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Abstract

In this publication-based doctoral dissertation, human behavior in cooperative traffic si-

tuations is explored by investigating how situational factors influence the way drivers be-

have in these situations. For the development of cooperatively-interacting vehicles that

will be accepted by human drivers, more insight into human behavior in cooperative si-

tuations is needed. Therefore, the latest research on cooperation in traffic is presented

as well as th recognition-primed decision model. This model is used in an adapted ver-

sion in this dissertation to investigate lane-change situations on highways, since they

belong to the most common and challenging cooperative situations. Based on the results

of the studies carried out during the course of this dissertation, implications for automated

cooperatively-interacting vehicles are derived.

In all six studies presented in this dissertation, participants were taking the perspective

of the driver in the fast lane while another vehicle in the slow lane or highway on-ramp

wanted to change lanes either due to the end of the on-ramp or due to a slower lead

vehicle. By adapting the behavior, participants could choose to facilitate the lane change

for the other vehicle.

In three initial video-based studies, influential situational factors on the preferred beha-

vior (decelerating, accelerating, maintaining speed, and lane change) in a lane-change

situation were investigated. Scope of action, criticality for the changing vehicle, and in-

dicator usage were identified as influential on the preferred behavior and were further

investigated in two driving simulator studies. Moreover, it was shown that changing lanes

to a faster lane to facilitate an overtaking maneuver for another driver was the preferred

option.

In the first driving simulator study, participants were instructed to select the preferred

behavior, which was then carried out by an automated vehicle. As in the studies before,

the scope of action, criticality for the other vehicle and indicator usage were manipulated,

which all influenced the preferred behavior. A higher scope of action, a higher criticality,

and indicator usage increase the odds of selecting decelerating.
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Abstract

In a second driving simulator study, the acceptance of maneuvers carried out by an

automated vehicle was focused. Again the scope of action, criticality for the changing

vehicle and indicator usage were manipulated. Additionally, a cognitive secondary task

was introduced to distract participants in half of the cases to investigate how distraction

influences the acceptance of the automated vehicle’s behavior. Overall, the acceptance

was high but maintaining or accelerating the speed was less accepted than decelerating,

especially when the other vehicle communicated the intention to change lanes.

In the final study, which was a video study in the driving simulator, the influence of high-

lighting relevant information of the cooperative situation on the preferred behavior was

investigated. Based on the results of the earlier studies, information in the environment

was highlighted, e.g., the planned maneuver of the other vehicles using an augmented

reality display. Highlighting the intentions regarding the planned maneuver leads to the

highest willingness to adapt the behavior to meet the intention of the other driver. These

findings could be useful in the development process of cooperatively-interacting vehicles.

The findings of this thesis show that participants were more willing to adapt their beha-

vior if they recognize the necessity: If the criticality for the cooperation partner increased

because the distance in time and space towards a leading vehicle was small, the willing-

ness to adapt the behavior was higher compared to situations in which this distance was

high. Additionally, the communication of the intention increases the willingness to adapt

the behavior. Moreover, the willingness to adapt was higher in mandatory lane changes in

which the vehicle had to change lanes because the current lane was ending compared to

discretionary lane changes in which the vehicle wanted to overtake a slow driving truck.

Additionally, the results help to gain into the process of decision-making when facing

cooperative situations. Furthermore, results show drivers’ expectations regarding auto-

mated behavior in cooperative situations, which should be addressed when designing

cooperatively-interacting vehicles and the corresponding human-machine interfaces.

Keywords Cooperative situation, cooperatively-interacting vehicles, lane change, de-

cision making
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Zusammenfassung

In dieser publikationsbasierten Dissertation wird das menschliche Verhalten in koope-

rativen Verkehrssituationen erforscht, indem untersucht wird, wie situative Faktoren das

Verhalten Fahrender in diesen Situationen beeinflussen. Für die Entwicklung kooperativ-

interagierende Fahrzeuge, die von menschlichen Fahrenden akzeptiert werden, benö-

tigtes tieferes Wissen über menschliches Verhalten in kooperativen Situationen. Daher

wird der aktuelle Stand der Forschung zur Kooperation im Straßenverkehr so wie ein

angepasstes erkennungsbasiertes Entscheidungsmodell vorgestellt, dass genutzt wird

um das Verhalten in Suprwechselsituationen auf der Autobahn zu untersuchen, bei der

es sich um eine den häufigsten und anspruchsvollsten kooperativen Situationen handelt.

Aus den Ergebnissen der im Rahmen dieser Dissertation durchgeführten Studien werden

Implikationen für automatisierte kooperativ-interagierende Fahrzeuge abgeleitet.

In allen sechs Studien, die in dieser Dissertation vorgestellt werden, nahmen die Teil-

nehmenden die Perspektive der fahrenden Person auf der linken Überholspur ein, wäh-

rend ein anderes Fahrzeug auf der langsameren rechten Spur oder der Autobahnauffahrt

die Spur wechseln wollte: entweder aufgrund des Endes der Auffahrtsspur oder aufgrund

eines langsameren Vorderfahrzeugs. Durch Anpassung ihres Verhaltens konnten die Teil-

nehmenden sich entscheiden, ob sie dem anderen Fahrzeug den Spurwechsel erleich-

tern möchten.

In drei ersten videobasierten Studien wurden die situativen Einflussfaktoren auf das be-

vorzugte Verhalten (Abbremsen, Beschleunigen, Geschwindigkeit beibehalten und Spur-

wechsel) untersucht. Der Handlungsspielraum, die Kritikalität für das wechselnde Fahr-

zeug und die Nutzung des Fahrtrichtungsanzeigers wurden als Einflussfaktoren auf das

bevorzugte Verhalten identifiziert und in zwei Fahrsimulatorstudien weiter untersucht.

Darüber hinaus zeigte sich, dass ein Spurwechsel die bevorzugte Option war, um einem

anderen Fahrzeug ein Überholmanöver zu ermöglichen.

In der ersten Fahrsimulatorstudie wurden die Teilnehmenden instruiert, das bevorzugte

Verhalten zu wählen, das dann von einem automatisierten Fahrzeug ausgeführt wurde.
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Zusammenfassung

Wie zuvor wurden der Handlungsspielraum, die Kritikalität für das andere Fahrzeug und

die Verwendung des Fahrtrichtungsanzeigers manipuliert, die alle das bevorzugte Ver-

halten beeinflussten. Ein größerer Handlungsspielraum, eine höhere Kritikalität und die

Verwendung des Fahrtrichtungsanzeigers erhöhen die Wahrscheinlichkeit, dass Abbrem-

sen bevorzugt wird.

In einer zweiten Fahrsimulatorstudie wurde die Akzeptanz von Manövern untersucht,

die von einem automatisierten Fahrzeug ausgeführt werden. Auch hier wurden der Hand-

lungsspielraum, die Kritikalität für das spurwechselnde Fahrzeug und die Verwendung

des Fahrtrichtungsanzeigers manipuliert. Zusätzlich wurde in der Hälfte der Fälle eine

kognitive Nebenaufgabe zur Ablenkung eingeführt, um zu untersuchen, wie diese die

Akzeptanz des Verhaltens des automatisierten Fahrzeugs beeinflusst. Insgesamt zeig-

te sich eine hohe Akzeptanz. Allerdings wurde die Konstanthaltung der Geschwindigkeit

und das Beschleunigung weniger akzeptiert als eine Verlangsamung der Geschwindig-

keit, insbesondere wenn das andere Fahrzeug die Absicht eines Spurwechsels mitteilte.

In der letzten Studie, bei der es sich um eine Videostudie im Fahrsimulator handelte,

wurde der Einfluss der Hervorhebung relevanter Informationen der kooperativen Situati-

on auf das bevorzugte Verhalten untersucht. Basierend auf den Ergebnissen der voran-

gegangenen Studien wurden Informationen in der Umgebung mittels eines Augmented-

Reality-Displays hervorgehoben, wie z. B. das geplante Manöver der anderen Fahrzeuge.

Die Hervorhebung der Absichten bezüglich des geplanten Manövers führt zu der höch-

sten Bereitschaft, das eigene Verhalten an die Absicht der anderen fahrenden Person

anzupassen. Die Ergebnisse können hilfreich im Entwicklungsprozess für kooperativ-

interagierende Fahrzeuge sein.

Die Ergebnisse dieser Arbeit zeigen, dass die Teilnehmenden eher bereit sind, ihr Ver-

halten anzupassen, wenn sie die Notwendigkeit dafür erkennen: Nahm die Kritikalität für

den Kooperationspartner, weil der zeitliche und räumliche Abstand zu einem vorausfah-

renden Fahrzeug gering war, war die Bereitschaft zur Verhaltensanpassung höher als in

Situationen, in denen dieser Abstand groß war. Zusätzlich erhöht die Kommunikation der

Absicht die Bereitschaft zur Verhaltensanpassung. Darüber hinaus war die Bereitschaft

zur Verhaltensanpassung bei obligatorischen Spurwechseln, bei denen das Fahrzeug die

Spur wechseln musste, weil das Ende der Auffahrtsspur erreicht wurde, höher als bei dis-

kretionären Spurwechseln, bei denen das Fahrzeug einen langsam fahrenden Lkw über-

holen wollte. Die Ergebnisse der Arbeit tragen dazu, tiefere Einblicke in den Prozess der

Entscheidungsfindung in kooperativen Situationen zu erhalten. Darüber hinaus zeigen

die Ergebnisse die Erwartungen fahrende Personen an das automatisierte Verhalten in
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Zusammenfassung

kooperativen Situationen, die bei der Entwicklung von kooperativ-interagierenden Fahr-

zeugen und den entsprechenden Mensch-Maschine-Schnittstellen berücksichtigt werden

sollten.
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1 Introduction: The Relevance of

Cooperation in Traffic

Road traffic is continually changing. New possibilities arise with the introduction of auto-

mated vehicles and vehicle-to-vehicle communication (V2V) , and vehicle-to-infrastructure

communication (V2X): Connected vehicles interact cooperatively with each other, as well

as with the infrastructure around them. Improvement in terms of safety (Hoc et al., 2009),

traffic flow (van Arem et al., 2006), and a reduction of environmental harm are expected

(Asadi & Vahidi, 2011). Moreover, mobility-impaired persons might gain more mobility,

and the overall comfort for all users of these automated vehicles might increase (Bengler

et al., 2014; Chan, 2017; Coppola & Silvestri, 2019).

Cooperatively-interacting vehicles will be automated and able to plan maneuvers with

each other jointly and carry them out without interfering with each other. By using inter-

vehicle communication, maneuvers like lane change (Li & Wang, 2006) or intersection

crossing (de Campos et al., 2013) can be coordinated safely and efficiently, and critical

situations become more avoidable than they currently are since vehicles will share their

planned trajectories with each other.

So far, human drivers are kept out of the loop in most approaches since the focus

mainly lies on technological feasibility (Banks & Stanton, 2016; Kyriakidis et al., 2017).

However, not every feasible maneuver will be pleasant, e.g., due to motion sickness

(Iskander et al., 2019; Mühlbacher et al., 2020) and consequential acceptable for human

drivers and passengers. Additionally, acceptance might be impaired if the automated be-

havior is not in line with the driver’s expectation. Therefore, it is relevant to know drivers’

expectations so that the behavior of cooperatively-interacting vehicles can meet them.

Lacking focus on the human driver might result in a decrease of system transparency

and controllability, which affects not only acceptance (Debernard et al., 2016), but also

trust (Kraus et al., 2020), and safety in general since drivers might intervene with the

system, creating unpredictable or dangerous situations. Moreover, drivers might decide

not to use automated vehicles at all. Depending on the automation level defined by the

1



1 Introduction: The Relevance of Cooperation in Traffic

Society of Automotive Engineers (SAE) (On-Road Automated Driving committee, 2021)

and government rules, human drivers are responsible or co-responsible for their vehicles’

actions. Therefore, the human driver has to be able to understand and predict the au-

tomation’s actions, goals, and intentions (Carsten & Martens, 2019; Löcken et al., 2016).

In addition, for the foreseeable future, mixed traffic seems more realistic; that would be

traffic in which automated vehicles and manually driven cars will have to share the road

and interact with each other. The ability to fit into the traffic system will determine the

success of cooperatively-interacting vehicles (Sharma et al., 2021). As a result, not only

the driver of an automated vehicle has to be considered in the development of automated

vehicles but all other road users, like manually driven vehicles, cyclists, or pedestrians.

Cooperatively-interacting vehicles have to react appropriately to human road users and

behave in accordance with human expectations (Benenson & Girald, 2015; Marangunić

& Granić, 2015). Therefore, one solution to meet these exceptions would be the imitation

of human driving behavior.

However, current automated vehicles lack an understanding of situations and human

behavior in traffic, making conservative and defensive behavior necessary for safe opera-

tion (Müller et al., 2016; Schwarting et al., 2019), which is associated with reduced traffic

flow (Schwarting et al., 2019) and higher accident involvement (Richtel & Dougherty,

2015; Steward, 2018). The vehicles of the Google Driverless Car project (driving au-

tomated and monitored by safety drivers)1 were involved in an above-average number

of rear-end collisions (Schoettle & Sivak, 2015; Steward, 2018) compared to manually

driven vehicles mainly due to their strict compliance with all traffic rules, which was unex-

pected by the drivers following them.

In order to implement more human-like behavior into automated vehicles, better insight

into human behavior in traffic and human expectations regarding automated vehicles

is needed. Situations in which road users have to interact with each frequently occur,

especially if two vehicles want to occupy the same space at the same time (Markkula

et al., 2020). Therefore, this thesis investigates human driving behavior in one of the

situations in which interaction with other drivers is especially relevant: a lane-change

scenario, in which a driver in the faster lane can facilitate the potential lane change of

another driver by adapting the behavior to make space for the potential lane-changing

vehicle.

In all six studies that will be discussed here, lane changes were investigated, always

displayed from the perspective of a driver on the faster lane who could adapt the behavior
1Since 2016 they use the name Waymo.
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by accelerating, decelerating or changing to another lane2. Depending on the selected

behavior of the Egocar in the faster lane this facilitates a potential lane change for the

other driver3 that either wants to overtake a slower truck or needs to merge on the high-

way due to the end of an on-ramp. If the Egocar in the faster lane does not adapt the

behavior, the Lane Changer has to wait longer until the lane change can be carried out.

Throughout the studies, different situational factors were manipulated regarding the pre-

ferred or selected behavior and, therefore, regarding the cooperative action in the lane

change situation, aiming to investigate which and how situational factors influence the

outcome of the cooperation process.

The first studies focused on Egocar’s preferred action when experiencing a cooperative

situation depending on different situational factors. Participants were asked to select their

preferred action in lane change scenarios presented in short videos in a video-based

environment (Study 1 (Stoll, Müller, et al., 2019), 2 (Stoll et al., 2018), and 3 (Stoll,

Weihrauch, et al., 2020)). They could choose between maintaining speed, decelerating,

accelerating, and (in Study 2 and 3) changing lanes to a faster lane. The scope of action,

the criticality for the Lane Changer and the type of communication of the intention to

change lanes were manipulated as well as the necessity for the lane change. Based

on these results, a first driving simulator study (Study 4 (Stoll, Lanzer, et al., 2020))

was conducted, investigating how these situational factors influence the selection of the

preferred behavior, which was then carried out by the automated vehicle. The options

were the same as before. With regard to highly automated vehicles, Study 5 (Stoll, Mühl,

et al., 2020) investigated the acceptance of behavior carried out by automated vehicles.

The same setup, including the same situational factors and behavior options as in Study

4, was taken. However, this time the automated vehicle would select a particular behavior

without taking the human driver into the loop. After every trial, participants were asked if

they would accept the carried-out action. Study 6 is an unpublished experiment in which

an interface supporting the human driver in the Egocar during cooperative lane changes

by highlighting relevant aspects of the situation was tested in a driving simulator study.

The information presented to the participants was based on the results of the earlier

studies and the theoretical assumption of situation awareness (Endsley, 1995b).

The outline of this dissertation will be the following: In chapter 2, the terms coopera-

tive situation and cooperation as well as communication are introduced and discussed for

their relevance and occurrence in traffic. Chapter 3 focuses on the cooperation process

in traffic and the state of research. After presenting the research gap, the aims of this dis-
2The driver will be called Egocar since it is the perspective of the participants.
3This driver will be called Lane Changer.
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sertation are described in chapter 4. Summaries of the conducted experiments are given

in chapter 5. In chapter 6, the unpublished experiment together with additional analy-

sis are presented, which complete the studies presented in this dissertation. Chapter 7

analyses and discusses the results of the studies, summarizes the key findings and their

meaning for developing cooperatively-interacting vehicles, and a conclusion is drawn.
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2 Terminology of Cooperation

2.1 Defining Cooperation

Cooperation is a central part of everyday life. However, the term cooperation is used

differently in various settings. In the following chapter, cooperation and cooperative situ-

ations in traffic, together with their meaning in this dissertation are discussed.

The Oxford Dictionary gives a general definition of cooperation: "(1) The fact of doing

something together or of working together toward a shared aim. [. . . ](2) A desire to be

helpful and do as you are asked" (Oxford Learners Dictionaries, 2021). A slightly different

definition is formulated by Merriam-Webster "(1): The actions of someone who is being

helpful by doing what is wanted or asked for [. . . ]. (2): Association of persons for common

benefit." (Merriam-Webster, 2021). Both dictionaries share the positive connotation and

focus on the intention to be helpful.

In general, it is stated that a population does best if its members behave cooperatively

(Rand & Nowak, 2013). However, what is best for the population might not be best for

the single individual, as Rand and Nowak (2013) point out in their definition, "[. . . ] one

individual pays a cost for another to receive a benefit" (Rand & Nowak, 2013, p. 413).

Their research indicates that cooperation is intuitive and developed due to the positive

outcome of cooperation in daily life, and that reciprocity seems to have a key role (Rand

& Nowak, 2013). Nevertheless, results indicate that reflection can undermine cooperative

impulses (Rand et al., 2012).

Research shows that the rate of successful cooperation varies, and different factors

influencing the outcome of a cooperative situation in personal interactions could be iden-

tified, such as the social setting in which cooperation is requested (Bosworth et al.,

2016), dispositional trust (Balliet & van Lange, 2013), time pressure regarding the deci-

sion (Rand et al., 2012), and the possibility to communicate (Balliet, 2010). Cooperation

occurs and is investigated in various parts of life, reaching from playing children (Olson &
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Spelke, 2008) to highly technologized fields like traffic (Zimmermann et al., 2015), which

results in different field-specific definitions.

Regarding cooperation in traffic or cooperative driving, different such field-specific def-

initions coexist, especially since cooperatively-interacting vehicles are investigated. So

far, a common understanding of the terms cooperation and cooperative behavior is lack-

ing (Düring & Pascheka, 2014), which complicates the communication between research

groups. In the field of engineering, some authors define cooperation as behavior that al-

lows different vehicles to work together without going into details (Aghaeeyan et al., 2013;

An & Han, 2012) or use cooperative driving as a synonym for maneuver coordination

(Correa et al., 2019; Ploeg et al., 2018) using connected and cooperatively-interacting

synonymously. Others only mention preconditions for cooperation like (implicit) commu-

nication or the exchange of information (Chen et al., 2019; Tsugawa et al., 2000) but do

not define cooperation at all. Düring and Pascheka (2014) define an agent (AI) behavior

as cooperative "[. . . ] with respect to agent A2 and with respect to a total utility function

u (UI, U2), if by choosing this behavior, agent Al knowingly and willingly increases the

total utility u (UI, U2) in a coupled situation, compared to a reference utility" (Düring &

Pascheka, 2014, p. 155). Further, a coupled situation is defined as "a situation of two

agents Al and A2 [. . . ], if by choosing a behavior at least one agent has an influence

on both its own utility function and the other agent’s utility function" (Düring & Pascheka,

2014, p. 155). Similar to the definition of Rand and Nowak (2013), Kurzer et al. (2018)

add that cooperative planning does not have to be beneficial for each agent but rather

seeks to maximize the combined utility. In contrast to this position, Naumann et al. (2017)

mention that an increase of the total benefit, which results from an exclusive increase of

the own benefit, is not classified as a cooperative action.

Nevertheless, every utility function needs to be defined, which can be described as a

reduction of costs, that might be defined by aspects like longitudinal and lateral acceler-

ation (Düring & Pascheka, 2014). However, this might be a potential weakness of this

approach: using a utility function that is based only on a theoretical assumption of cost

reduction without including any drivers’ behavior preferences might lead to unpleasant or

even unacceptable automated behavior.

