led to a speed reduction when a person
riding a bike was present; no speed reduction was perceived without cyclists (27). Bike lanes can
reduce speed because they either lead to an actual narrowing of the lane width, reduce the perceived
width of a lane, or share the space between vehicles and cyclists enhancing complexity and risk
perceptions.

Studies have shown that the presence of parked cars leads to lower travel speeds. Analysis
of speed measurements has shown that parked cars have an impact on the speed traveled (reduction
in speed) along major urban roads (7, 21) and on the speed selected on urban roads in driving
simulators (10, 27). Parked vehicles can lead to a (perceived) narrowing of the lane width and thus
to a lower speed. Parking can also lead to a higher perceived risk that people may exit parked cars
abruptly or that departing cars may veer into the traffic lanes (7). Furthermore, the proximity of
objects in the peripheral vision can result in a higher perceived driving speed.

Trees or green space have only a small influence on the speed driven, especially for major
roads outside towns; within towns, no influence is found in these studies (7). Once age and risk-
iness were included in an analysis found no influence of trees and green space on speed choice
(28).

METHODS

To evaluate the effect of different road design measures a Virtual Reality (VR) driving simulator
experiment was conducted. Numerous studies support the validity of driving simulators as a re-
liable measurement tool for investigating driving behaviour (29, 30). One of the most important
reasons of using a VR driving simulator for research is the safety factor. The use of simulators
allows researchers analyze potentially unsafe scenarios without putting participants in danger (31).
From a scientific perspective, the use of a driving simulator enables a controlled experimental
manipulation of the relevant influencing factors (e.g. road space design) and the associated sys-
tematic investigation of their causal effects on driving behaviour (30, 32). Further benefits include
the possibility to control environmental factors such as traffic, weather and locations of occurences.
Moreover, in recent years a VR driving simulator in comparison to conventional driving simulators
have become more cost-effective while allowing for a greater immersion and naturalistic observa-
tion of drivers behavior within a three-dimensional simulation.

Evaluated road designs & sequence
The experiment covers a road stretch of 12,800 metres and can be completed in 14 minutes and 52
seconds if the speed is adhered to exactly. The course consists of eight sequences. Each sequence
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covers a distance of 1700 metres and can be completed in 1 minute and 56 seconds (if speed is
maintained). The experimental set-up is shown in Figure 1.

A sequence contains four sections and has an identical structure with the exception of
sequence 7. A sequence starts with a neutral condition at 50 km/h (section 1). A speed 50 km/h
was chosen to create a clear differentiation from the road types studied experimentally. In addition,
this section serves as a connecting element between the road types and facilitates the speed change.
Section 2 is followed by an experimental condition, or the reference condition, for the 30 km/h
road type. This is again followed by a neutral condition at 50 km/h (section 3). This section
serves to cancel out the effect of the previous experimental condition and forms the transition to
the next experimental condition. Section 4 consists of an experimental condition, or the reference
condition, for the road type at speed 80 km/h. Sections with a speed limit of 30 km/h and 50 km/h
have a length of 300 meters; sections with a speed limit of 80 km/h have a length of 700 meters.

sequence1 sequence2 sequence3 sequenced4 sequence5 sequence6 sequence7 sequence 8

( )Y ( \ [ \ [ \ [ ) \ \

Warm- S50 S30 S50 S80 S50 S50 S50 S50 S50 S50 £ S50 S50 850 S50 S50 S50 S50 S30 S50 S80
up NT MT NT MT NT NT NT NT NT NT J3x] NT NT NT NT NT NT NT MT NT MT

Sy = Speed limit of x km/h

Part 1 Part 2 Part 3 Part 4 NC = neutral condition
S50 NT S30ET S50 NT S80ET RC = reference condition
EC = experimental condition

FIGURE 1: Experimental sequence

We included seven road designs in arterial urban roads: ((1) wide pavement edge markings;
(2) wide, hatched pavement edge markings; (3) wide center markings / median; (4) core lane / no
center line; (5) parking lots; (6) bike lanes; (7) roadside greenery (trees and benches). These six
treatments are shown in Figure 2.

Driving simulator
The setup of the VR driving simulator consists of several hardware and software components. The
hardware includes the following input and output devices and instruments:
» Hardware for the HCI with force feedback steering wheel and pedals, without gearstick
- Thrustmaster T300 RS
* Hardware for VR output with integrated sensor technology for measurements: HTC Vive
Pro Wireless HMD and Lighthouse Stations
* Hardware for VR simulation: Desktop PC with high-end graphics card
* Display of the VR simulation via a control screen.
* Car seat
Various software components and assets were used for the software:
* Game Engine (Unreal Engine v4.25.4)
* Several Unreal plug-ins (traffic and pedestrian simulation, car control)
* Procedurally generated assets with ArcGIS City Engine (street sections, buildings)
* Manually generated assets with Blender (point elements, terrain)
* Audio elements, as well as third-party 3D models (cars, avatars, etc.)