It is assumed, that the behavior of human drivers is influenced by more than utility and

costs. What complicates cooperation in traffic is that strangers who most likely will never

meet again have to coordinate their maneuvers in compliance with formal and informal

rules (Klein et al., 2005). Cooperation among them is associated with a waiver of one’s

rights and conscious acceptance of a disadvantage (Benmimoun et al., 2004) as well
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as being fair and professional (Kauffmann, Winkler, Naujoks, et al., 2018). However,

it is difficult to interpret the intentions of drivers as cooperative or uncooperative based

only on the behavior they show. Nevertheless, it is possible to investigate how drivers

coordinate cooperative situations and which strategies they use to solve them.

For an act of cooperation to occur, a cooperative situation has to exist, as it is stated

in one of the most cited definitions in the field of human-machine interaction by Hoc

(2001): "Two agents are in a cooperative situation if they meet two minimal conditions.

(1) Each one strives towards goals and can interfere with the other on goals, resources,

etc. (2). Each tries to manage the interference to facilitate the individual activities and/or

the common task when it exists. The symmetric nature of this definition can be only

partly satisfied." (Hoc, 2001, p. 515). Therefore, for humans to be able to cooperate, they

need to be able to control these interfering goals and to facilitate the activity of the others

(Grislin-Le Strugeon & Millot, 1999).

Castelfranchi (1998) points out the crucial role of interference in cooperation as: "[...]

the effects of the action of one agent are relevant for the goals of another: i.e., they either

favor the achievement or maintenance of some goals of the other’s (positive interference),

or threaten some of them (negative interference)”(Castelfranchi, 1998, p.161). In traffic,

road users interfere on a section of the road that they want to occupy at the same time

(Markkula et al., 2020). Presumably, drivers share some goals, such as mutual collision

avoidance and the goal of reaching their destination safely.

With a slightly different wording, Clark (1996) uses the term joint activity for describing

the mutual interdependence which occurs in cooperative situations: "In joint activity what

party "A" does must depend in some significant way on what party "B" does and vice

versa (Clark, 1996, p. 18), which is close to the description of Hoc (2001) and Castel-

franchi (1998). I will, in this dissertation, refer to this aspect as interference.

Similarly, Martin (2002) concludes that most cooperative situations are non-symmetrical,

which is why one of the involved agents has to make a compromise. This could even re-

sult in an involved agent not even realizing being in a cooperative situation while it is being

solved by the other agent (Haar et al., 2018). Consequently, Hoc’s definition is based on

the behavior that resolves an existing conflict rather than the intentions behind the shown

actions. Following the definition by Hoc (2001), the agent initiating the cooperation does

not have to be the one paying the higher costs that occur in cooperative situations. For

example, in an X-intersection which is an unregulated cooperative situation in which all

involved drivers have to coordinate their behavior to solve the interference (Figure 2.1b),

entering the intersection as the first car would solve the interference under the assump-
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tion that all the other agents stop.

In the following chapters, cooperative situations as defined by Hoc (2001) will be inves-

tigated from a behavioral perspective, focusing on solving the existing interference rather

than on interpreting the underlying intentions the driver might have.

Figure 2.1.

Unregulated Cooperative Situations in Traffic (a) Equal Narrow Passage, (b) X-

Intersection, (c) T-Intersection.

(a) (b)

(c)

In traffic, different kinds of cooperative situations occur between all road users, includ-

ing vulnerable road users (such as pedestrians) or truck drivers. In the following, the

cooperation between car drivers is focused on. Depending on the setting, several coop-

erative situations between drivers can be distinguished.
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2.2 Types of Cooperative Situations

In general, cooperative situations in road traffic can be sorted into regulated and unreg-

ulated situations. Unregulated situations are situations at any form of road bottlenecks

in which all involved agents are stuck if they do not cooperate with each other (Retten-

maier et al., 2021). Figure 2.1 shows three common examples of unregulated situations

for German traffic1: (a) Equal narrow passages, which makes it impossible to pass the

bottleneck at the same time, (b) X-intersections if vehicles from all four directions arrive

at the same time and (c) T-intersections, in which two vehicles want to turn left, and one

wants to drive straight ahead.

If no traffic lights or traffic signs are controlling intersections, the right-for-left rule ap-

plies. However, this rule does not solve these specific situations, and the right of way is

not defined. In equal narrow passages, most of the time, no right of way is defined since

these situations often occur spontaneously due to parking cars or other obstacles on the

street. If build-in, narrow passages are usually regulated by traffic signs.

To solve these situations, one of the drivers has to give up the right of way (Road

Traffic Regulations, 2016). However, this is an unspecific regulation addressing all in-

volved drivers, and if they all follow German law and waive the right to go first, a deadlock

will continue. These situations are comparatively uncommon and partly avoidable since

drivers anticipate the upcoming deadlock and adapt their behavior (Doniec et al., 2006;

Perronnet et al., 2019). In a completely automated environment with connected vehicles,

unregulated situations will be more predictable and, therefore, more avoidable. However,

in mixed traffic, the anticipation of these situations will be challenging, especially if auto-

mated vehicles behave differently from human expectations and have problems interpret-

ing human behavior. In his dissertation, Imbsweiler (2019) addressed these challenges

by describing communication and cooperation in unregulated situations and derived con-

clusions for cooperatively-interacting vehicles, such as that automated vehicles should

drive firstly in complex situations but should give way to human drivers in less complex

situations. Moreover, he summarizes that explicit communication signals should be used

to confirm the intent.

However, even if traffic signs are controlling X- and T-intersections which creates reg-

ulated situations, cooperation can still optimize or facilitate traffic flow in these kinds of

1Note that traffic rules are not universal and that other forms of unregulated situations exist in other coun-
tries, and that these situations are regulated differently in other countries. The rule for X-intersections,
for example, differs in the USA.
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situations. At a T-intersection, for example, on a rural road, one road usually is the priority

road, and vehicles from the other road have to give way. To enter the priority road, drivers

on the side road have to find a gap large enough to merge into. Especially if the road is

crowded and a vehicle wants to turn left, it is challenging (Kraft et al., 2019) since traffic

from both directions has to open a gap at the same time. This specific situation repre-

sents a regulated situation, since traffic rules determine a clear right of way. The right

of way distinguishes an unregulated cooperative situation from a regulated cooperative

situation: In an unregulated situation, the right of way is no longer defined, and drivers

have to solve the situation through cooperation. In regulated situations, the right of way

is clearly defined, but the driver with the right of way can facilitate driving for the coopera-

tion partner by adapting the behavior. In the example of a lane change on a highway, the

Egocar in the fast lane has the right of way but may facilitate the lane change for a Lane

changer by opening a gap in front or behind the Egocar.

Furthermore, the lane change is defined by a limited time window in which cooperation

has to take place. If one of the drivers does not anticipate the cooperative situation or

does not want to cooperate, the situation might just pass. In most cases, that leaves the

Lane changer stuck, waiting for a new cooperation partner willing to open a gap to merge

in. Besides lane changes, another typical regulated cooperative situation is described in

Figure 2.2. They both have in common that different vehicles interfere regarding space

on the road (Hidas, 2005). Figure 2.2.(a) is an example of a discretionary lane change,

which appears when a vehicle merges into another lane to maintain the desired speed

level (Balal et al., 2014).

In contrast, Figure 2.2.(b) shows a mandatory lane change defined by the need to

merge due to the end of the lane or a blockage ahead. Other cooperative situations

might occur, which are also dependent on country-specific traffic regulations. In general,

lane changes are frequent and challenging (Ammoun et al., 2007; Keyvan-Ekbatani et

al., 2016), associated with a high level of perceived uncertainty (Yan et al., 2015) and

increased accident rates (Golob & Recker, 2004).

Moreover, Hidas (2005) distinguishes free lane change, cooperative lane change, and

forced lane change. Due to a missing interference, the free lane change is not relevant

for investigating cooperative situations. In a cooperative lane change, a gap is opened up

by the Egocar before the Lane changer enters the lane, while in a forced lane change, the

gap stays constant or is even narrowing before the Lane changer enters the lane, forcing

the Egocar and possibly other vehicles behind in that lane to decelerate.

Modeling the decision-making and the behavior in lane-change situations both from
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Figure 2.2.

Regulated Cooperative Situations (a) Lane Change on Highway (b) Merging on the High-

way. The Blue Vehicle Represents the Egocar Asked t.o Adapt the Behavior.

(a)

(b)

the perspective of the Lane changer as well as from the perspective of the Egocar re-

quested to adapt the behavior became a topic of growing interest (Z. Zheng, 2014). Z.

Zheng (2014) summarizes that the human thinking and decision-making process is still

unknowing.

To address this gap, this dissertation focuses on situational factors in regulated scenar-

ios and particularly on discretionary and mandatory lane changes, since further knowl-

edge about human behavior, the influence of situational factors as well as human expec-

tations regarding automated vehicles are relevant for the development of cooperatively-

interacting vehicles.

Another highly relevant aspect of detecting and solving an interference and, therefore,

a cooperative situation is communication.

2.3 Relevance of Communication in Cooperative

Situations

Some authors see communication as a foundation for cooperation (Loomis, 1959). Coop-

eration and communication are sometimes used synonymously in the field of cooperative-

interacting vehicles (Burger et al., 2017) but describe two different aspects as is dis-

cussed below.

In general, communication refers to a form of message which can be sent using differ-
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ent channels. However, communication in traffic differs from communication in daily life

since not all rules of human communication can be followed and not all communication

channels are usable (Merten, 1977; Renge, 2000).

Research shows that cooperation in social dilemmas increases when the involved

agents are able to communicate with each other (Balliet, 2010). Even though traffic situ-

ations sometimes are seen as social dilemmas (Tanimoto & Nakamura, 2016), previous

communication is most of the time impossible since cooperation partners are unknown

and meet just once for a short encounter. Moreover, the possibilities to communicate in

the situation are limited (Heesen et al., 2012; Merten, 1977) since traffic is a normative

and anonymous system (Merten, 1977) and especially in regulated situations, facial ex-

pressions or gestures are not available as a source of communication due to the position

of the vehicles. Communication facilitates behavior coordination, regulates traffic use

(Renge, 2000; Shor, 1964), and influences decision-making in traffic (Zaidel, 1992). It

facilitates anticipation and an understanding of each other’s actions (Björklund & Åberg,

2005; Fuest et al., 2018; Löcken et al., 2019; Mühl et al., 2020).

Since cooperatively-interacting vehicles will enter the already existing traffic system,

they have to be able to communicate with all road users (Stanciu et al., 2018), espe-

cially in mixed traffic in which automated and not-automated vehicles and vulnerable

road users such as pedestrians interact with each other. Miscommunication and misun-

derstandings in traffic occur (Šucha, 2014) and are common reasons for traffic accidents

(Stanciu et al., 2018). If automated vehicles will not fully participate in the communication

process, misunderstandings and the resulting negative consequences will increase. The

German Ethics Council recommends that in order to create efficient and safe commu-

nication and prevent cognitive overload, automated and cooperatively-interacting vehi-

cles should adapt to human communication behavior instead of forcing humans to adapt

to them (Ethik-Kommission, 2017). Therefore, to reach these expectations regarding

cooperatively-interacting vehicles’ communication abilities, current human communica-

tion behavior has to be investigated and better understood in more detail (Imbsweiler,

Ruesch, et al., 2018; Stanciu et al., 2018).

In traffic, road users communicate using different channels such as indicators, passing

horns, hand gestures, eye contact, and vehicle movements (Lanzer et al., 2021; Renge,

2000). Even when road users are not intentionally communicating, their trajectories and

speed adaptation send a message to the other road users. These messages might be

understood differently by different road users or might be misunderstood (Stanciu et al.,

2018). Lack of intentional communication (e.g., not using the indicator) is often inter-
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preted negatively as aggressive and irritates other drivers (Ba et al., 2015; Renge, 2000).

Besides the categorization into intentional and unintentional (Bauer et al., 1980), com-

munication can be divided into formal and informal communication as well as into explicit

and implicit (De Ceunynck et al., 2013; Renge, 2000). Vehicle movement is an example

of implicit communication in traffic used to communicate with pedestrians (Ackermann

et al., 2018) but might also be unintentional in other situations. Hand gestures, on the

other hand, are an explicit way to communicate used by pedestrians (Lanzer et al., 2021).

Investigating communication in inner-city cooperative situations, Imbsweiler, Stoll, et al.

(2018) found that implicit and explicit communication is combined, and explicit commu-

nication is, in general, more salient than implicit communication (Imbsweiler, Stoll, et al.,

2018; Renge, 2000).

Formal traffic rules include the use of turn signals, car horns, and hazard lights for

their intended use (Stanciu et al., 2018). Especially challenging for automated vehicles

is informal communication existing on roads (Maurer et al., 2015), which can vary widely,

including some that violate traffic regulations, e.g., headlight flashing or indicator usage

when tailgating, requesting slower vehicles to make space (Stanciu et al., 2018). Solu-

tions on how to implement the understanding of informal communication - which is highly

culturally dependent (Lanzer et al., 2020) - into cooperatively-interacting vehicles still

have to be found.

In the chosen scenario of this dissertation, the one of lane change, the possibilities to

communicate are very limited. Therefore, it is investigated if the intentions of a Changer

are detected by the participants in the Egocar perspective independent of further inten-

tional communication.

In the following chapter, more details about the process of detecting and solving a

cooperative situation are given as well as an overview of the current state of research.
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Foundation for Solving a

Cooperative Situation

Regarding the process of cooperation in traffic, different models coexist, all focusing on

different aspects. For instance, Zimmermann and Bengler (2013) subdivide the process

of cooperation between a human driver and a driving assistant into (1) request (2) prepare

(3) action. Their description of the process is comparable to the cooperation process

presented in other domains like linguistics (Fiehler, 1993). The general process is to

identify the agents, the goals and plan the action before it is carried out.

A comprehensive overview model is given by Haar et al. (2016) (see Figure 3.1) in

their generalized model of cooperation that considers the perspective of both involved

cooperation partners and addresses cognitive processes and characteristics of both co-

operation partners as well as situational and environmental factors. The model by Haar

et al. (2016) is based on the results of different former studies, such as Heesen et al.

(2012) and Zimmermann et al. (2014), and Fekete et al. (2015), but especially on Ben-

mimoun et al. (2004) regarding the decision-making process in cooperative situations.

Benmimoun et al. (2004) presented a hierarchy of cooperation that included the following

questions: "(1) Safety guaranteed? (2) own costs low? (3) Need for help of the partner

present? (4) Benefits for traffic efficiency?" (Benmimoun et al., 2004, p. 172). They as-

sume that the probability for cooperation is highest if all these questions are answered

with yes and that answering one of the questions with no would stop the hierarchical

process and lead to no cooperation. Moreover, the model by Haar et al. (2016) includes

cognitive processes such as information processing (e.g., (Wickens, 1992)) and charac-

teristics of both cooperation partners (e.g., experience, age, driving style, based on the

results by Benmimoun et al. (2004), Frese and Beyerer (2011), and Kollock (1998)) that

might influence the behavior.

As a result, Haar et al. (2016) derived a cooperation process comparable to the one
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Figure 3.1.

Cooperation Model by Haar et al. (2016, p. 208).
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3 The Process of Cooperation: Foundation for Solving a Cooperative Situation

by Fiehler (1993), which they divided into the following five phases: (1) the cooperation

situation must be recognized and (2) interpreted as such, (3) the decision for cooperative

behavior has to be made. In addition to the decision to behave cooperatively, various

possible courses of action are weighed, and (4) a decision is made in favor of one of the

alternatives. Last, (5) the plan of action is implemented by offering cooperation. This

step also includes that the offer has to be accepted by a cooperation partner. Even

though cost-benefit analysis is a central part of the model, it does not give details about

how the cost-benefit analysis is further used. Moreover, the model names many different

factors that influence the model but does not give further details about how these factors

influence the decision-making process.

Another model including both cooperation partners and focusing on cooperation in the

context of automated driving is presented by Kraft et al. (2019). She has developed a

cooperation process and interaction strategy to support drivers, which is suitable for the

development of a Human-Machine Interface (HMI) based on the requirements analysis

for turning left and merging: In a first step, the cooperative situation has to be identified,

followed by the selection of a cooperation partner. As soon as a cooperation partner is

found, preparations for the cooperation are initiated and executed. After completion, the

involved drivers adapt their speed to the traffic flow. Again, the basic structure is compa-

rable to the one identified before, and it is possible to transfer them to other cooperative

situations. Her work showed that communication via an interface is a fruitful way to im-

prove the cooperation process. However, all the models presented so far cannot be used

to answer the question of how situational factors influence the behavior in cooperative

situations.

The work of Kraft (2021) is in line with different authors (Vanderhaegen et al., 2006)

that conclude that cooperation can only be successful if both agents have a shared situ-

ation awareness (SA) when communicating their intentions. Otherwise, the cooperation

might fail because the communication signals cannot be understood (Vanderhaegen et

al., 2006). This aspect is not explicitly part of the model by Haar et al. (2016).

16



3 The Process of Cooperation: Foundation for Solving a Cooperative Situation

3.1 Models Related to Understanding Cooperative

Situations

3.1.1 Situation Awareness

The best known and most cited model (Endsley, 2015) of SA proposed by Endsley

(1995b) describing SA as “ [. . . ] the perception of the elements in the environment within

a volume of time and space, the comprehension of their meaning and the projection of

their status in the near future” (Endsley, 1995b, p. 37). Endsley (1995b) divides the pro-

cess in three levels: In a first step, the perception level, different elements of the situation

are perceived. These elements are combined into comprehending the situation in the

second step - the comprehension level. The final level, the projection level, allows hu-

mans to project what will happen in the nearby future. Higher levels of SA can be reached

even if some information is missing, and this SA can be used to go back to collect more

information about the situation (Endsley, 2015).

In the driving context, the driver is scanning the environment for relevant information,

which is integrated into the driver’s knowledge base to form a mental representation of

the current situation. A potential conflict between the own goals and the perceived infor-

mation might be detected. The projection of the future includes assumptions about the

situation and the representation to project the occurrence of future events. Stereotypi-

cal situations or events that the driver has experienced frequently facilitate the projection

(Stahl et al., 2013).

Besides experience, the quality of SA is affected by different personal, task or sys-

tem factors, such as preconceptions of the situation or complexity of the task (Endsley,

1995a). Higher levels of SA can be reached even if some information is missing, and

this SA can be used to go back to collect more information about the situation (Endsley,

2015). In general, situation awareness is more substantial, thus increasing performance

if a prediction about the future is possible compared to when the situation is only per-

ceived (Endsley, 2015). Moreover, research regarding anticipation and the development

of SA reveals that different elements of the situation, so-called cues, influence the an-

ticipation of a situation (Mühl et al., 2020; Stahl et al., 2014). Consequently, situational

factors influence the development of SA and thus the outcome of a cooperative situation

since an understanding of a situation is needed to act accordingly.

After identifying a cooperative situation, an action has to be carried out. Approaches
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3 The Process of Cooperation: Foundation for Solving a Cooperative Situation

of game theory investigate cooperative situations under the perspective of cost-benefit

ratio (Vanderhaegen et al., 2006) and game theory (Elvik, 2014; Hidas, 2002; Kita, 1999;

Vanderhaegen et al., 2011; Zimmermann et al., 2015; Zimmermann et al., 2018).

3.1.2 Game Theory

Game theory is a normative theory about "decisions in situations where participants have

conflicting interests" (Rapoport, 1992, p. 73). Zimmermann et al. (2015, 2018) modeled

the lane-change as a so-called non-cooperative game. The driver in the slow lane sends

a merging request, which the driver in the fast lane answers either with acceptance or

rejection. Finally, the driver in the slow lane can choose to change lanes or stay in the

slow lane. Since the drivers will probably never meet again, it represents a one-shot

game. Participants learned that by accepting a lane change, the driver on the target lane

gains points, while a driver changing lanes has to invest points. This approach using

gamification leads to high cooperation rates in driving simulator studies but might face

different difficulties in real traffic.

Another example of a game theoretical-approach is given by Kita (1999). He used

the specific lane change of entering a major road from an acceleration lane to develop

a game-theoretic model of merging behavior. Again there are two players in this game:

Player 1 that wants to enter the road from the acceleration lane and Player 2 that has to

decide whether to give way to Player 1 or not to give way (Kita, 1999). The game also

considers the surrounding traffic that might affect the behavior of Player 1 and 2, such as

drivers on a faster lane or following Player 2.

Game theoretical approaches help understand dynamics in cooperative situations by

modeling them. However, these models cannot identify the impact of specific situational

information on decision-making and behavior in cooperative situations. Moreover, these

models can only be applied to a specific scenario and do not give insights into the gen-

eral decision process involved in cooperative situations. Nevertheless, results of game

theory models focusing on lane change scenarios are used for describing the scenario

investigated in this dissertation.

One solution to address the problem of limited transferability is to describe the behav-

ior in cooperative situations by using a natural decision-making (NDM) model (Hoc &

Amalberti, 2005; Imbsweiler, Stoll, et al., 2018). Unlike game theory approaches, it fo-

cuses on the decision-making process itself rather than the specific situation (Elvik, 2014;

Imbsweiler, Stoll, et al., 2018).
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3 The Process of Cooperation: Foundation for Solving a Cooperative Situation

3.1.3 Decision Making

The cooperation process can be based on the recognition-primed decision (RPD) model

by Klein (2008), which is an NDM model used for experienced agents under complex and

uncertain conditions facing personal consequences of their actions and having to react

fast. Since these preconditions are all true for drivers, the model can be used to describe

decisions made by drivers. The model follows the notion of satisfaction by Simon (1957),

which postulated the selection of the first workable option rather than trying to find the

best possible option. It was used before to investigate cognitive processes of different

types of work, such as in the field of fire brigades or the military (Klein, 2008).

Following the model, experienced drivers do not have to weigh several alternatives

but match the current situation with patterns they already know (Klein, 2009). The most

relevant clues are highlighted by the patterns, which also provide expectations, identify

plausible goals and suggest typical forms of reactions in the specific situation (Klein,

2008). If the situation contains similarities to an already known situation, the most typical

alternative is mentally simulating the outcomes in the context of the current situation. If

the mental simulation is successful, this action will be carried out. Otherwise, the action

will be modified mentally until the expected outcome can be reached (Klein 2008).

In Imbsweiler, Stoll, et al. (2018) the RPD model by Klein (1989, 1993, 2008) was com-

bined with a questionnaire survey inspired by Björklund and Åberg (2005), who investi-

gated yielding behavior in crossings. Björklund and Åberg (2005) surveyed the usage of

formal and informal traffic rules and showed that traffic decisions can be portrayed using

questionnaires. The results indicate that the RPD model is suitable for describing the

decision-making in cooperative situations, in particular (Imbsweiler, Stoll, et al., 2018).

An adapted version of the model by Klein (1989) is presented in Figure 3.2.

When an interference and consequentially a cooperative situation occurs, both part-

ners have to detect the interference and figure out if the situation is familiar. Therefore,

the process shown in Figure 3.2 is true for both partners and will be influenced by each

other. Moreover, since the situations are dynamic, it might have to be assessed multiple

times depending on the changing conditions due to the behavior of the interfering agents

or other involved agents (e.g., drivers in additional lanes or behind the agents).

In a scenario of a lane-change scenario, the Egocar who is asked for cooperation has

to assess the situation as familiar or not. Since lane change is a common driving situation

(Yan et al., 2015), drivers are expected to have experience with this situation and to be

able to recognize the situation.
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3 The Process of Cooperation: Foundation for Solving a Cooperative Situation

Figure 3.2.

Process of Cooperation in a Dynamic Cooperative Situations Based on the RPD Model

First Presented in Klein (1989, p. 50); Grey Shading Represents Changes from the

Original.
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3 The Process of Cooperation: Foundation for Solving a Cooperative Situation

The mental simulation is influenced by expectancies, different situational factors, the

goals and the possible actions that could be carried out (Klein, 1989). Depending on

the mental simulation, which simulates if a certain action solves the interference or not

this specific action is chosen and carried out. During the process, it might be detected

that a certain situation only partly solves the interference, which implies that it has to be

adapted or reconsidered. It might be necessary decelerate even stronger than originally

simulated or adapt the behavior in another way. Meanwhile, the Lane changer asking for

cooperation has to indicate the intention to change lanes and wait till the implementation

has been carried out. This action has to be interpreted correctly and the partner asking

for cooperation has to react to that.

However, this is the optimal process. At every step of the process, errors might occur.

If the interference is not detected or they find themselves in an unfamiliar situation, the

process might be very different and the cooperative situation might not be solved suc-

cessfully. It could be that the Lane changer asking for cooperation does not wait and thus

forces the Egocar to step back even though this driver decided not to open a gap. An-

other option might be that even though a gap was opened, the Lane changer cooperation

does not merge into that gap.

In the current dissertation, the adapted model by Klein (1989) will be used to investi-

gate how situational factors influence the behavior in the cooperative situation of a lane

change.

The following chapter will address the current state of research and the aims of the

dissertation.
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4 State of Research and Aims of the

Presented Work

In this thesis, human behavior in the cooperative situation of a lane change scenario is

investigated using an adapted version of the decision model by Klein (1989) (see Figure

3.2). In the following section, situational factors that influence the behavior in cooperative

situations are discussed.

4.1 Situational Factors Involved in Solving Cooperative

Situations: State of Research

Most projects investigating cooperation in traffic focus on a specific subsection of cooper-

ative situations. To name some: Imbsweiler (2019) investigated communication in unreg-

ulated situations such as intersections and equal narrow passages, Kraft (2021) focused

on an interface improving left turns from a minor road to a main road (T-intersection) as

well as for merging on freeways, Kauffmann (2019) addressed lane changes under low

speed. Cooperation in lane change situations was addressed in different projects and

studies (Haar et al., 2018; Heesen et al., 2012; Kauffmann, Winkler, Naujoks, et al.,

2018; Kita, 1999; Lütteken et al., 2016; Zimmermann, 2018).

Kita (1999) introduced the relevance of different TTCs (time to collision) between the

involved agents in a lane change scenario as relevant situation factors influencing the

behavior of the involved agents. Investigating merging behavior at on-ramps, he identified

the following relevant distances measured in TTCs (see Figure 4.1): (1) the distance

between the vehicle merging on the highway (Lane changer) and the end of the ramp

divided by the driven speed, (2) the TTC of the Lane changer and a car driving on the

highway (A) (3) the TTC between the Lane changer and the vehicle behind A, vehicle B.

This distance is relevant because in case A is very close, but B is far behind, the merging
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4 State of Research and Aims of the Presented Work

driver might decide to let the A pass and enter between them. (4) The TTC between Lane

changer on the on-ramp and the leading car, vehicle C, ahead on the highway. If the TTC

is high, the merging vehicle might accelerate and enter in front of the A and (5) The TTC

to vehicle D driving on an additional faster lane. That affects the options the approaching

vehicle A has: if the TTC is large enough, the additional option is to merge to the faster

lane. Kita (1999) investigated this approach in a theoretical manner using game theory

and did not test it in an experimental setting.

Figure 4.1.

Relevant Time to Collisions (TTC)s Based on Kita (1999).

A CB

D

Heesen et al. (2012) investigated the effect of different situational factors like availability

of lanes, indicator usage and criticality of the situations on the behavior in a lane-change

situation in a driving simulator study using a multi-driver simulation environment, which

allows investigating both perspectives of a cooperative situation. The chosen scenario

was similar to the one used in this thesis: On a three-lane highway, a vehicle V1 followed

a V3 in the right lane and in the middle lane, another faster V2 approached. V1 and V2

were driven by humans (one of them being a confederate1), while V3 was controlled by

an automation. When V2 reached a TTC of 12 s to V1, V3 started braking, giving V1 a

reason to intend to change lanes to continue its journey at the instructed velocity. Heesen

et al. (2012) manipulated three factors: (1) if the indicator was used to communicate the

1That is a clued-up person, with instruction about how to behave dependent on the situation.
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4 State of Research and Aims of the Presented Work

intention, (2) if the third lane was free, (3) if the braking was weak or strong.

They found that the willingness to engage in cooperation was higher if the participants

had the possibility to merge to a third left lane2. Moreover, more lane changes were

carried out when V3 braked strong. The indicator usage had no significant effect on the

willingness to cooperate. However, this might be due to the setting of the scenario in

which the braking of V3 was visible before the indicator was turned on and, therefore,

was more valuable than the indicators.

Using the gamification approach by Zimmermann et al. (2014) and Lütteken et al.

(2016) could show that costs for action influence the willingness to behave cooperatively.

When participants were put under time pressure, they were less likely to open a gap in

front of them for another vehicle (Lane changer) to merge into.

Investigating the same lane change scenario but with the perspective of anticipation,

Stahl et al. (2014) expected personality traits to influence the behavior of the driver in the

fast lane: a defensive anticipatory driver would decelerate when another vehicle wants

to overtake a truck, while an aggressive anticipatory driver would accelerate to pass this

driver before a lane change can be carried out. In both cases, the driver anticipates that

another driver wants to merge lanes and reacts with "an anticipatory avoidance response

appropriate to the driver’s goal" (Stahl et al., 2014, p. 604). A driver not reacting at all

might be a nonreactive anticipatory driver but might also be a driver failing to anticipate

the intended action. Based on their results of a driving simulator study, they conclude

that the majority of drivers adapt their behavior only in unambiguous situations.

Kauffmann, Winkler, Naujoks, et al. (2018) analyzed what constitutes cooperative com-

munication in low-speed lane changes and how it could be objectified in the context of

mixed traffic. They argue that surrounding traffic has to understand the intentions of au-

tomated vehicles. Their results indicate that using the indicators early is considered more

cooperative and less critical compared to late signaling. Kauffmann, Winkler, Naujoks,

et al. (2018) explain these results with the fact that early signaling gives the driver in the

target lane more time to decide and to make a choice rather than being forced to open a

gap.

In summary, the results of these studies indicate that situational factors influence that

behavior in cooperative situations. However, even though different cooperation models

and frameworks in traffic exist and influential factors on cooperation are proposed, it is

2They labeled changing lanes and decelerating as cooperative behavior and accelerating and maintaining
speed as uncooperative behavior
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4 State of Research and Aims of the Presented Work

still unclear how situational factors influence the behavior in cooperative situations when

solved manually and how this influences changes when driven by an automation. More-

over, interactions between the different identified situational factors are not yet identified.

Additionally, regarding the future of HMI development, it would be helpful to know which

situational factors help human drivers to understand that their automated vehicle are in a

cooperative situation even when they were distracted before.

4.2 Research Aims

Therefore, the following questions will be addressed in the course of this dissertation:

How do human drivers behave in cooperative situations and which situational factors

influence this behavior?

Which information should be highlighted to support drivers to understand that they are

in a cooperative situation?

Which behavior by an automated vehicle do human drivers accept and which situational

factors influence this acceptance?

All studies conducted in the course of this dissertation focused on lane changes. Based

on the definition of Hidas (2005), only cooperative lane changes were investigated since

these are the lane changes that need interaction (compared to a free lance change) and

still leave room for a decision (in contrast to a forced lane change).

The scenario was kept similar in all publications (except the third publication): The par-

ticipants were taking the perspective of the vehicle on the faster, left lane on the highway,

which is called Egocar. On the slower right lane, a vehicle (called Lane changer) is driv-

ing behind a slower commercial vehicle (called Truck) (see Figure 4.2). This scenario

describes a discretionary lane change (Balal et al., 2014). Additional road users were

added during the course of the studies.

In contrast, the third publication investigates a mandatory lane change (Balal et al.,

2014) in the form of an on-ramp scenario. The Egocar drives on the highway when

approaching an on-ramp from which another vehicle (Lane changer) wants to merge onto

the highway (see Figure 4.3). In chapter 6.1 will be discussed to what extent the type

of lane change influences the behavior of the Egocar. Based on the model, the higher

necessity of a lane change due to the end of the on-ramp should influence the behavior

of the Egocar.
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Figure 4.2.

Scenario Investigated in the Course of this Dissertation (with the Exception of Study 3):

Lane Change on a Highway.

Egocar

Lane 

changer
Truck

Figure 4.3.

Scenario Investigated in the Study 3: An On-Ramp at a Highway.

Egocar

Lane 

changer

An overview regarding the most important aspects of the conducted studies is given in

in Table 4.1. These studies will be presented in more detail in the next two chapters.
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Table 4.1:
Overview Over the Conducted Studies in the Course of This Dissertation Regarding

Variables, Design, Scenario and Setting.

Study
(Main) Depend-
ent Variable Independent Variable Scenario Setting

Study 1 Preference

- Scope of action
(3; TTC / HW)

- Criticality for Lane
Changer (3; TTC / HW)

Lane change
(two lanes)

Video-based

Study 2 Preference

- Scope of action (2; TTC)
- Criticality for Lane
changer (2; TTC)

- Indicator usage (4)
- Room for maneuver (2)

Lane change
(two vs.
three lanes)

Video-based

Study 3 Preference

- Criticality for Lane
changer (2)

- Indicator usage (4)
- Room for maneuver (2)
- Sign alternating traffic (2)

On-ramp
(two vs.
three lanes)

Video-based

Study 4
Action
selection

- Scope of action (3)
- Criticality for Lane
changer (3)

- Indicator usage (2)

Lane change
(two lanes)

Simulator

Study 5 Acceptance

- Scope of action (2)
- Criticality for
Lane changer (2)

- Indicator usage (2)
- Carried out maneuver (3)

Lane change
(two lanes)

Simulator

Study 6 Preference

- SA-Info (4)
- Secondary task (2)
- Criticality for the
Lane changer (2)

- Position regarding
obstacle (2)

Lane change
(two lanes)

Simulator
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5.1 Study I: When Cooperation Is Needed: The Effect of

Spatial and Time Distance and Criticality on

Willingness to Cooperate

Stoll, T., Müller, F., & Baumann, M. (2020). When cooperation is needed: The effect of spatial and time

distance and criticality on willingness to cooperate. Cognition, Technology & Work, 21(1), 21-31.

https://doi.org/10.1007/s10111-018-0523-x

Objective. For the introduction of cooperatively-interacting vehicles that can use their

full potential regarding safety increase, it is necessary to design them in a fashion that

drivers understand their actions and that they act in accordance with the drivers’ goals

(Benenson & Girald, 2015; Marangunić & Granić, 2015). Therefore, drivers’ goals need

to be identified, especially in situations in which they interact with other road users. Co-

operative situations represent such situations, and little is known about drivers’ goals and

intentions in cooperative situations. One approach to gain insight into drivers’ goals in

cooperative situations is to investigate how humans behave and which factors influence

their behavior when facing cooperative situations. In accordance with previous research

(Heesen et al., 2012; Zimmermann, 2018), situational influencing factors in lane-change

situations were investigated in the current study.

Method. In a video-based study, the preferred behavior of the driver in the faster

lane on a highway was investigated based on manipulating the scope of action (here

called distance in time and space) and the situation’s criticality for the other driver (Lane

Changer) in the slower vehicle. The participants took the perspective of a driver in the

faster left lane (Egocar) while the Lane changer driving in the right lane approached

a slower truck. An experimental setting using videos allowed strict control over these
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influential factors at a fixed decision point, on which certain levels of situation’s criticality

for the Lane changer and scope of action were reached.

Each of the 43 participants assessed 81 lane-change scenarios regarding the preferred

behavior (decelerate, accelerate or maintain speed) and the situation’s criticality (on a

five-point Likert scale) when the video stopped. The scope of action was operationalized

in two ways: first by time-to-collision (TTC) and second by headway distance (HW) be-

tween the Egocar and the Lane changer (TTCEgo) and (HWEgo). The situation’s criticality

for the Lane changer was operationalized by TTC between the Lane changer and the

Truck (TTCChanger) and the distance between the Lane changer and Truck (HWChanger).

Both TTCs were manipulated on three levels, ranging from a critical TTC (2 s) to ambiva-

lent (4 s) and an uncritical TTC (6 s). The HWs between these vehicles were manipulated

6 m, 13 m, or 20 m. One aim of the exploratory study was to identify the best operational-

izations for the scope of action and situation’s criticality for the Lane changer. The study

design was a 3x3x3x3 within-subjects design with a randomized presentation of each

scenario.

The Truck’s speed was kept constant at 80 km/h since it is the maximum allowed speed

level for trucks on German highways. The speed of the Lane changer varied between 84

km/h and 116 km/h. For the Egocar, the speed was between 87 km/h and 152 km/h.

These ranges result from the combination of TTC and HW manipulation. All vehicles

kept their speed constant during the video. The videos’ duration was 11 s on average,

ranging from 7 to 15 s.

Results. 3483 responses were collected. The preferred behavior was almost equally

distributed between the options accelerate, decelerate, and maintain speed. We were

using a generalized linear mixed model (GLMM) to analyze the effect of TTCEgo, HWEgo,

TTCChanger and HWChanger. The model showed that the TTCEgo was a significant predictor

for the preferred behavior: By increasing TTCEgo (higher scope of action), the frequency

of decelerating increased, and the frequency of maintaining speed decreased. The effect

for TTCChanger was contrary: If the TTCChanger increased (a less critical situation for the

Changer), the frequency for decelerating decreased, and the frequency for accelerating

and maintaining speed increased. HWEgo was a significant factor for accelerating but not

for decelerating, while the HWChanger was only a significant factor for decelerating but not

for accelerating. The mean criticality rating was highest when the participants decided to

decelerate and lowest when they decided to maintain speed.

Discussion. This study indicates that the investigated situational factors criticality for

the Lane changer and the scope of action are relevant for the participants to adapt their
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decision in accordance with the interference in this lane change situation.

Furthermore, the results of the study showed that of the two ways of manipulation, the

TTC was the more useful manipulation for the scope of action and criticality for the Lane

changer compared to HW, even though it might be more difficult to estimate (Kiefer et al.,

2006). This result of TTC is in line with previous research (van der Horst, 1990; van

Winsum & Heino, 1996; Vogel, 2003). Therefore, the focus of the following studies was

on TTC rather than time headway.
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5.2 Study II: Social Interactions in Traffic: The Effect of

External Factors

Stoll, T., Strelau, N. R., & Baumann, M. (2018). Social interactions in traffic: The effect of external factors.

Proceedings of the Human Factors and Ergonomics Society Annual Meeting 62, 97-101. Sage CA:

Los Angeles, CA: Sage Publications. https://doi.org/10.1177/1541931218621022

Objective. Based on the findings of Study 1 (Stoll, Müller, et al., 2019), another video-

based study was carried out. In the first study, the options regarding the preferred be-

havior for the participants were limited to a longitudinal adaptation of vehicle speed due

to the two-lane paradigm. In Study 2, the possibility for lateral adaptation by changing to

a third lane as an additional option was investigated. Changing lanes is considered less

costly compared to decelerating (Heesen et al., 2012). Based on the results of Heesen

et al. (2012), we expected participants to change lanes if possible since they would prefer

the less costly alternative (Lütteken et al., 2016).

Moreover, the Lane changer in Study 1 used the indicator in all situations. Since we

expected the communication of intention to have an effect on the preferred behavior, we

manipulated the communication of intention in the form of indicator usage in the current

study.

Method. The scenario was in accordance with the one of Study 1, the 51 participants

assessed different lane change scenarios. Four factors were manipulated: The scope of

action (TTCEgo; 2 s vs. 6 s), the criticality for the Lane changer (TTCChanger; 2 s vs. 6

s), the availability of a lane change to the left (2 vs. 3 lanes; no vs. yes), and the way

the intention to change lanes was indicated. Every combination was presented twice by

manipulating the landscape surrounding the highway as a repeated measurement. The

indicator usage was manipulated on four levels: (1) no indicator usage, (2) braking lights

turn on, (3) indicators usage, and (4) indicator and an additional arrow over the vehicle

as an augmented-reality (AR) display. With this new way of indication, we investigated

if an indicator is salient enough or if a more salient stimulus is needed. Moreover, by

flashing brake lights, we investigated how another form of communication influences the

participants’ behavior since braking lights might be interpreted such that the vehicle is

slowing down in order to stay behind the truck.

The highway was a three-lane highway, but in half of the scenarios, the left lane was
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blocked by a construction site, creating a two-lane scenario. If the left lane was free,

participants had the additional option to select to change lanes beside the options from

Study 1 (accelerate, decelerate and maintain speed).

Results. The results showed a clear behavioral preference for a lane change to the

left to solve the cooperative situation when a third lane was available which was in line

with our expectation. In the two-lane condition, without the possibility to change lanes,

participants preferred maintaining speed over decelerating and accelerating.

Furthermore, the factors scope of action, the situation’s criticality, and the indicator us-

age affected the preferred behavior. In the three-lane condition, a lower scope of action

only increased the preference to change lanes compared to maintaining speed but not for

accelerating or decelerating. In the two-lane condition, indicating the intention to change

lanes increased the preference for lane-changing to the left, decelerating, and even accel-

erating compared to maintaining speed. An additional arrow had only a small additional

effect compared to a regular indicator due to a ceiling effect. When the braking lights

were turned on or when no signal was presented, the preference was to maintain the

current speed. In these cases, no need for cooperation was detected by the participants.

Discussion. The main difference to Study 1, the introduction of an additional option

on how to solve the cooperative situation and the indication of the intention to change

lanes were both highly influential on the preferred behavior. A lateral adaptation seems

to be associated with less cost compared to a longitudinal adaptation which is in line with

former research (Heesen et al., 2012; Lütteken et al., 2016).

The results regarding the communication of the Lane changer’s intention suggest that

indicator lights seem to be salient enough, and missing adaptation in behavior can not

be explained by salience. Moreover, it seems that braking lights are interpreted as the

intention to stay in the line comparable to not communicating at all, since in these cases,

maintaining speed was the preferred behavior.
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5.3 Study III: After You: Merging at Highway On-Ramps

Stoll, T., Weihrauch, L., & Baumann, M. (2020). After you: Merging at Highway On-Ramps. Pro-

ceedings of the Human Factors and Ergonomics Society Annual Meeting, 64, 1105–1109.

https://doi.org/10.1177/1071181320641266

Objective. The aim of Study 3 was to investigate a different kind of lane change by

focusing on an on-ramp behavior, which is categorized as a mandatory lane change

(Balal et al., 2014). On-ramps are considered as challenging situations that are a primary

cause of traffic jams (Baselt et al., 2014; Marczak et al., 2013). We aimed to investigate if

the factors indication of the intention to change lanes, the situation’s criticality for the Lane

changer as well as the scope of action are influencing the preferred behavior as they did

in the studies 1 and 2 (Stoll, Müller, et al., 2019; Stoll et al., 2018) in a discretionary lane

change on highways. The necessity for the Lane changer to change lanes due to the end

of the on-ramp might affect the preferred behavior.

Based on the results of these earlier studies, we expected more adaptation of the be-

havior (any behavior which is not to maintain the current speed) (1) if the situation’s crit-

icality for the Lane changer is high, (2) if the intention to change lanes is communicated

explicitly, and (3) if the third lane was available. Additionally, a traffic sign explaining

merging traffic was shown. We expected more adaptation in behavior if this sign was

presented at the beginning of the scenario since it should help drivers identify the inter-

ference. Moreover, we expected a two-lane scenario to be perceived as more critical than

a three-lane scenario.

Method. We presented videos to the same 51 participants as in Stoll et al. (2018),

since it was part of the same study. Again, the perspective was the one of a vehicle driving

on the highway while, this time in front of them, another vehicle wanted to merge onto the

highway coming from an on-ramp. As in Study 2 (Stoll et al., 2018), we manipulated the

way the merging vehicle indicated its intention to merge onto the highway on the same

four levels ((1) no indicator usage, (2) braking lights turn on, (3) indicators usage, and (4)

indicator and an additional arrow over the vehicle as an augmented-reality (AR) display).

We manipulated the situation’s criticality for the merging vehicle by manipulating the TTC

towards the end of the on-ramp (2 s vs. 6 s). Additionally, we manipulated the availability

of unoccupied lanes. In half the scenarios, the left lane was free, while in the other half

of the scenarios, this lane was blocked by a construction site. Like in Stoll et al. (2018),
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this leads to the additional option “change lanes” in half of the scenarios. By presenting

every factor combination twice, each participant experienced 64 scenarios.

Results. When having the possibility to change lanes to the left, this was the preferred

behavior. Otherwise, the preference was to decelerate. The situation’s criticality for the

Lane changer was considered in the two-lane condition both for maintaining speed vs.

decelerating as well as accelerating vs. decelerating1, increasing the preference for de-

celerating if the criticality for the Lane changer was raised. In the three-lane condition,

only the odds of accelerating compared to changing lanes increased if the criticality for

the Lane changer decreased. The indicator usage or the indicator usage with an ad-

ditional AR arrow decreased the odds of maintaining speed or accelerate compared to

decelerating in the two-lane condition, which was not found in the three-lane condition.

When braking lights of the other vehicle were turned on, the odds of accelerating com-

pared to decelerating increased significantly in the two-lane condition and also in the

three-lane condition in comparison to lane change2.

The traffic sign explaining merging traffic only had an effect in the two-lane condition

for maintaining speed compared to decelerating, in the form that the odds for maintaining

speed were lower when the sign was presented. In all other cases, it was not significant.

The participants assessed the two-lane scenario as more critical than the three-lane

condition, which was in line with the hypothesis.

Discussion. Comparable to Study 2, participants preferred the less costly alternative

of changing lanes if possible. This human behavior corresponds with the maneuver au-

tomated vehicles most likely will carry out in a similar situation (Burger et al., 2017). The

results indicate that participants considered the mandatory character of the lane change

due to the end of the on-ramp in their preferred behavior (see Chapter 6.1 for further

analysis): Their preferred behavior in the two-lane condition was to decelerate over the

other options, while participants in Study 1 and 2 preferred to maintain speed. The effect

of a traffic sign explaining merging traffic was small. However, a carry-over effect might

have influenced the results since participants might have remembered traffic even in the

scenarios in which the sign was not presented at the beginning of the video. Therefore,

this sign or other signs that facilitate the recognition of an incoming interference should

be investigated using a between-subjects design. The results of this study compared

1However, no significant difference occurs between accelerating and maintaining speed, as the additional
analyses in chapter A.1 show.

2The additional comparison with maintaining speed showed that the odds of accelerating compared to
maintaining speed increased both in the two-lane as well as the three-lane condition if the braking lights
were turned on (see chapter A.1).
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to the results of study 2 were further analyzed in chapter 6.1, in which the type of lane

change is further investigated.
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5.4 Study IV: Situational Influencing Factors on

Understanding Cooperative Actions in Automated

Driving

Stoll, T., Lanzer, M., & Baumann, M. (2020). Situational influencing factors on understanding cooperative

actions in automated driving. Transportation Research Part F: Traffic Psychology and Behaviour,

70, 223-234.

https://doi.org/10.1016/j.trf.2020.03.006

Objective. In the first three studies, the focus was on the preferred behavior at a par-

ticular moment rather than the behavior the participants would show when experiencing

this situation as a driver supported by an automation. However, the behavior they would

carry out might differ from the first preference. Therefore, the next step was to investi-

gate the effect of the influencing factors when the situation was experienced in the driving

simulator.

To achieve comparability to the previous studies, the same levels of TTCChanger and

TTCEgo were set to investigate the scope of action and the criticality for the Lane changer.

In order to do so, automated driving was introduced, since individual differences in speed,

acceleration, and deceleration under manual driving would have affected comparability

between participants as well as to the earlier results. Based on the results of the video

studies, we expected an adaptation in behavior (deceleration or acceleration) if (1) the

scope of action was high compared to when it was low (2) if the criticality for the Lane

changer was high compared to when it was low and (3) if the Lane changer used the

indicator to communicate the intention to change lanes compared to no communication

of intentions.

Method. In a driving simulator study, 32 participants experienced 36 lane-change

scenarios on a two-lane highway. Three factors were manipulated: The scope of action

(TTCEgo; 2 s vs. 6 s), the criticality for the Lane changer (TTCChanger; 2 s, 4 s and 6 s),

and indicators usage (yes vs. no). Every scenario was presented twice. The landscape

around the highway was altered in the scenario so that the participants did not notice the

repetition.

Participants were instructed that their automated vehicle would ask for their preference

in specific situations and would carry out the selected maneuver automatically. This pref-
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erence had to be provided at a specific point in time, indicated by an acoustic signal. The

specific point varied based on the manipulated factors. Participants had 2 s to answer,

and if they did not decide, the car would continue with the current speed, and the Lane

changer would stay behind the Truck. No change in behavior was shown by the Lane

changer if participants selected maintaining speed or accelerating. When decelerating

was selected, the Lane changer would change the lane to the left and overtake the Truck

and return back to the right lane after the maneuver.

Results. Maintaining speed was the maneuver that was selected the most, followed by

decelerating and accelerating. As expected, the indicator usage had a significant effect

on the selected behavior. If the Lane changer used the indicator to indicate the intention

to change lanes, the preferred behavior was to decelerate. In line with the hypothesis,

the adaptation in selected behavior was significantly influenced by the criticality for the

Lane changer. When the TTC was low, more decelerating and accelerating were selected

more often compared to a high TTC. Additionally, an interaction between criticality for the

Lane changer and indicator usage occurred: More adaptation of the behavior was shown

both for decelerating and accelerating when the scope of action increased.

Discussion. The results were in line with the hypotheses. The additional effect that

the indicator was stronger in situations with a low criticality for the Lane changer might

indicate that participants need this additional information that the Lane changer has the

intention to merge into the faster lane when the situation is uncritical, while in situations

with a high criticality for the Changer, the short distance to the Truck in front might need

less additional explanation through the indicator. Therefore, additional possibilities to

communicate one’s intentions were focused in Study 6. Moreover, it is relevant to know

how the actively chosen behavior differs from the acceptance of a behavior carried out

by an automation since future technology might work like that, which was addressed in

study 5.
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5.5 Study V: Do Drivers Accept Cooperative Behavior of

Their Automated Vehicle on Highways?

Stoll, T., Mühl, K., & Baumann, M. (2021). Do drivers accept cooperative behavior of their automated vehi-

cle on highways? Transportation Research Part F: Traffic Psychology and Behaviour, 77, 236–245.

https://doi.org/10.1016/j.trf.2020.12.002

Objective. While in the previous studies, participants were actively making the decision

on which maneuver should be carried out, in this study, the automated vehicle took the

decision and carried it out. We investigated the acceptance of the performed maneuver

by an automated vehicle in the same lane change scenario as used in Study 3. Research

related to driving style and comfort indicates that participants would accept behavior

carried out by an automation that differs from their manually performed driving behavior

(Basu et al., 2017; Yusof et al., 2016). Therefore, it is necessary to know if a comparable

pattern can be found in cooperative situations and how situational factors that influence

the preference of certain behavior influences the acceptance when an automated vehicle

is in control. It was investigated if drivers prefer the automation to adapt its behavior over

not adapting the behavior when another vehicle wants to change lanes. Additional to the

studies before, the influence of being cognitively distracted by a secondary task on this

preference was investigated.

In line with the findings from Study 2 and 4, higher acceptance for the automated be-

havior was expected (1) when the behavior was an adaptation (decelerating or accelerat-

ing) and the Lane changer uses its indicator, (2) when the scope of action was small and

(3) when the participants were cognitively distracted. That third hypothesis was based

on the assumption that distracted participants would have less situation awareness and

agree with any decision made by the automation. Additionally, it was expected that higher

criticality for the Lane changer increases the acceptance of a behavioral adaptation. This

assumption is based on the findings of the earlier studies.

Method. In a driving simulator study, 20 participants experienced 48 lane changes in

an automated vehicle. The vehicle was either accelerating, maintaining speed, or decel-

erating when it approached the Lane changer driving behind the Truck. The scenarios

were the same as in Study 3 (Stoll, Lanzer, et al., 2020), with the same manipulations

of indicator usage, the scope of action, and criticality for the Lane changer. After each

scenario, participants had to decide if they accepted (yes vs. no) the automated vehicle’s
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behavior. In half the scenarios, participants were distracted by an auditory one-back task.

Results. Overall, with 74 percent, the acceptance rate was generally high. The highest

acceptance was shown for decelerating, resulting to be a significant factor. Acceptance

for maintaining speed or accelerating decreased when the Lane changer was using the

indicator compared to decelerating. We expected a higher acceptance both for deceler-

ating and accelerating compared to maintaining speed, when the indicator was turned

on. However, the effect was only significant for decelerating compared to maintaining

speed. Therefore, this hypothesis had to be rejected. In line with the hypothesis, a small

scope of action resulted in a significantly higher acceptance compared to a large scope

of action. Also, the indicator usage significantly affected the acceptance. Being involved

with a secondary task had no significant effect on the acceptance, which contradicts the

hypothesis.

Discussion. With the highest acceptance rate for decelerating, participants showed a

clear preference for adapting the behavior when another vehicle wants to change lanes.

In this study, drivers preferred a more defensive driving style than participants selected

in the studies before. Moreover, they accepted maneuvers performed by the automation

that differed from what participants in the earlier studies would have preferred when asked

before the maneuver.

Communicating the intention by using the indicator influenced the acceptance rate. The

general high acceptance dropped, if the automation accelerated or maintained the speed.

That explains the main effect of indicator usage as well as the interaction. The missing

effect of the secondary task might be due to the task being only slightly distracting. A

task that would probably be more distracting is a visually demanding task. However, a

cognitively distracting task was used specifically to impact the processing of information

instead of the perception. Therefore, another cognitively distracting task that is more

demanding than the one used in this study should be selected in further studies in order

to investigate the impact of being cognitively distracted on the acceptance of automated

driving.
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Experiments

6.1 Additional Analysis: Influence of the Type of Lane

Change

As mentioned in Chapter 2.2, lane changes are categorized as mandatory or discre-

tionary (Balal et al., 2014; Z. Zheng, 2014). The distinction between mandatory and

discretionary can be translated into different levels of the necessity of adaptation, with a

higher level of necessity if the lane change is mandatory. Based on the assumption in the

framework, the willingness to adapt the behavior should be higher when the necessity

is high (mandatory) compared to when the necessity is low (discretionary lane change).

In the studies investigating the differences between mandatory and discretionary lane

change, the driver intending to change lanes is the focus (Balal et al., 2014; Matthew

Vechione et al., 2018; Z. Zheng, 2014) which is the opposite perspective of the one

investigated in the course of this dissertation. In the studies presented here, both discre-

tionary and mandatory lane changes were presented. In the discretionary lane change

scenarios, the Changer driving behind the truck would have to decrease the speed, con-

tinue its journey behind the truck and wait for another gap if the Egocar does not adapt

the behavior. In comparison, the Lane changer in the mandatory lane change scenario

would reach the end of the lane and would need to slow down or stop if the Egocar does

not act accordingly. Slowing down or stopping at the end of an on-ramp is a behavior that

most drivers want to avoid since it complicates the merging itself and has negative effects

on traffic flow. Moreover, there is a certain risk of being involved in a rear-end collision

with another vehicle entering the on-ramp at high speed.

Given that Study 2 and Study 3 were carried out together, it was possible to investigate

if more behavioral adaptation is shown when the Lane changer intends to carry out a

mandatory lane change compared to a situation in which the Lane changer intends to
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carry out a discretionary lane change.

6.1.1 Method

The procedure was the one described in chapter 5.2 and chapter 5.3. The 128 videos

were presented to the 51 participants in random order using a within-design. Half of

the videos showed mandatory lane changes with a Lane changer on an ending on-ramp

and the other half showed a discretionary lane change with a Lane changer wanting to

overtake a truck.

6.1.2 Results

As Figure 6.1 shows, the preferred action in the discretionary lane change condition

6.1(a) with two lanes was to maintain the speed, while in the mandatory lane change

condition, the preferred option was to decelerate. The proportion of accelerating was

marginally lower in the mandatory condition compared to the discretionary lane-change

condition. In the three-lane condition, the preferred choice was to change lanes both

in the discretionary lane change and in the mandatory scenario 6.1(b). However, in

the mandatory scenario, the other behavior options were rarely selected, while in the

discretionary lane change scenario, maintaining speed was selected in 35 % of the cases.

The results of the GLMM in Table 6.1 support this hypothesis that more behavioral

adaptation is shown when the Lane changer intends to carry out a mandatory lane

change compared to a situation in which the agent intends to carry out a discretionary

lane change for the two-lane condition. The difference between discretionary lane change

and mandatory lane change was significant both for accelerate vs. maintain speed, and

decelerate vs. maintain speed. Table 6.2 shows the results of the GLMM, supporting

the hypothesis for the three-lane condition. The differences between discretionary and

mandatory lane change were significant for accelerate versus maintain speed, decelerate

vs. maintain speed and change lanes versus maintain speed.

6.1.3 Discussion

The presented results support the hypothesis that the type of lane change affects the

preferred behavior: If a mandatory lane change was intended, the willingness to adapt
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Figure 6.1.

Influence of Lane Change type on the Preferred Behavior.
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Table 6.1:
Coefficients for the GLMM with the Type of Lane Change as a Predictor and Preferred

Behavior as the Criterion Variable for the Two-Lane Condition.

Fixed effect b SE t p exp(b)

Accelerate vs. maintain speed
Intercept -0.928 .236 -3.924 <.001 *** 0.396
Discretionary lane change 1.130 .115 9.827 <.001 *** 3.094
Decelerate vs. maintain speed
Intercept -0.685 .170 -4.034 <.001 *** 0.504
Discretionary lane change 2.308 .102 22.703 <.001 *** 10.059

Random Effects σ2 SE z p

Accelerate vs. maintain speed intercept 2.578 .598 4.313 <.001 ***
Decelerate vs. maintain speed intercept 1.264 .287 4.409 <.001 ***

Table 6.2:
Coefficients for the GLMM with the Type of Lane Change as a Predictor and Preferred

Behavior as the Criterion Variable for the Three-Lane Condition.

Fixed effect b SE t p exp(b)

Accelerate vs. maintain speed
Intercept -1.140 .211 -5.400 <.001 *** 0.320
Discretionary lane change 1.218 .092 13.241 <.001 *** 3.380
Decelerate vs. maintain speed
Intercept -1.085 .148 -7.326 <.001 *** 0.338
Discretionary lane change 2.388 .084 28.318 <.001 *** 10.895
Change lanes vs. maintain speed
Intercept -0.505 .157 -3.210 <.001 *** 0.603
Discretionary lane change 1.924 .078 24.686 <.001 *** 6.846

Random Effects σ2 SE z p

Accelerate vs. maintain speed intercept 2.106 .474 4.445 <.001 ***
Decelerate vs. maintain speed intercept 0.972 .215 4.522 <.001 ***
Change lanes vs. maintain speed intercept 1.168 .261 4.469 <.001 ***

the behavior increased in this study. This is in line with the research by Balal et al. (2014).

However, as mentioned before, the behavior carried out in actual traffic might differ from

the first intention participants show in this study.

Besides the intention to facilitate a necessary lane change, the results might be influ-

enced by the experience participants made in this situation. Z. Zheng (2014) assumes

that the decision-making for the agent changing lanes is different in a mandatory lane
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change compared to a discretionary change. Their research indicates that drivers car-

rying out a mandatory lane change are willing to take higher risks than drivers in a dis-

cretionary lane change situation. Further studies investigating these lane changes will

be needed, also focusing on the agent intending to change lanes regarding the decision-

making when and how to change lanes.

Complementary to the here presented articles, one additional unpublished study is pre-

sented in the following. Based on the presented studies so far, it was further investigated

how presenting information that is relevant regarding the situation supports a human

driver of an automated vehicle to gain a better understanding of the cooperative situation

that the lane change represents. Especially distracted drivers might benefit from having

relevant information highlighted.

6.2 Study 6: Take a Look here: Investigating the

Influence of Highlighting Situational Factors in

Cooperative Traffic Situations

6.2.1 Theoretical Background

For the development of cooperatively-interacting vehicles, it is relevant that the human

drivers understand the decisions and actions of automated vehicles in a cooperative sit-

uation (see chapter 1). As mentioned in Chapter 3, SA is relevant for identifying the sit-

uation as a cooperative one. However, when an automation takes over the driving tasks,

drivers might lack an appropriate SA because they are no longer in the loop. Therefore,

they might not understand why certain decisions are made by the automation (Carsten &

Martens, 2019; Löcken et al., 2016). In the current study, it was investigated how high-

lighting factors supporting the development of SA influence the preferred behavior of the

driver in the Egocar when the automation is carrying the driving task.

Situation Awareness

SA defined by Endsley (1995b) contains three levels: On the first level of SA - the

perception- the status, attributes, and dynamics of all relevant elements in the environ-

ment have to be perceived. In the second level - the Comprehension - the still disjointed
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perceived information is put together into a holistic picture of the environment. On the

third level - the Projection - a projection of the elements in the environment develops

(Endsley, 1995b) and future actions of the elements in the environment get predictable.

Applied to the lane-change situation, firstly, the Egocar in the target lane has to per-

ceive the elements of the vehicle in the other lane (Lane changer), identify that the speed

of the Lane changer is higher than the vehicle driving ahead and that if the vehicle is flash-

ing the indicators. By combining this information, the driver of the Egocar projects that the

Lane changer wants to change the lanes. Depending on other cues in the environment,

e.g., other vehicles behind or in front of the driver, the driver of the Egocar might conclude

that the Lane changer plans to change lanes in front or behind the Egocar. Therefore,

the driver of the Egocar might adjust the own speed or trajectory to the Lane changer’s

intention. However, it might be that driver of the Egocar fails to build an accurate SA,

e.g., due to a distraction (Baumann et al., 2008). As a result, the cooperative situation

will not be detected. If the Lane changer changes lanes even without the adaptation of

the Egocar a critical situation or even an accident could occur. In the future, vehicles

might exchange information and will be able to carry out these kinds of lane changes

without the involvement of the driver. Nevertheless, it is relevant that the involved drivers

understand and accept the behavior of the automated vehicles (see chapter 1).

Therefore, it is expected that presenting information supporting the SA development

to have a positive effect on preferring a cooperative behavior. However, it has to be

investigated which specific information addresses the different SA level and if addressing

higher levels lead to a higher preference to adapt the behavior. Based on the theory by

Endsley (2015), addressing projection (level 3 of SA) should lead to a better or faster

understanding of the situation compared to addressing perception or comprehension.

As a result, participants should detect best that the Lane changer wants to merge and

prefer an adaption of their behavior more often compared to when no SA information of

information addressing perception or comprehension.

Cognitive-loading tasks are associated with a reduced SA performance (Olsson &

Burns, 2000). In this study, a cognitive secondary task (an auditive 1-back task) was

introduced to distract participants in half the cases to investigate if distracted drivers ben-

efit from highlighting relevant aspects of a situation.
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Highlighted Information

Results by Guo et al. (2017), Kelsch et al. (2015), Kraft (2021), Maag et al. (2012), and

Zimmermann et al. (2014) show that usage of Augmented Reality (AR) displays in co-

operative situations might be a suitable way to communicate information to the driver.

Therefore, in this study, an AR Display is used to highlight the following situational fac-

tors addressing the SA levels: (1) The potential Lane changer, supporting the perception

(level 1) since it is relevant to identify which vehicle is a potential lane changer. Tradi-

tionally this is a function of the indicator usage. The indicator usage was an influential

situational factor in Stoll, Lanzer, et al. (2020) and Stoll et al. (2018) (2) the decreasing

distance between the Lane changer and the vehicle ahead, supporting comprehension

(level 2) since it highlights the reason for the intention to change lanes. In Stoll, Lanzer,

et al. (2020) and Stoll, Müller, et al. (2019), a higher criticality for the Lane changer opera-

tionalized either through TTC or the distance in meters, both increasing the preference to

adapt the behavior. And (3) the projection of the planned trajectory of the Lane changer,

which supports the projection of the near future (level 3). That might be a less ambiguous

way of communicating the intention to change lanes compared to the traditional usage

of indicator since it shows that the Lane changer wants to merge in front of the Egocar.

Despite a possible ambiguity, the indicator usage increased the preference to decelerate

the Egocar (Stoll, Lanzer, et al., 2020; Stoll et al., 2018).

Hypotheses

The following hypotheses were tested:

(I a) Highlighting situational factors that support the development of the SA will lead to

a higher preference for behavior adaptation (deceleration and acceleration) com-

pared to the scenarios without any additional information.

(I b) When presenting the planned trajectory of a changing vehicle, which refers to pro-

jection (level 3 of SA) drivers prefer deceleration more often than when presenting

no additional information.

(IIa) The preferred behavior is influenced by the cognitive secondary task.

(IIb) Distracted with a secondary task, participants more often prefer an adaptation of

behavior if situational factors addressing SA are presented compared to scenarios

without additional information.
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Figure 6.2.

Different Presented Information (a) No Additional Information, (b) Information Addressing

Identifying Perception, (c) information Addressing Comprehension, (d) Information Ad-

dressing Projection.

(a) Note: The current speed was presented

in all four conditions but was not presented

here for better visualization. (b)

(c) (d)

6.2.2 Method

Participants

In the conducted experiment, 29 participants (10 female) took part in the study (M = 26.07

years, SD = 3.25 years). All participants had held a valid driving license for at least one

year (M = 6.48 years, SD = 3.16 years). During the last year, on average, participants
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drove 5273.93 km (SD = 6811.19 km). They were incentivized by money or course credits

for their participation in the study.

Driving Scenario

The investigated scenario was again a two-lane highway, shown in Figure 6.3. Like in the

studies before (Stoll, Lanzer, et al., 2020; Stoll, Mühl, et al., 2020), participants took the

perspective of the Egocar in the left lane. In contrast to those studies, there were two

vehicles following the Truck. Between the scenarios, we varied which vehicle (Car A or

Car B) has the intention to change lanes, which is represented by the factor Lane changer.

This was done to better test the HMI since one of the elements intends to improve the

detection of a potential lane-changing vehicle. The Lane changer (either Car A or Car

B) drove with 100 km/h, while the Lane changer drove with 90 km/h. The TTC between

the Egocar and the changing vehicle was six seconds (TTCEgo), which is considered an

uncritical TTC for a lane change (Lee et al., 2004). Criticality measured in TTC between

the changing vehicle and the vehicle in front (TTCChanger) was either two or four seconds

at the decision point. A TTC of two seconds was considered a critical distance in Study

1, resulting in a preference for decelerating, while four seconds are rated as ambiguous,

without a clear preference. The colors for the vehicles were either blue or red, which were

randomized. Again, videos stopped before the actual lane change happened.

Secondary Task

Regarding the secondary task, an auditory 1-back task was used to distract participants

cognitively. Participants had to recall if the current number was bigger or smaller than

the number they had just heard before and answer by pressing two different buttons.

Participants were told not to ignore the secondary task. In every scenario, they had to

answer the 1-back task three times. The overall accuracy was 93.4 %, which includes

the missing answers, which were rated as wrong answers.

Procedure and Design

The experiment took place in a stationary driving simulator at the department of human

factors at Ulm University, but the participants were not driving. Instead, they were in-

structed that they were driven by automation. The simulator was a personalized setting

48



6 Additional Analysis and Further Experiments

Figure 6.3.

Overtaking Scenario With the Four Involved Agents; Participants Were Taking the Per-

spective of the Egocar(a) Shows the Scenarios With Car A Being the Lane Changer and

(b) With Car B Being the Lane Changer.

(a)

TruckEgocar

A (Lane 

changer)

80 km/h (49 mph)

130 km/h (81 mph)

100 km/h (62 mph)90 km/h (56 mph)

TTCEgo = 6 s

TTCChanger = 

2 or 4  s

TruckB

(b)

Truck

Truck

Egocar

B (Lane 

changer)

80 km/h (49 mph)

130 km/h (81 mph)

100 km/h (62 mph) 90 km/h (56 mph)

TTCEgo = 6 s

A
TTCChanger = 2 or 4  s

with an adjustable seat, steering wheel, pedals, in-car touch screen, and three 31.5-inch

display monitors. The extended screens offered a 120-degree broad view for the driver.

The study began with a standardized instruction about the study and a consent form

about data storage and protection. The terms cooperation or cooperative driving were

avoided during the study due to social biasing reasons. Familiarization with the scenar-

ios was carried out by the participants before the main part of the study started. All

four presented information were displayed in the test trials. When there were no further

questions regarding the study, participants could directly begin the first block.

The experiment was a 4x2x2x2 within-subjects design: (1) Display: presented display

information on four levels: no situation information, information addressing perception, in-

formation addressing comprehension, information addressing projection. (2) Secondary

task: cognitive 1-back task (with and without). (3) Lane Changer: which vehicle repre-
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sented the changing vehicle (car A or car B). (4) Criticality: TTC between the changing

vehicle and the vehicle in front (two or four seconds). Each condition was presented

twice, leading to 64 randomly assigned trials. The study was carried out in two blocks,

one block with the secondary task and one block without the secondary task.

Each trial started with a cross in the center of the screen, which remained for 1 s. A

beep tone was played when participants had to decide which behavior they would prefer,

which they selected via button press.

After the main part of the study, participants filled in a questionnaire, which was divided

into three parts: (1) a demographic questionnaire containing questions about gender,

age, as well as driving-related questions, (2) a questionnaire designed as a manipulation

check asking about the meaning of different elements of the display. (3) the Prosocial and

Aggressive Driving Inventory (PADI), translated to the German version (Stoll, Lanzer, et

al., 2019). The experiment took about 45 minutes for each participant. Participants did

not have no time limit for answering the questions that followed after each scenario.

6.2.3 Results

Across all situations, participants preferred to maintain speed in 47 % of the situations,

followed by decelerating in 27 % and accelerating in 26 % of the situations. To exam-

ine the influence of the display, the secondary task, and the criticality on the preferred

behavior, a GLMM was fitted to the data (see Table 6.3).

The odds of choosing particular reactions were different between the participants since

the variances of the intercepts were significant for accelerating vs. maintaining speed,

σ2 = 4.94, p = .001, and for decelerating vs. maintaining speed, σ2 = 1.73, p = .002.

According to the Akaike Information Criterion (AIC), a model without the secondary task,

criticality, and without the interaction between the highlighted information and the Sec-

ondary task would have been a better fit. However, these situational factors were part of

the hypotheses (II and III) and, therefore, part of the reported model. Individual results

reported in the following are taken out of the overall regression, including or excluding

variables that could change the single results.
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Table 6.3:
Coefficients for the GLMM with Display, Secondary Task, Criticality and the Interaction

Between Highlighted Information and Secondary Task as Predictors and Preferred
Behavior as the Criterion Variable.

Fixed effect b SE t p exp(b)

Accelerate vs. maintain speed
Intercept -1.198 .467 -2.563 .010 * 0.302
Perception 0.514 .261 1.966 .049 * 1.672
Comprehension 0.078 .267 0.292 .771 1.081
Projection -1.579 .396 -3.986 <.001 *** 0.206
Secondary task -0.279 .264 -1.058 .290 0.757
Criticality (TTC Changer = 4 s) 0.112 .145 0.777 .437 1.119
Perception * Secondary task 0.023 .371 0.061 .951 1.023
Comprehension * Secondary task 0.395 .379 1.040 .299 1.484
Projection * Secondary task 0.871 .514 1.694 .090 * 2.390
Decelerate vs. maintain speed
Intercept -2.179 .357 -6.107 <.001 *** 0.113
Perception 0.795 .319 2.494 .013 * 2.214
Comprehension 1.155 .304 3.794 <.001 *** 3.173
Projection 3.278 .306 10.710 <.001 *** 26.527
Secondary task -0.326 .363 -0.896 .370 0.722
Criticality (TTC Changer = 4 s) -0.110 .138 -0.800 .424 0.896
Perception * Secondary task 0.046 .468 0.098 .922 1.047
Comprehension * Secondary task 0.557 .442 1.261 .207 1.746
Projection * Secondary task 0.338 .439 0.771 .441 1.402

Random Effects σ2 SE z p

Accelerate vs. maintain speed intercept 4.944 1.527 3.237 .001 **
Decelerate vs. maintain speed intercept 1.725 0.556 3.102 .002 **

Highlighted Situational Factors

Highlighting situational factors supporting the development of SA was expected to have

an effect on the preferred behavior (hypothesis I a) and a positive effect on preferring de-

celeration when highlighting projection (hypothesis I b). Figure 6.4 shows the preferred

behavior depending on the highlighted factor. When no information was presented, de-

celerating was the least preferred behavior (8 %), and maintaining speed was the most

preferred action. When the cooperation partner was highlighted (perception), decelerat-

ing was chosen in 14 % of the situations. When the decreasing distance for the Lane

changer was addressed (comprehension), decelerating was selected in 23 % of the situ-

ations. When the future trajectory of the Lane changer was presented, decelerating was

51



6 Additional Analysis and Further Experiments

selected in 66 % of the situations.

Figure 6.4.

Influence of the Display on the Preferred Behavior.
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Influence of the Display

The inferential analysis supported the descriptive reports and the assumption: There

was a significant effect of perception, b = 0.795 (SE = 0.319), p = .013, comprehension,

b = 1.155 (SE = 0.304), p < .001 and projection, b = 3.278 (SE = .306), p < .001, for de-

celerating compared to maintaining speed. Supporting that the projection by highlighting

the planned trajectory had the largest influence on decelerating. The exponentiated pa-

rameter for projection, exp(b) = 26.527 indicates that the odds of decelerating increased

when the display highlighted the planned trajectory compared to when no information

was displayed.

For accelerating, there was a significant effect of perception, b = 0.514 (SE = 0.261),

p = .049, and projection, b = -1.579 (exp(b) = 0.396), p < .001. The exponentiated pa-

rameters for perception, exp(b) = 1.672 and projection, exp(b) = 0.206 indicate that high-

lighting the cooperation partner (perception) increased the odds of accelerating, whereas

highlighting the planned trajectory (projection) decreased them. Therefore, hypotheses
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Ia can be accepted only for decelerating and I b can be accepted.

Secondary Task

It was expected that the preferred behavior is influenced by the secondary task (hypoth-

esis II a). There was no significant effect for the secondary task neither for decelerat-

ing compared to maintaining speed nor for accelerating compared to maintaining speed.

Therefore, hypothesis II a) has to be rejected.

Additionally, we expected an interaction between the highlighted situational factors and

the secondary task (hypotheses II b). There was no significant interaction between pre-

sented situational factors and the secondary task. Therefore, hypothesis II b has to be

rejected. When distracted by a secondary task, the presented information did not influ-

ence their decision.

6.2.4 Discussion

The presented results show that highlighting relevant situational factors supporting the

development of SA increases the preference for decelerating compared to situations in

which no relevant situational factors were highlighted. The highest preference for deceler-

ating was shown if the planned trajectory was highlighted, which addressed the projection

in the model by Endsley (1995b). These results are in line with the results of the former

studies showing that communicating the intentions increases the odds for preferring to

decelerate (Stoll, Lanzer, et al., 2020; Stoll et al., 2018) and the assumption that ad-

dressing the highest level of SA leads to the best outcome (Endsley, 2015). If the Lane

changer is highlighted or the decreasing distance between the potentially changing ve-

hicle and the vehicle ahead, the driver still had to use cognitive resources to project that

this vehicle might want to enter the faster lane. Accordingly, it seems that highlighting

the Lane changer or the decreasing distance for the Lane changer is not an explanation

enough for the majority of participants to adapt their behavior. However, if the potential

trajectory is shown, drivers do not have to come up with this conclusion on their own; it

supports the projection (Endsley, 1995b). Based on the results we should focusing on

supporting the driver’s projection of the future behavior of Lane changer to increase the

acceptance of the cooperative behavior of an automated vehicle. Future studies should

investigate such an interface in a driving simulator study, in which participants would see

the outcome of their decision, ideally in a multi-driver setting with a real person driving as
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the Lane changer. However, in the current study, we did not want participants to see the

outcome to avoid a carry-over effect.

Being cognitively distracted had no influence on the preferred behavior, independent of

the displayed information in the current study. With the 1-back-task, a rather low demand-

ing cognitive task was chosen, which might not have created enough distraction. In future

studies, cognitive tasks which are more demanding than the current one should be se-

lected. Moreover, it should be investigated if highlighting this information has an influence

when participants are distracted in different ways, such as visually since it is expected that

drivers of automated vehicles will use sources of visual distraction (D. Miller et al., 2015).
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Directions

This dissertation investigated human behavior in cooperative traffic situations. The cen-

tral aim was to deepen the understanding of the influence of situational factors on the

action selected when facing a cooperative situation under the theoretical framework of

decision-making. Besides its frequent occurrence and its familiarity, the dynamic situa-

tion of a lane change was selected due to the possibility that drivers would not detect

being in a cooperative situation. Throughout the six studies, different influencing factors

were manipulated: The criticality for the changing vehicle, the scope of action, and indi-

cating the intention to change lanes. These were investigated regarding their influence on

the preferred action via video studies (Study 1, 2 and 3) and on the selected action (Study

4) as well as accepted action (Study 5) via driving simulator studies. In the final study

6, these influential factors were highlighted using an AR display to investigate how draw-

ing attention towards these factors influences the preferred action. In the following, the

key factors, the main limitations, future research, and the theoretical implication, as well

as the implications for cooperatively-interacting vehicles, will be discussed. Moreover, I

discuss the controversy regarding the term cooperative behavior.

7.1 Key Findings

Figure 7.1 summarizes the investigated factors of this dissertation in the context of the

adapted RPD model of decision-making in a cooperative situation based on the model by

Klein (1989), which is used for experts in time-critical situations. I found influential factors

that in the model represent the situational factors, expectancies about the cooperation

partner and the possible actions participants could select.
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Figure 7.1.

Process of Cooperation in a Dynamic Cooperative Situation.
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7.1.1 Influencing Factors

In the following, the influence of the different identified factors is discussed over the

course of the different studies.

An influencing factor that addresses the expectancies is the indicators usage.

Indicator Usage

Indicating the intention to change lanes relates to expectancies regarding a vehicle that

wants to change lanes. In all studies in which the intention to change lanes was manipu-

lated by the usage of indicators, it showed to be the strongest influential factor to adapt the

behavior when the changing vehicles used the indicator. Since the usage of the indicator

is an explicit way of communicating the intentions, this result is in line with other research

on cooperation and communication (Ba et al., 2015; Balliet, 2010) that support the as-

sumption that communication increases the appearance of cooperative behavior. Like in

the study by Ba et al. (2015), a vehicle not communicating the intention to change lanes

was helped much less in the form of opening a gap to merging compared to vehicles that

explicitly showed this intention. It is assumed that when the changing vehicle was violat-

ing the expectancy to indicate the intention, participants would not adapt their behavior.

However, based on this dissertation, it cannot be distinguished how many of the partic-

ipants kept their behavior due to not detecting the cooperative situation and how many

choose to do so in order to punish the other driver for violating the expectancy. Inter-

estingly different naturalistic driving studies came to the conclusion that drivers only use

the indicator between 40 percent and 50 percent of the time (Lee et al., 2004; Xuesong

Wang et al., 2019) when changing lanes. Since this data cannot give any insight into how

many of these lane changes were categorized as cooperative, future research should

address the underlying reasons for not using indicators in lane change situations, as well

as if drivers in the fast lane do not realize the cooperative situation without indicators or

choose to penalized the violation of expectancy.

A problem arising with indicator usage is that it clearly communicates the intention

to change lanes but not the insistence behind this intention. Salvucci and Liu (2002)

found two groups of indicator users: one group using the indicator to inform about the

intention to change lanes and that waits for a gap to open. The other group indicates to

inform others about the immediate lane changes. Participants in the video studies could

not be sure to which of these two groups the presented vehicles belonged or even to
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other groups like drivers that change lanes without indicating or drivers that set indicators

unintentionally. In the driving simulator studies, they learned that the changing vehicles

were all part of the group that waited till a gap would open up. The intention behind that

decision was that participants should not feel forced to select a certain behavior since,

in that case, it would represent a hazard perception situation rather than a cooperative

situation. Additionally, it is not a behavior that is expected from automated vehicles in the

future.

Continuing in the model, factors that can be interpreted as (situational) cues in the

model were the scope of action, criticality for the other driver (Lane changer) and the

necessity of a lane change.

Scope of Action

Together with the criticality for the Lane changer and the necessity of a lane change

scope of action represent situational factors (or cues) in the RPD Model by (Klein, 1989).

In all studies scope of action was operationalized through TTC between the participant’s

perspective and the changing vehicle- except of study 3, in which it was kept on a con-

stant level. The operationalization through the headway distance was dismissed after the

first study since TTC turned out to be the more effective manipulation. In all studies, a

similar pattern occurred: With a higher scope of action, the preference or selection of de-

celeration increased while accelerating or maintaining speed decreased. By decreasing,

the Lane changer could merge in front of their car while accelerating would close the gap.

However, regarding the interaction between the scope of action and the criticality for the

changing vehicle, differences between the video studies and the driving simulator stud-

ies occurred, which might be explained by the higher immersion in the driving simulator.

While the results of the videos studies showed no clear preference, with all three options

selected almost equally in the most critical situation in which all three vehicles are very

nearby, participants in the driving simulator showed a preference for acceleration rather

than deceleration. Even though the same TTC levels were set, the perception seems to

have differed. Nevertheless, the selected levels referred to different criticality levels.

Criticality for the Changing Vehicle

Criticality for the changing vehicle was operationalized through the TTC between the

changing vehicle and the slower leading truck. The operationalization through distance
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was dismissed for the same reason as for the scope of action. The preferred behavior

and the selected behavior revealed a similar pattern: the less critical the situation was for

the changing vehicle, the more maintaining speed was selected.

However, in Study V when participants were asked about their acceptance of auto-

mated maneuvers and study 6, in which the AR display was investigated, the criticality for

the changing vehicle was not an influential factor. Highlighting the criticality for the chang-

ing vehicle might have been more salient than the distance itself. Therefore, participants

might have been unable to differentiate the actual criticality.

While in study 6, the design of the study might have led to these results, participants

in study 5 might have focused on other parts of the scenario when not actively deciding

how to behave. It seems that when asked about accepting an automated vehicle, their

own comfort, as well as the indication of an intended lane change, were more relevant to

them. However, this assumption has to be further investigated.

The Necessity for Lane Change: Discretionary vs. Mandatory Lane Change

When comparing the results of Study 2 and Study 3, which were conducted with the

same participants, it seems that participants were considering the type of lane change.

The main difference was the type of lance change (Balal et al., 2014). While in Study

2, the lane change was discretionary based on the intention to travel at a higher speed,

the lane change in Study 3 was mandatory due to the on-ramp. The results indicate that

participants took this difference into consideration and showed more deceleration or lane

changes when the lane change was mandatory, even though the scope of action was

kept smaller.

Given options

Throughout the video studies, I manipulated the options participants were given: Some

situations were designed that an additional lane made a lane change to a faster lane

possible. The results showed that this option was strongly preferred as it was done in

other studies (Heesen et al., 2012), which throughout the literature is understood as the

alternative with the lowest costs compared to the other options. The strong preference for

this alternative might be explained by the RPD model as an alternative that definitely will

solve the situation. While acceleration and deceleration might not be interpreted by the

changing vehicle as it is intended by the driver, changing lanes sends a clearer message:
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If the Egocar accelerates, but the changing vehicle does not notice this adaptation in

time and merges in front of the Egocar, a potentially dangerous situation occurs. If the

changing vehicle fails to notice a deceleration or decides not to use the gap that opened

up, the Egocar would waste time and energy without facilitating the situation. Therefore,

experienced drivers might have learned that changing lanes to an additional lane has the

highest chance of solving the cooperative situation. Moreover, that might be interpreted

as the alternative with the lowest risk for an accident, which could address the goal in the

model to reach the destination safely.

Selected vs. Accepting Behavior

While in the first studies, preferred or selected behavior was investigated, Study 5 inves-

tigated the acceptance of an automated vehicle. It revealed a generally high acceptance

rate and even towards automated behavior that was different from the one shown by

drivers in Study 4. Results showed that they preferred a more defensive driving style

compared to what participants selected themselves in the study before. These stand in

line with research investigating driving style that shows that participants do not want an

automated vehicle to copy their driving style (Basu et al., 2017; Yusof et al., 2016).

Interface Presenting Influencing Factors

The final study is a first attempt towards the development of a display highlighting rele-

vant factors in cooperative situations based on the SA model by Endsley (1995b, 2015).

Results indicate that an interface presenting relevant factors to understand a cooperative

situation is a promising approach. Compared to not showing any additional information,

highlighted relevant factors increased an adaptation of behavior, which is seen as an in-

crease in solving the cooperative situation. When highlighting the planned trajectory for

the vehicle asking to change lanes, the preference to decelerate the own speed and open

a gap was the preferred choice.
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7.2 Implication

7.2.1 Theoretical Implications

In the course of this dissertation, influential factors were investigated that affect the be-

havior in cooperative situations, which were based on the theoretical concept of decision-

making, combining the behavior in a cooperative situation with the RPD model by Klein

(1989). Results indicated that the investigated factors of indicator usage, scope of ac-

tion and criticality for the Lane changer influence the preferred or carried out behavior in

cooperative lane change scenario. Moreover, it was shown that the necessity for a lane

change is considered as well and that the theoretical assumption by Balal et al. (2014) are

supported by the results of this thesis. Additionally, the interaction between these factors

were investigated, revealing the complexity of decision-making in cooperative situations.

Combining cooperative situations with this particular decision-making model was a new

approach first investigated by Imbsweiler, Stoll, et al. (2018). Together with Imbsweiler,

Stoll, et al. (2018), this dissertation shows the importance of decision-making as a central

part of behavior in cooperative situations.

By systematically investigating the lane-change scenario, this dissertation lays a foun-

dation that is already used to investigate further how communication and cooperation can

be improved, such as J. Zheng et al. (2022), who investigate how emotional communica-

tion content by the Lane changer affects the preferred action of the Egocar driver.

Moreover, this dissertation is used for further investigation of the lane change situation

under different aspects: The results of Study 1 are already used for cognitive modeling

of decision-making using Adaptive Control of Thought-Rational (ACT-R) (Anderson et al.,

2004) by Földes et al. (2021).

Additionally, the influence of situational factors is transferred to other cooperative sce-

narios such as equal narrow passages (L. Miller et al., 2021) or T-intersections, which is

currently done.

7.2.2 Practical Implications for Cooperatively-Interacting Vehicles

Besides its theoretical impact, this dissertation has a practical impact on cooperatively-

interacting vehicles since it was investigated how acceptance of automated behavior dif-

fers from manual action selection and how highlighting situational aspects affects the
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behavior. This dissertation gives some insight into the expectations regarding automated

and autonomous vehicles. Results support that acceptance of a certain automated be-

havior is positively influenced if a reason is presented. Moreover, the results indicated

that drivers might accept and expect different behavior from an automated vehicle as

humans show themselves.

Additionally, these results might be useful in the process of HMI development for

cooperatively-interacting vehicles. Highlighting relevant aspects of a situation based on

the theoretical assumptions of the SA model might support the driver’s development of an

understanding and acceptance of the cooperative behavior carried out by an automated

vehicle. Highlighting these aspects, such as the planned trajectory or the cooperation

partner, could also be used as a form of nudging Sunstein (2018), especially in situations

in which humans still decide themselves. In future studies, the concept of nudging and

how it affects cooperative action. However, it is still a point of discussion which behavior

is considered cooperative.

Besides that, there are some more limitations and open points for future research.

7.3 Limitations and Future Research

In the course of all studies, I focused on behavioral aspects of cooperation by investigat-

ing the preferred or selected actions. My research built on the concepts of RPD (Klein,

1989) and SA (Endsley, 1995a) and identified factors that are relevant in the process of

decision-making in cooperative situations. As Figure 7.1 shows, the focus of this dis-

sertation was on the recognition of the situation by measuring the selected, or preferred

behavior. However, that can only be a starting point. There are still open questions about

how the process, especially under non-ideal circumstances. Therefore, future studies

could focus on the interaction between the two interfering vehicles and create scenarios

that can investigate more dynamic interactions. This way, we might learn more about how

drivers adapt or reconsider alternatives when realizing that the interference will not be

solved. It would also be relevant to further investigate the violation of expectancies in co-

operative situations besides missing indicating the intention as it is proposed in the model

by Klein (1989). Studies using multi-driver simulators indicate that multi-driver simulator

studies are suitable for investigating a more dynamic behavior (Mühlbacher, 2013; Preuk,

2018), especially for investigating the cooperation and communication strategies. So far,

it is rarely the case that the behavior of all agents involved in cooperative situations such
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as the lane changes is included in the findings (Kauffmann, Winkler, & Vollrath, 2018).

Therefore, a study using a multi-driver simulator could investigate if the cooperation pro-

cess presented in this thesis can be supported for all involved cooperation partners.

In the course of the dissertation, I did not investigate how manipulation of participants’

goals would influence the behavior. However, research Lütteken et al. (2016) showed how

putting participants under time pressure and manipulating their goal the reach as fast as

possible leads to less deceleration. However, interaction effects between manipulating

the goal and other identified factors should be investigated in the future.

7.4 What Is Cooperative Behavior in Traffic?

Due to the philosophical question and the resulting controversy, I did not label any be-

havior that was preferred, selected or accepted as cooperative or uncooperative in this

dissertation. When investigating cooperative situations, the question occurs which be-

havior is classified as cooperative and which is classified as uncooperative. Due to its

positive connotation (Düring & Pascheka, 2014; Hertel & Fiedler, 1994), cooperation is

often only associated with defensive behavior, which in this example would imply that

only the last to pass through the intersection would be interpreted as cooperative be-

havior. This positive connotation even leads to discussions if the intention behind the

behavior has to be to help or to cooperate. In regard to lane changing, some authors de-

fine cooperative behavior as "to show courtesy and give way to the lane-changer" (Ali et

al., 2020, p. 2). However, in my opinion, behavior should be rated based on the outcome

of a cooperative situation: If a certain behavior solved - in interaction with the behavior of

the other drivers the situation and helped facilitate the conflict, I would label it as coopera-

tive, independent of any other connotation that certain behavior has. For example, in the

context of lane change, that would mean that accelerating with the intention to open the

gap behind the own car to facilitate a safe lane change would be cooperative. However,

if acceleration is used to close a gap that would have been large enough to merge into, it

is not a cooperative action.

7.4.1 Conclusion

Understanding human behavior and human expectations in cooperative situations is rel-

evant for the successful introduction of cooperatively-interacting vehicles. It is necessary
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to know which behavior drivers show, expect, and accept. Results of this dissertation

suggest that situational factors influence the preferred or selected behavior as well as

the accepted behavior of an automated vehicle. Focusing on a regulated cooperation

situation in the form of a lane change scenario the factors, scope of action, criticality for

the cooperation partner, and the way the intention to change lanes was investigated over

the course of six studies.

Results show that participants were more willing to adapt their behavior if they rec-

ognize the necessity: If the criticality for the cooperation partner increased because the

distance in time and space towards a leading vehicle was small, the willingness to adapt

the behavior was higher compared to situations in which this distance was high. Addition-

ally, the communication of the intention increases the willingness to adapt the behavior.

Moreover, the willingness to adapt was higher in mandatory lane changes in which the

vehicle had to change lanes because the current lane was ending compared to discre-

tionary lane changes in which the vehicle wanted to overtake a slow-driving truck.

Besides necessity also, the own options and time envelope influence the willingness to

adapt the behavior: a less costly way of adaptation in the form of lane change to a faster

lane was preferred over the options acceleration and deceleration.

The results revealed that automated vehicles cannot simply copy human behavior but

need to find different strategies since drivers showed a higher acceptance rate for behav-

ior that could be interpreted as more defensive or cooperative than the behavior shown

under manual conditions. Finally, I showed how drivers might be supported regarding

understanding the behavior of an automated vehicle.
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A Appendix

A.1 Additional Analysis (GLMM for Paper III)

Table A.1:
Coefficients for the GLMM for the three lane condition.

Fixed effect b SE t p exp(b)
Decelerate vs. maintain speed
Intercept 1.568 .366 4.280 <.001 *** 4.797
TTC = 6 s -1.133 .307 -3.688 <.001 *** 0.322
Merging sign 0.444 .170 2.603 .009 * 1.089
Indicator usage: Indicator 1.325 .373 3.554 <.001 *** 3.761
Indicator usage: AR 1.294 .372 3.479 .001 ** 3.649
Indicator usage: brake -0.509 .331 -1.537 .125 0.601
TTC = 6 s * Indicator usage: Indicator 0.558 .490 1.381 .225 1.747
TTC = 6 s * Indicator usage: AR 1.007 .503 2.001 .046 * 2.737
TTC = 6 s * Indicator usage: brake 0.100 .440 0.227 .820 1.105
Accelerate vs. maintain speed
Intercept 0.086 .385 .223 .824 1.090
TTC = 6 s -0.632 .352 -1.795 .073 0.531
Merging sign 0.277 .190 1.455 .146 1.319
Indicator usage: Indicator 0.527 .422 1.249 .212 1.694
Indicator usage: AR 0.602 .419 1.436 .151 1.825
Indicator usage: brake 0.934 .354 2.641 .008 * 2.544
TTC = 6 s * Indicator usage: Indicator -0.775 .594 -1.304 .192 0.461
TTC = 6 s * Indicator usage: AR -0.214 .590 -.362 .717 0.808
TTC = 6 s * Indicator usage: brake -0.299 .472 -.634 .526 0.741
Random Effects R2 SE z p
Decelerate vs. maintain speed intercept 3.665 .869 4.217 <.001 **
Accelerate vs. maintain speed intercept 3.210 .831 3.861 <.001 **
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Table A.2:
Coefficients for the GLMM for the three lane condition compared to maintain speed.

Fixed effect b SE t p exp(b)
Change lanes vs. maintain speed
Intercept 3.979 .445 6.915 <.001 *** 21.630
TTC = 6 s -0.768 .417 -1.843 .066 0.464
Merging sign 0.152 .228 0.666 .505 1.164
Indicator usage: Indicator 0.905 .514 1.761 .078 2.471
Indicator usage: AR 0.582 .484 1.204 .229 1.790
Indicator usage: brake 0.323 .479 0.674 .500 1.382
TTC = 6 s * Indicator usage: Indicator -0.001 .669 -0.002 .998 0.999
TTC = 6 s * Indicator usage: AR 0.863 .663 1.290 .197 2.371
TTC = 6 s * Indicator usage: brake -0.657 .606 -1.085 .278 .518
Decelerate vs. maintain speed
Intercept -0.330 .522 -0.632 .527 .719
TTC = 6 s -0.663 .560 -1.184 .237 .515
Merging sign 0.085 .287 0.297 .767 1.089
Indicator usage: Indicator 0.893 .619 1.442 .150 2.442
Indicator usage: AR 0.578 .595 0.971 .332 1.782
Indicator usage: brake -0.313 .653 -0.479 .632 0.731
TTC = 6 s * Indicator usage: Indicator 0.607 .820 0.741 .459 1.835
TTC = 6 s * Indicator usage: AR 1.024 .825 1.241 .215 2.784
TTC = 6 s * Indicator usage: brake -0.028 .850 -0.033 .974 0.972
Accelerate vs. maintain speed
Intercept -0.459 .496 -0.926 .354 .632
TTC = 6 s 0.227 .537 0.422 .673 1.255
Merging sign 0.161 .279 0.576 565 1.174
Indicator usage: Indicator 1.046 .622 1.682 .093 2.846
Indicator usage: AR 0.334 .626 0.594 .594 1.397
Indicator usage: brake 1.632 .564 2.893 .004 ** 5.115
TTC = 6 s * Indicator usage: Indicator -1.676 .863 -1.941 .052 0.187
TTC = 6 s * Indicator usage: AR -1.252 .942 -1.330 .184 0.286
TTC = 6 s * Indicator usage: brake -1.623 .721 -2.252 .024 * 0.197
Random Effects R2 SE z p
Change lanes vs. maintain speed intercept 3.886 .956 4.066 <.001 ***
Decelerate vs. maintain speed intercept 2.980 .923 3.223 0.001 **
Accelerate vs. maintain speed intercept 1.489 .514 2.895 .004 **
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Abstract
In the future, car-to-car communication and car-to-infrastructure communication will be a central part of automated driving 
experience. Cooperative interactive driving is seen as a promising approach, in which cars interact cooperatively with drivers 
and the environment. However, to ensure drivers’ acceptance and their trust in such systems, it is important to understand 
the underlying mechanisms of human cooperation in traffic context. Therefore, this study investigated potential influenc-
ing parameters for cooperative behaviour in a lane change situation on a highway. As central influencing parameters the 
situation’s criticality and the distance in time and space to the driver asking for cooperation were manipulated. This was 
done by selecting appropriate levels for the time to collision (TTC) in conjunction with the variation of distances to other 
involved agents. In a video-based experiment with the perspective of driving on the left lane, 43 participants (M = 23.2 years; 
SD = 4.26 years) had to decide if they would give way to a driver in the right lane situated behind a slower truck. The results 
showed that the willingness to cooperate was strongly influenced by aspects of the situation: the driver’s costs (operationalized 
by the distance in time and space to the driver asking for cooperation) and the criticality of the situation for the other driver. 
A large distance in time and space to the driver asking for cooperation and, therefore, low costs of cooperation facilitate the 
driver’s willingness to cooperate via accelerating and decelerating. The results also indicated that in situations with high 
criticality drivers seemed to show strong uncertainty about how to behave or solve this situation. Consequently, cooperatively 
interacting systems with well-developed user interfaces might support drivers’ cooperative behaviour in critical situations.

Keywords Cooperative driving · Criticality · Lane change manoeuvre · Time to collision

1 Introduction

Driving experience is about to change. With the introduc-
tion of car-to-car (C2C), car-to-infrastructure (C2X) com-
munication and the automation of the driving task, driver-
vehicle systems will get connected and soon will be able to 
coordinate their manoeuvres (like lane changing or merging) 
cooperatively (Li and Wang 2006). Recent studies suggest 
that such cooperative driving has a high potential to increase 
traffic efficiency and traffic safety by optimizing communica-
tion and coordination between the involved cooperation part-
ners (Fiosins et al. 2016). However, this potential can only 
be optimally exploited if the drivers accept the behaviour 

of the automated, cooperatively interacting vehicles. Other-
wise, they will either not use the cooperative functions of the 
automation or will interfere with its behaviour. Therefore, 
besides their safety, reliability, efficiency, and functionality, 
it is of major importance for such cooperative systems that: 
(i) their behaviour is in accordance with the drivers’ goals 
and (ii) drivers understand the behaviour of the automated 
system (Benenson and Girald 2015; Marangunić and Granić 
2015).

Meeting these two conditions is of special importance 
for automated cooperative systems as cooperation in many 
situations entails the acceptance of disadvantages for oneself 
to support someone else in service of a positive global goal, 
such as improved traffic efficiency. For example, you accept 
to make the effort of an otherwise unnecessary input action, 
namely, pressing the brake pedal, and to slightly delay your 
trip when you slow down your vehicle to provide enough 
space in front of you for another driver to merge into your 
lane as this driver is facing a slow truck in front of him. 

 * Tanja Stoll 
 tanja.stoll@uni-ulm.de

1 Faculty of Engineering, Computer Science and Psychology, 
Department of Human Factors, Ulm University, Ulm 89069, 
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Consequently, it is of major importance to understand what 
factors influence the drivers’ willingness to cooperate, what 
kind of cooperation behaviour the drivers might show and 
under what conditions drivers tend not to cooperate. This 
will allow the development of cooperative driving automa-
tion systems that meet two essential requirements: their 
behaviour is either in accordance with the drivers’ goals with 
regard to cooperation, or they are able to recognize situa-
tions, where there is a mismatch between the drivers’ goals 
and the calculated optimal, cooperative behaviour. In the 
later kind of situations, the automation will need to explain 
its goal and action plan to the driver to ensure acceptance 
and understanding of system behaviour.

In this paper, we investigated the intentions of a driver in 
the fast lane of a two-lane motorway in a lane change situ-
ation, where a driver in the right lane asks for cooperation 
to change to the fast lane to overtake a slow lead vehicle. 
We manipulated two essential situational characteristics, the 
distance in time and space to the driver asking for coopera-
tion and the situation’s criticality for the driver asking for 
cooperation.

1.1  Cooperation

A cooperative situation is described by Hoc (2001) as a situ-
ation in which each of at least two agents “[…] (1) strives 
towards goals and can interfere with the other one’s goals, 
resources, procedures, etc. (2) Each one tries to manage 
the interference to facilitate the individual activities and/
or the common task when it exists. The symmetric nature 
of this definition can be only partly satisfied.” (Hoc 2001, 
p. 515). As described by Martin (2001), most cooperative 
situations in traffic context are non-symmetric, in which one 
of the involved agents has to make a compromise. Hence, 
any cooperative behaviour performed by autonomous vehi-
cles in principle needs to be understood and accepted by its 
drivers, especially by those who have to compromise their 
goals to support another driver. Thus, a cooperative system 
has to rely not only on inter-vehicle communication but also 
on a human–machine cooperation (HMC), which keeps the 
driver in the loop (Bengler et al. 2012). Otherwise, problems 
like, e.g., automation surprise, can arise, in which automa-
tion’s behaviour cannot be foreseen by its users and, there-
fore, leads to negative consequences (Hurts and Boer 2014). 
This raises the question which behaviour drivers expect from 
cooperative agents. Our approach is to take a closer look at 
how human drivers behave in cooperative situations to iden-
tify occasions in which the cooperative automated system’s 
behaviour differs from human behaviour.

1.2  Influencing factors on cooperative behaviour

A lane change is one of the most frequent situations that 
require cooperation in traffic context. At the same time, it 
is considered to be critical and unclear (Yan et al. 2015). 
Especially, on highways, cooperative behaviour could 
improve overall traffic flow (Moriarty et al. 1998). Dif-
ferent projects have already taken a closer look at lane 
changing situations especially from the perspective of 
cooperative behaviour (Heesen et al. 2012; Zimmermann 
et al. 2015; Lütteken et al. 2016).

Lütteken et al. (2016) reported a decrease in acceptance 
for cooperative lane changes under time pressure, indicat-
ing that costs and benefits of cooperation influence the 
willingness to cooperate. Investigating drivers behaviour 
when driving manually, Heesen et al. (2012) studied the 
influence of situational conditions, such as the availabil-
ity of lanes, the situation’s criticality, and the usage of 
indicators. They used for their investigation of coopera-
tive behaviour in a lane change situation a multi-driver 
simulation, where both a vehicle (V1) in the right lane 
that is confronted with a braking lead car and a vehicle 
(V2) in the left lane that is requested to provide space for 
V1 to perform a lane change were controlled by human 
drivers. Results showed that the willingness to cooper-
ate increases with the availability of another lane towards 
where the driver can change to give way. Cooperative 
behaviour also increases if the criticality for the driver 
V1 behind the braking lead car is higher. Whereas this 
simulation environment certainly increases the ecological 
validity of the experiment, it reduces the possibility to 
control the experimental situation. With this setup, it is 
not possible to control the distances between the different 
vehicles precisely nor the point in time when the driver in 
vehicle V2 has to make a decision whether to cooperate 
or not. Therefore, a detailed and controlled investigation 
of the interaction between different influencing factors is 
not possible. Our goal was to get a more detailed picture 
of the effect of relevant situational characteristics on the 
driver’s willingness to cooperate.

As Heesen et al. (2012) showed, one such characteristic 
is the criticality of the situation. Situation’s criticality was 
operationalised by Time to Collision (TTC) (Tamke et al. 
2011) between the driver in the right lane and the slower 
lead vehicle in the right lane. TTC is defined as the time 
it takes for two vehicles to collide if both continue at their 
current speed and path (Horst 1990). As shown in different 
studies (Winsum and Heino 1996; Kiefer et al. 2006), an 
accurate estimation of TTC proves to be difficult and the 
accepted TTC is not constant over different speed levels. 
In addition, Distance Headway (Winsum and Heino 1996) 
was considered as a measure of the situation’s criticality 
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and additionally manipulated. Distance Headway describes 
the distance between the bumper of the lead vehicle and 
the following vehicle (Winsum and Heino 1996). We 
additionally manipulated the TTC and the distance head-
way between the driver in the left lane and the driver in 
the right lane. The reason for this manipulation was the 
following: The closer the vehicle in the right lane is the 
stronger the reaction must be to behave cooperatively. For 
example, the driver in the left lane has to brake strongly to 
provide the necessary room for the driver in the right lane 
to change to the left lane when the two vehicles are already 
close together. With a greater distance to the vehicle in the 
right lane, a subtler reaction is sufficient to behave coop-
eratively. Therefore, the costs of cooperation are higher 
when the two vehicles are closer together than farther 
apart. As the results of Lütteken et al. (2016) indicate that 
the costs of cooperation are an essential factor influencing 
the drivers’ willingness to cooperate.

To summarise, in this study, we investigate the effect of 
distance in time and space between the driver being asked 
to cooperate and the driver asking for cooperation and situ-
ation’s criticality on the drivers’ willingness to cooperate. 
Based on the previous findings (Heesen et al. 2012; Lüt-
teken et al. 2016), it is assumed that criticality is positively 
linked to the willingness to cooperate, whereas the costs of 
cooperation are negatively linked. However, the most inter-
esting question addressed in this experiment is how these 
factors interact with each other. We assume that the costs of 
cooperation will have a weaker influence on the willingness 
to cooperate in situations of higher criticality than of lower 
criticality.

2  Methods

The objective of this study was to investigate the effect of the 
situation’s criticality and the distance in time and space to 
the driver asking for cooperation on the preferred behaviour 
in a lane change situation. Due to standardisation reasons, 
fixed levels of TTC and Distance Headway (in the following 

just Distance) were set and conducted in a video-based 
experiment.

2.1  Participants

Altogether, 43 subjects (14 males and 29 females) were 
recruited at the Ulm University. They were between 19 
and 44 years (M = 23.2 years; SD = 4.26 years) and they 
were in possession of a valid driving licence for a time 
period ranging between 2 months and 26 years (M = 5.4 
years; SD = 4.16 years). Participation in the experiment 
was restricted to German native speakers. Accordingly, the 
annual mileage 24 participants drive less than 7000 km per 
year, 17 participants drive between 7000 and 14,999 km, and 
2 drive more than 15,000 km per year.

2.2  Driving scenario

To study preferred behaviour in cooperative driving situa-
tions an interference with at least one other road user was 
necessary. As previously described, lane change situations 
on highways are situations with a high potential of conflicts. 
In a video-based experiment, the participants took the per-
spective of driving on the left lane of a German two-lane 
autobahn (Egocar, see Fig. 1).

In the right lane another car (Changer) approached, a 
slower lead vehicle (a truck), flashing the indictors, express-
ing its intention to change the lane to maintain its speed. At 
a predefined point, the video is stopped, and the participants 
had to decide which reaction they would choose: “Keep 
constant speed”, “Decelerate” or “Accelerate”. The partici-
pants had no time limit for this decision. The situations were 
manipulated by the moment in which the video was stopped. 
For the manipulation, different levels of the TTC and of the 
Distance were chosen (recall Fig. 1). An example of the 
driver’s perspective in such a situation is depicted in Fig. 2.

The two factors were manipulated at three levels 
each—both between the Egocar and Changer (TTC ego 
and  Distanceego) and between the Changer and the Truck 
(TTC changer and  Distancechanger), leading to a 3 × 3 × 3 × 3 

Fig. 1  Driving scenario
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within-subject design with 81 videos, which were presented 
once to every participant. The three levels were chosen 
based on the Urgency Rating Scale (Lee et al. 2004). This 
scale categorises lane changes according to the urgency of 
a vehicle’s relative position to another vehicle in the same 
or opposite adjacent lane. If the TTC is higher than 5 s, it 
is classified as a non-urgent lane change. Between 5.5 and 
3 s, it is an urgent lane change due to a fast closing rate and/
or distance to the referring vehicle. A TTC smaller than 3 s 
defines a forced lane change (Lee et al. 2004). According to 
this categorisation, the following TTC levels were chosen in 
our scenarios: 2 s (forced), 4 s (urgent), and 6 s (non-urgent), 
reached right at the end of the videos. In line with the real 
lane change, observations by Lee et al. (2004) distance of 
6, 13, and 20 m were utilised. All videos stopped before the 
changer started changing the lane or braking. This design 
was chosen, such that the participants are not influenced 
by the decision the changer made in the videos seen before. 
Therefore, no accident was shown in the videos.

The 81 videos are based on SILAB Version 5.1 driving 
simulation from WIVW GmbH and with durations between 
7 and 15 s with an average of 11 s (SD = 3.27 s). The truck 
was maintaining a constant speed of 80 km/h, which is the 
maximum allowed speed for large goods vehicles on Ger-
man highways. The lane changing car was displayed in form 
of a blue mid-range car and its speed varied between 84 
and 116 km/h. The Egocar’s speed varied between 87 and 
152 km/h. However, during each video, the speed was con-
stant for all involved agents.

2.3  Procedure

The participants were told that they took part in a study 
investigating driving behaviour on highways and that they 
should take the driver’s view. Their aim was to assess the 
situations presented in the video and behave as they would 
do on a highway. Further instruction was not given. The 

terms “cooperation” or “cooperative behaviour” were not 
used to prevent social desirability bias from affecting the 
answers. The study’s duration was about 1 h, and the par-
ticipants were incentivised. Before the experiment started, 
two example videos were shown. The participants started 
each trial of the experiment by pressing the space bar pro-
viding the possibility to take a break if they wanted. All test 
subjects saw the videos from an average distance of 50 cm 
to the monitor. The videos were rendered with a resolution 
of 1920 × 1080 pixels on a 27-inch screen and presented in a 
randomized order. Each video was followed by two questions 
which were answered via mouse click: (i) which behaviour 
they would prefer to show (accelerate, maintain speed, and 
decelerate) and (ii) how critical the situation was. Critical-
ity was rated on a five-point Likert scale. Reaction time was 
also recorded, but not further analysed, since participant had 
no time limit for answering.

3  Results

3.1  Descriptive statistics

We received 81 responses from each of the 43 participants, 
which resulted in a total number of 3483 responses. The 
responses were equally distributed among the categories 
“Keep constant speed” (n = 1242), “Decelerate”, (n = 1108) 
or “Accelerate” (n = 1133).

For descriptive data analysis, the response frequencies for 
different values of TTC and Distance were examined first. 

Fig. 2  One of the 81 videos at the instant of stopping Egocar and 
Changer: Distance = 20 m; TTC = 6 s; Changer and Truck: Distance: 
13 m; TTC = 4 s

Table 1  Participants’ response frequencies in manipulated situations

Response behaviour

Accelerate Maintain speed Decelerate

TTC ego

 2 s 379 550 232
 4 s 381 369 411
 6 s 373 323 465

TTC changer

 2 s 335 262 564
 4 s 385 457 319
 6 s 413 523 225

Distanceego

 6 m 565 329 267
 13 m 329 412 420
 20 m 239 501 421

Distancechanger

 6 m 405 437 319
 13 m 375 399 387
 20 m 353 406 402
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This exploratory analysis allowed a first overview over the 
complex data we gathered in our study (see Table 1).

3.1.1  Descriptives for the predictors

On a descriptive level, increasing TTC ego seems to be asso-
ciated with an increase in frequency of decelerating and 
decrease for maintaining speed. Increasing TTC changer had 
the opposite effect: a decrease in frequency of decelerating 
and an increase for accelerating and maintaining speed (see 
Fig. 3).

In regard to the distance, for an increasing  Distanceego, a 
decrease in the frequency of accelerating together with an 
increase in the frequency of maintaining speed can be seen. 
For  Distancechanger, no indication to inferential effects can be 
observed within the descriptives (Fig. 3).

3.1.2  Potential interactions

For further investigations, we plotted the frequencies of 
responses for two predictors. This approach was chosen to 
identify potential interactions.

Regarding the response frequencies for accelerating 
a decrease for higher TTC changer could be observed when 

TTC ego = 2 s, while for TTC ego > 4 s, a contrary associa-
tion seems to be indicated by the descriptives. For the other 
categories, there was no indication of an interaction (Fig. 4).

In Fig. 5 for TTC ego and  Distanceego, no interaction pat-
tern was observed. However, interactions between all four 
predictors could be revealed by inferential statistics.

3.1.3  Criticality ratings

Regarding the criticality ratings the descriptives indicated 
that higher criticality ratings seem to be associated with the 
responses “Accelerate” or “Decelerate” rather than with 
“Maintaining Speed” (Fig. 6).

Reaction times for the responses ranged from 0.5 to 20 s 
(M = 2.6 s; SD = 1.9 s). This wide range can be explained by 
the fact that participants had no time pressure while respond-
ing to the situations and also for this reason, the reaction 
times were not used for inferential statistics.

After having analysed the data on a descriptive level, 
we decided to conduct further inferential analysis of the 
response behaviour. This analysis required a generalized 
linear mixed model (GLMM) given the multilevel data 
structure with the nominal outcome our study has produced. 
Basic principles of GLMMs and its interpretation will be 

Fig. 3  Responses for variations 
of TTC and distance
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explained in the next section, followed by the fitting the 
GLMlM to our data.

3.2  Generalized linear mixed models (GLMM)

The present study provides clustered data and a polytomous 
multinomial outcome variable (response).

3.2.1  Multinomial outcome

To analyse data with categorical outcomes, generalized lin-
ear models like logistic regressions are the preferred sta-
tistical methodology (Skrondal and Rabe-Hesketh 2003). 

Fig. 4  Response behaviour for 
TTC ego and TTC changer
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Fig. 5  Response behaviour for 
TTC ego and  Distanceego
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Logistic regressions provide results in terms of logits, which 
can be converted into interpretable odds ratios by exponen-
tiation of the estimates for the parameters.

Our polytomous outcome variable (response behaviour) 
is multinomial, because there is no inherent order within 
the response categories. Thus, to analyse outcome variables 
like this, we had to define a reference category within the 
outcome variable. Taking, e.g., three response categories 
“A”, “B” and “C”, we could define for example “A” as refer-
ence category, with “B” and “C” as our criterion categories 
for the regression.

Assuming that a logistic regression was performed, 
and for the continuous predictor “P”, a slope of β = 0.67 
was obtained for the targeted category “B”. This estimate 
indicates that a change of + 1 in the predictor would lead 
to a change of 0.67 in the logits for the targeted category. 
Interpretation of logits is quite uncommon. However, if the 
parameter for the slope is exponentiated (exp(β) = 1.95), the 
obtained value refers to the odds for the targeted category. 
A change of + 1 in “P” leads to multiplication of the odds 
with 1.95, which results in an increase of 95% in the odds 
for responding “B” in comparison with responding “A”. A 
change of + 2 in P would lead to an increase of 280% in the 
odds (OR = 1.95 * 1.95 = 3.80).

A multinomial logistic model delivers estimates for the 
intercepts and slopes for each criterion category in compari-
son with the reference category.

3.2.2  Multilevel structure

The reasoning of fitting a GLMM to the present data was to 
get correct estimates that describe the influence of TTC and 
distance on the response probabilities.

For our data, the responses on the 81 different measure-
ments (Level-1) are clustered within the 43 participants 
(Level-2). To deal with this multilevel structure, a GLMM 
has to be used. This model type can introduce random inter-
cepts and slopes (random effects) to deal with the correlated 
nature of clustered data (Skrondal and Rabe-Hesketh 2003). 
Random effects model the variation of slopes and intercepts 
over participants. Participants can, for example, differ in 
the amount of influence that TTC ego has on their response 
behaviour. Such variations can theoretically be explained 
by predictors at the second level via cross-level interactions 
(e.g., trust, driving experience, age, or gender).

3.3  Fitting the GLMM

All data analyses were conducted with R Studio and the 
“m logit” package (Croissant 2012). Before starting the 
modelling process, all predictors were grand mean cen-
tred. For the outcome variable, the category “maintaining 
speed” was chosen to be the reference category as this 

response is not seen as a cooperative action in a narrow 
sense. During the modelling process, AIC and the Log-
Likelihood-Ratio test were inspected to assess the model 
fit.

Predictors were added stepwise as fixed effects to a null 
model with fixed intercepts. After setting, adding random 
intercepts also slopes (two for each predictor), where intro-
duced as random effects. Third, interactions for the level 
one predictors where tested. Observing the change in AIC 
and the log-likelihood-ratio test, predictor changes were only 
accepted if they improved the model fit. As the modelling 
process was conducted independently from the descriptive 
analyses, all possible interactions were tested to make sure 
no significant effects would be overlooked. The modelling 
process is described in Table 2.

The final model (mod5) was found to be the best fitting 
model for the data according to AIC and the log-likelihood-
ratio test. In Table 3, the approximations for the fixed effects 
of this model are listed. The estimates are converted to odds 
ratio (exp(β)).

Regarding the fixed effects, TTC ego (exp(β) = 1.10, 
p < .01) increased the odds for accelerating by 10% in 
comparison with maintaining speed, while TTC changer 
(exp(β) = 0.87, p < .01) and  Distanceego (exp(β) = 0.88, 
p < .01) decreased the odds for accelerating. Also, signifi-
cant interactions for TTC ego * TTC changer (exp(β) = 1.05, 
p < .01) and TTC ego *  Distanceego (exp(β) = 0.97, p < .01) 
were found.

Considering TTC ego (exp(β) = 1.48, p < .01) and 
 Distancechanger (exp(β) = 1.03, p < .01), the odds for deceler-
ating in comparison with maintaining speed were found to 
increase, while TTC changer (exp(β) = 0.56, p < .01) decreased 
it. A significant interaction for TTC ego *  Distanceego 
(exp(β) = 0.98, p < .01) was found as well.

The intercept and the slopes for TTC ego and TTC changer 
for accelerating varied significantly over the participants. 
For decelerating, random effects of the intercept and slopes 
of TTC ego, TTC changer,  Distancechanger, and  Distanceego can 
be reported.

4  Discussion

The purpose of this study was to investigate the effects of 
the situation’s criticality and the costs of cooperation on 
willingness to cooperate in a lane change situation. For this 
purpose, TTC and distance between the involved agents in a 
lane change traffic scenario were manipulated and its effects 
on action selection decisions were analysed.

The results of the GLMM analyses indicate that both 
TTCs (TTC ego and TTC changer) have the strongest effect on 
the action selection of drivers.
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4.1  Main effects

TTC ego is a significant predictor for both accelerating and 
decelerating, which indicates that a high distance in time to 
the driver asking for cooperation, and therefore, low costs 
of cooperation facilitate the driver’s willingness to coop-
erate via accelerating and decelerating. More precisely, an 
increase of the TTC ego by 1 s would lead to 10% higher 
odds for accelerating and 48% higher odds for decelerating 
(not taking the interaction into account). The result confirms 
the results of Lütteken et al. (2016) assuming that the will-
ingness to cooperate is influenced by the costs of coopera-
tion behaviour. Furthermore, it is suggested that the availed 
actions of other involved agents are taken into account, 
which can be observed in the estimation for TTC changer. This 
was found to be a significant predictor for both accelerating 
and decelerating and indicates that a low level of the situa-
tion’s criticality (high TTC changer) reduces the odds for the 
driver to initiate cooperative actions like acceleration (13% 
per second) or deceleration (44% per second). The willing-
ness to cooperate seems to be higher if drivers anticipate the 
increased situation’s criticality for other agents.

Compared to the effects of TTCs, distance has smaller 
effects.  Distancechanger is still a significant predictor for 
decelerating, regarding the exp(β) a low situation’s critical-
ity (higher distance between the changer and the truck) has a 
small positive effect on the odds for decelerating.  Distanceego 
is a significant predictor for accelerating only. A lower situa-
tion’s criticality (higher  Distancechanger) has a negative effect 
on the odds for decelerating.

The study’s result supports the notion that even though 
TTC is difficult to estimate (Kiefer et al. 2006), it is con-
sidered to be a better predictor of willingness to cooperate 
than the distance. This resembles the previous findings of 
studies showing that TTC is used by drivers as a criterion 
for initiating a manoeuvre (Horst 1991; Winsum and Heino 
1996; Vogel 2003).

4.2  Interactions

For accelerating, a small but significant interaction between 
TTC changer and TTC ego was found. The estimated effect for 
the interaction is in the same direction as the effect for TTC 
ego. Taking TTC ego as an inverted measure for costs (high 
TTC ego indicates lower costs for cooperation) and TTC changer 
as an inverted measure for criticality, we can interpret this 
interaction as follows: High criticality (small TTC changer) in 
changers’ situation increases the probability to cooperate 
via accelerating. The effect of criticality in changers’ situa-
tion (TTC changer) is reduced by the own costs for cooperation 
(TTC ego). This reducing influence is even stronger when the 
own costs are higher (interaction TTC ego * TTC changer).

Table 2  Overview over modelling process of the GLMM

Baseline model for Likelihood-ratio test was the best fitting model 
before the predictor changes for the new model. For mod5, all possi-
ble kinds of interactions were tested, but could not improve model fit

Model Fixed effects Random effects AIC Likelihood-
ratio test

fit1 Intercepts 7648 –
fit2 Intercepts 7514 p < .01

TTC ego

fit3 Intercepts 7256 p < .01
TTC ego

TTC changer

fit4 Intercepts 7245 p < .01
TTC ego

TTC changer

Distancechanger

fit5 Intercepts 7034 p < .01
TTC ego

TTC changer

Distancechanger

Distanceego

mod0 Intercepts Intercepts 5966 p < .01
TTC ego

TTC changer

Distancechanger

Distanceego

mod1 Intercepts Intercepts 5920 p < .01
TTC ego Slopes
TTC changer

Distancechanger

Distanceego

mod2 Intercepts Intercepts 5827 p < .01
TTC ego Slopes
TTC changer Slopes
Distancechanger

Distanceego

mod3 Intercepts Intercepts 5814 p < .01
TTC ego Slopes
TTC changer Slopes
Distancechanger Slopes
Distanceego

mod4 Intercepts Intercepts 5797 p < .01
TTC ego Slopes
TTC changer Slopes
Distancechanger Slopes
Distanceego

mod5 Intercepts Intercepts 5765 p < .01
TTC ego Slopes
TTC changer Slopes
Distancechanger Slopes
Distanceego

TTC ego * TTC changer

TTC ego *  Distanceego



Cognition, Technology & Work 

1 3

If a situation is highly critical and distance in time and 
space is small (both TTC small, Fig. 4), participants did 
not express a clear preference. This can be interpreted as 
an increased level of uncertainty. Research suggests that in 
this situation, the uncertainty is also high for the changer 
(Yan et al. 2015) and that in situations with a higher uncer-
tainty changers prefer to brake instead of changing lanes. 
Therefore, the reactions to maintain speed or to accelerate 
might correspond with changers’ preferences. A cooperative 
system may improve the communication, and therefore, the 
certainty for both involved agents.

The interaction between TTC ego and  Distanceego is found 
to be significant for both accelerating and decelerating. This 
indicates that when Distance and TTC are high, drivers tend 
to react less often to the situation by a cooperative action like 
decelerating or accelerating. One possible interpretation is 
that participants anticipated that a lane change would still be 
possible even without any speed adjustment in those situa-
tions. In the following studies, asking the participants about 

their expectation about the changer’s behaviour might reveal 
the underlying anticipations.

4.3  Limitations and future work

Since there are no Level-2 predictors in our model, we could 
not explain the random effects. The random effects clearly 
show that there is a significant variation between subjects 
in general response tendencies and the influence of situ-
ational parameters like TTC and distance. Potential Level-2 
predictors are variables that vary between persons and 
potentially influence driving behaviour (e.g., trust, driving 
experience, age, or gender). Adding Level-2 predictors will 
highly increase the complexity of the model and will prob-
ably cause the model not to converge. Since the influence 
of personality and demographic data on decision behaviour 
was not a major goal of the study, we decided not to include 
Level-2 predictors. Nevertheless, future work should entail 

Table 3  Coefficients for the final model (mod5)

**p < .01

Fixed effects logit/b SE exp(β)

Accelerating vs. maintaining speed
 Intercept 0.1076253 0.0533976
 TTC ego 0.0912906 0.0322311 1.10**
 TTC changer − 0.1429194 0.0316780 0.87**
 Distancechanger − 0.007243 0.0088196 0.99
 Distanceego − 0.1331197 0.0091936 0.88**
 TTC ego * TTC changer 0.0524548 0.0094029 1.05**
 TTC ego *  Distanceego − 0.0269411 0.0054357 0.97**

Decelerating vs. maintaining speed
 Intercept 0.0394141 0.0552997
 TTC ego 0.3943931 0.0344457 1.48**
 TTC changer − 0.5826360 0.0349453 0.56**
 Distancechanger 0.0293236 0.0089852 1.03**
 Distanceego 0.0036075 0.0094029 1.00
 TTC ego * TTC changer − 0.0290708 0.0200911 0.97
 TTC ego *  Distanceego − 0.0160955 0.0057761 0.98**

Random effects SD

Accelerating vs. maintaining speed
 Intercept 1.44**
 TTC ego 0.36**
 TTC changer 0.19**

Decelerating vs. maintaining speed
 Intercept 1.36**
 TTC ego 0.18**
 TTC changer 0.53
 Distancechanger 0.08**
 Distanceego 0.05**
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such parameters to shed light on the random effects and the 
observed variations between participants.

The study was conducted with a reduced number of 
agents to provide experimental control by simplifying the 
scenario. Other agents, like backwards and forward traffic on 
the left lane, may influence the behaviour as well. This will 
be an interesting topic for future work. Moreover, the study’s 
immersion should be improved in the following research. 
Since the used software is normally used in driving simula-
tors, the bonnet was not visualised in the videos.

As previously mentioned, this study investigated the 
preferred behaviour, which can differ from what a driver 
does being exposed to a comparable situation. Subsequently, 
future research is required to investigate if the preferred 
choices shown in our study fit the behaviour shown in a 
more realistic scenario. Accordingly, a driving simulation 
study will be conducted.

Moreover, in oncoming research, the participant’s situ-
ation comprehension and the underlying processes will be 
addressed. Drivers need to perceive, identify, and interpret 
the relevant elements of a driving situation and anticipate 
its further development to recognize that their cooperation 
is asked for in a given situation to efficiently solve a possi-
ble upcoming conflict. Based on this mental representation, 
an action plan will be triggered and executed. Cooperative 
behaviour will only be shown if the driver’s solution to the 
identified situation includes cooperative action plans. The 
results achieved in this study demonstrate the importance of 
certain situational characteristics or elements for the driver’s 
action selection in such situations. According to models of 
situation comprehension (e.g., Durso et al. 2007; Baumann 
and Krems 2009), current driver’s goals and pre-existing 
knowledge play a major role in the construction of the 
situation representation. Therefore, in future experiments, 
the interaction of relevant situational characteristics with 
driver’s goals and experience needs to be investigated and 
understood in detail to come to a more detailed theory of 
when drivers decide to cooperate in traffic. In addition, this 
will form the basis of an accepted driving automation that 
performs cooperative manoeuvres in a comprehensible and 
predictable way, because it can support drivers’ recognition 
of cooperative situations and its cooperative solution.

To summarise, our study showed that costs of cooperation 
as well as situation’s criticality have an effect on the pre-
ferred choice in a cooperative situation. All participants took 
TTC as well as the distances between the evolved agents 
into account. That means, these two situational aspects are 
of great importance for drivers’ recognition of an interfer-
ence situation (Hoc 2001) in traffic that needs cooperation 
between drivers to resolve this interference in an optimal 
manner. These results could be regarded as a first indication 
of what kind of behaviour drivers expect from an automated 
cooperative agent and in which situations. As we stated in 

the beginning, it is of great importance that the behaviour of 
the automated, connected vehicle either matches the drivers’ 
expectations or in cases, where a mismatch that occurs it 
explains its behaviour efficiently, so that it will be accepted. 
In future works, these primary findings will be investigated 
in other cooperative situations as well as in an interactive 
driving simulation study that allows the investigation of the 
dynamics of the driver behaviour in face of a changing traf-
fic situation.
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Social interactions in traffic: The effect of external factors 
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sity, Ulm, Germany 

 

Social interactions were always part of the driving task, but the introduction of vehicle-to-vehicle and vehi-

cle-to-infrastructure communication opens up new possibilities for cooperative interactive driving. It ena-

bles drivers to coordinate their maneuvers cooperatively with other involved traffic users. To ensure driv-

ers’ acceptance of such automated systems it is necessary to understand the underlying mechanisms of hu-

man cooperation in traffic. In this experiment, we investigate potential influencing factors on the willing-

ness to behave cooperatively in a lane change situation on a highway. In a video-based study, we manipu-

lated the costs of cooperation, the situation’s criticality for the lane-changing vehicle and the way in which 

the intention to change the lane was indicated. Cooperative behavior is influenced by lower costs, a higher 

situation’s criticality and by signaling the intention to lane change. These results offer insights that may be 

used in the developing process of Human Machine Interfaces (HMI) for cooperatively interacting vehicles  

 

 

INTRODUCTION 

 

Most of the time drivers share the roads with other road 

users. Therefore, communication and cooperation have always 

been a part of driving. But with the automation of the driving 

task and the introduction of vehicle-to-vehicle and vehicle-to-

infrastructure communication, new possibilities for communi-

cation and cooperation open up by interconnecting driver-ve-

hicle systems (Li & Wang, 2006). Hence, a cooperative coor-

dination of maneuvers will be possible. Following Hoc (2001) 

we regard a cooperative situation as a situation in which at 

least two agents “[…] (1) strive[] towards goals and can in-

terfere with the other one’s goals, resources, procedures, etc. 

(2) Each one tries to manage the interference to facilitate the 

individual activities and/or the common task when it exists 

(Hoc, 2001). Most cooperative situations in traffic are non-

symmetric, which implies that at least one involved agent has 

to make a compromise. Thus, it is of central importance that 

any cooperative action an autonomous vehicle executes is un-

derstood by its user and is in accordance with the goals of the 

driver (Benenson & Girald, 2015; Marangunić & Granić, 

2015).    

If a cooperatively interacting system is neglecting the hu-

man factor, problems like automation surprise can arise 

(Bengler, Zimmermann, Bortot, Kienle, & Damböck, 2012). 

As a result, a user might not understand or foresee a system’s 

behavior, leading to negative consequences. With respect to 

Endsley's (1995) model of situation awareness, the highly rel-

evant level 2 (comprehension) and level 3 (prediction) for any 

interaction with an automated system will be affected. To pre-

vent such negative consequences, we need to understand what 

drivers expect from a cooperative agent. Therefore, it is rele-

vant to investigate the underlying mechanisms of human coop-

eration in traffic and to identify influencing factors on drivers’ 

willingness to cooperate with the aim to understand in which 

situations drivers show cooperative behavior as well as under 

which circumstances they deny cooperation.   

An example for such a cooperative maneuver is a lane 

change maneuver. Since it is seen to be both critical and un-

clear (Yan, Weber, & Luedtke, 2015) we chose this scenario 

for our experiment. Taking the perspective of the driver in the 

fast lane, we investigated the effect of costs of cooperation, 

situation’s criticality and the way the intention to change lanes 

was indicated on the preferred behavior. Options for preferred 

behavior were decelerating, accelerating, change lanes or 

maintaining speed. 

Different projects focused on lane changes in a coopera-

tive context already (Heesen, Baumann, Kelsch, Nause, & 

Friedrich, 2012; Hidas, 2005; Lütteken, Zimmermann, & Ben-

gler, 2016). Hidas (2005) identified three relevant components 

for a cooperative lane change: 1) the driver who wants to 

change lanes indicates this intention; 2) the driver on the target 

lane recognizes this situation, decides to cooperate; and 3) the 

potential lane changer realizes that the other vehicle gives way 

and that there is sufficient space for a safe lane change. But re-

sults by Heesen et al. (2012) could not show any influence of 

indicating the intention to change lanes on the willingness to 

cooperate. Additionally, in an observation study, Lee, Olsen 

and Wierwille (2004) found out that only 48 percent of lane-

changing drivers were using their indicators. This opens up the 

questions: 1) in a lane change situation, does the driver in the 

target lane need the indicator of another driver to anticipate 

the intention and 2) does the usage of the indicator influences 

the behavior of the driver on the target lane? Stahl, Donmez 

and Jamieson (2013) argue that only low cognitive effort is 

necessary for involved drivers if another vehicle is signaling 

an upcoming lane change: drivers simply react to a highly sali-

ent signal. To test if a regular indicator is salient enough or if 

an even more salient indicator has an effect on preferred be-

havior, we introduced an arrow in the Head-up display (HUD) 

indicating the intention to change lanes. 

In a previous experiment (Stoll, Müller, & Baumann, 

2018) we investigated the effects of the situation’s criticality 

and the costs of cooperation on the preferred behavior of an 

agent in the target lane. As Lütteken et al. (2016) point out the 

costs of cooperation are an essential factor influencing the 
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drivers’ willingness to cooperate. We manipulated the distance 

and space in time to a driver asking for cooperation and the 

situation’s criticality for this other driver. Specifically, we ma-

nipulated the time to collision (TTC) between the agents as 

well as the distance headway defined as the distance between 

the bumper of a leading vehicle and the following vehicle. The 

TTC is defined as the time it takes for two vehicles to collide 

if both continue at their current speed and path (Horst 1990). 

Considering the results, which indicate that TTC is the 

stronger influencing factor, we did not take distance headway 

into account in the current experiment. Instead, we expanded 

the availability of actions by adding a third lane. Heesen et al. 

(2012) showed that the availability of a free third lane in-

creased the cooperative behavior. A possible explanation 

could be the lower costs of a lane change in comparison to 

braking or accelerating.  

 

METHOD 

 

The study’s aim was to investigate the effect of costs of 

cooperation, situation’s criticality and the way the intention to 

change the lane was indicated on the preferred behavior in a 

lane change situation from the perspective of a diver on the 

fast lane (Egocar in Fig. 1).  

 

Participants 

 

On the conducted experiment 51 participants (63% fe-

males) attended. Their age ranged from 18 to 52 years (M = 

26.0 years, SD = 6.3 years). They were all in possession of a 

valid driving license (M = 8.3 years; SD = 4.9 years). Consid-

ering their annual mileage: 26 participants drive less than 7000 

km per year, 14 participants drive between 7000 and 14 999 

km, 9 drive between 15 000 and 24 999 km and 2 more than 

25 000 km per year. They were incentivized by money or 

course credits. 

 

Procedure 

 

In a video-based experiment the participants took the 

perspective of driving in the left lane or the middle lane on a 

German freeway (Egocar, see Fig. 1) and had to express their 

preferred reaction towards the request of a lane-changing vehi-

cle in the right lane via pressing a button. We decided on this 

laboratory paradigm since it allows a clear manipulation of 

each factor. 

To prevent social desirability bias, the terms cooperation or 

cooperative driving were not mentioned. Instead participants 

were told that they took part in a study about decision making 

on highways. Before the experiment started, two example vid-

eos were shown. The participants started each trial of the ex-

periment by pressing the space bar. This also provided them 

the possibility to take a break. After every videos participant 

answered the following two questions via mouse click: 1) 

which behavior they would prefer to show t(Accelerate, Main-

tain Speed, Decelerate and changing lane (in half the videos)) 

and 2) how critical the situation was. Criticality was rated on a 

five-point Likert scale. A demographic questionnaire followed 

at the end. The duration of one experiment was about 75 

minutes. 

All videos followed the same structure as presented in 

Fig. 1. 

 

 
Figure 1: Driving scenario. 

 

On the right lane in front of the Egocar another car 

(Changer) approached a slower leading vehicle (Truck). The 

speed levels for the three involved agents were constant for 

the duration of a video as well as between the different videos: 

The Truck was driving at 49 mph which is the legal speed for 

heavy commercial vehicles in Germany. Egocar’s and 

Changer’s speed (75 mph and 62 mph) are realistic speed lev-

els for German highways (ADAC, 2013). The manipulation of 

costs was realized by modifying the TTC between the Egocar 

and the Changer on two levels. Situation’s criticality was real-

ized by manipulating the TTC between the Changer and the 

Truck (see Fig.1) on two levels. Those levels were chosen 

based on the Urgency Rating Scale (Lee et al., 2004). Accord-

ing to this scale a TTC higher than 5 s is classified as a non-

urgent lane change, while a TTC smaller than 3 s is defined as 

a forced lane change (Lee et al., 2004). Considering the results 

of an earlier, similar experiment, the category situated in be-

tween (3 to 5s, which is classified as an urgent lane change) 

was not taken into account (Stoll et al., 2018). Moreover, in 

half of the videos a third lane was made available to the left of 

the Egocar (see example in Fig.1), which enabled the partici-

pants to also prefer a lane change to the left. To distract partic-

ipants from the fact that the same combination of factors was 

shown twice, we manipulated the landscape next to the high-

way. We expected the change of landscape to have no effect 

on the outcome. 

The intention of the Changer to change the lanes was 

manipulated on four levels: 1) the Changer was flashing the 

indicators about 2 s before the video stopped; 2) the Changer 

flashed the indicators about 2 s before the video stopped and 

an arrow appeared on the Head-up display (HUD) (see Fig. 2); 

3) the Changer’s brake lights flashed up about 2 s before the 

end of the videos; and 4) no indication showing the intention 

to change the lanes was given. This timing was chosen by tak-

ing (Salvucci & Liu, 2002) into account, who observed that 

drivers use their indicators about 1.5 s before a lane change. 

Summarizing, we manipulated 5 factors: TTCego, 

TTChanger, available lanes, usage of the indicator and the land-

scape. This leads to a 2x2x4x2 within-subject design with 64 

videos, which were presented once to every participant. The 

videos were based on SILAB (5.1, WIVW GmbH) and had a 

duration of 10 s. 
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Figure 2: One of the 64 videos at the instant of stopping. TTCego = 2 

s; TTCchanger = 2 s, lanes = 2; way of indicating the intention to 

change the lane = blinker and arrow on the HUD. 

  

The videos were rendered with a resolution of 1920 x 

1080 pixels on a 28-inch screen. Participants were watching 

the videos from a normal distance of about 50 cm (19.7 inch).  

 

RESULTS 

 

Descriptive Statistics 

 

 We received 64 answers from each of the 51 partici-

pants, which resulted in a total number of 3264 responses. Fig-

ure 3 shows the preferred action depending on the number of 

available lanes. If a third lane was available, in more than 50 

percent of the situations a lane change to the left was the pre-

ferred choice, while decelerating was the preferred choice in 

3.2 percent of the cases. In the two lane scenarios 25.6 percent 

preferred decekerating (see Fig.3).  

 

 
Figure 3: Preferred action in percentage depending on the number of 

lanes used in the experiment. 
 

Regarding the behavior of the changer, Figure 4 shows the 

preferred action. Part a) addresses a two lane highway: it shows 

on a descriptive level that usage of indicators seems to be asso-

ciated with an increase in frequency of decelerating and de-

crease for maintaining speed. In part b) the three lane highway 

scenario is addressed. The indicators seem to be associated with 

an increase in frequency of lane changing and decrease for 

maintaining speed.  

 

 

 
Figure 4: Preferred action in percentage depending on the changer's 

behavior: (a) for the two lanes scenarios and (b) for the three lanes 

scenarios.  

 

 Effect on preferred behavior 

 

Due to the mulitlevel data structure with a multinominal 

outcome, a Generalized Linear Mixed Model (GLMM) was 

used to conduct inferential analysis of the response behavior. 

This was necessary since, for our data, the response on the 64 

different measuments (Level-1) were clustered within the 51 

participants (Level-2). A GLMM introduces random intercepts 

and slopes (random effects) in order to deal with the correlated 

nature of the clustered data (Skrondal & Rabe-Hesketh, 2003). 

The preferred behavior is multinominal due to its inherent 

order within the response categories. We followed the method 

desribed by Skrondal and Rabe-Hesketh (2003). Thus, to 

analyse the outcome varibale we had to define a reference 

category within the outcome variable. This should always be 

done based on a theoretical backgound (Eid, Gollwitzer, & 

Schmitt, 2015). In the case of preferred behavior we chose 

“maintain speed” as the reference category since this reaction 

is not seen to be a cooperative action. Regarding the indicating 

behavior we determined “no indication” as the reference 

category.  

Logistic regressions use logits which are uncommon to 

inerpret. Therefore, the logits are exponated so that the 

estimates for the parameters are converted into better 

interpretable odds ratios (Abdulhafedh, 2017).   

However, due to the stucture of the study, only in half of 

the cases a lane change was possible. Consequently, it is 

necessary to report the results of two separate GLMMs. The 
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predictors TTCego, TTCchanger, indicator usage, landscape and 

the interactions were taken into account. The odds for 

preferred behavior were different between the participants. 

Table 1 shows the the best fitting model with regard to 

the Akaike Information Criterion (AIC = 17041) for the two 

lane scenario.The variance of intercepts were significant for 

accelerate vs. maintain speed as well as for decelerate vs. 

maintain speed. There are siginificant effects for the factors 

TTCego, TTCchanger, indicator usage but not for the landscape. 

Moreover, interactions between TTCego and indicator usage, as 

well as between TTCchanger and indicator usage are significant. 

When TTCchanger increases by one second the odds for 

accerlating decrease by 66,7% (not accounting for the 

interactions). 

 
Table 1: Coefficients for GLMM with TTCego, TTC changer, changer’s indi-

cator usage as predictors and preferred behavior as the criterion variable in the 

two lane scenario. 
 

Fixed Effects b SE t p exp(b) 

accelerate vs. maintain speed 

intercept -2.069 0.389 -5.313 <.001*** 0.126 

TTCego 0.984 0.322 3.057 .002** 2.675 

TTCchanger -1.100 0.322 -3.420 .001*** 0.333 

Ind1 (ind) 1.981 0.363 5.461 < .001*** 7.249 

Indi1 (arrow) 3.012 0.375 8.028 < .001*** 20.320 

Ind1 (braking lights) 1.371 0.352 3.891 < .001*** 3.940 

TTCego*Ind. (ind) -1.482 0.483 -3.067 .002** 0.227 

TTCego*Ind. (arrow) -2.469 0.505 -4.893 < .001*** 0.085 

TTCego*Ind. (breaking 

lights) 
-1.033 0.431 -2.398 .017* 0.153 

TTCchanger*Ind. (ind) 0.905 0.450 2.013 .044* 2.473 

TTCchanger*Ind. (arrow) 0.192 0.47 0.420 .675 1.212 

TTCchanger*Ind. (break-

ing lights) 
-0.001 0.429 -0.002 .998 0.999 

decelerating vs. maintaining speed 

intercept -5.294 1.060 -4.996 <.001*** .005 

TTCego 4.978 1.050 4.741 <.001*** 145.188 

TTCchanger -3.023 0.521 -5.797 <.001*** 0.049 

Ind1 (ind) 3.342 1.076 3.107 .002 ** 28.287 

Ind1 (arrow) 3.864 1.079 3.582 <.001*** 47.684 

Ind (braking lights) 1.201 1.254 0.958 .338 3.324 

TTCego*Ind. (ind) -0.610 1.119 -0.545 .586 0.544 

TTCego*Ind. (arrow) -1.086 1.117 -0.972 .331 0.338 

TTCego*Ind. (breaking 
lights) 

-.834 1.290 -0.646 .518 0.434 

TTCchanger*Ind (ind) 2.003 0.626 3.199 .001*** 7.408 

TTCchanger*Ind (arrow) 1.967 0.625 3.146 .002** 7.146 

TTCchanger*Ind (break-

ing lights) 
0.801 0.652 1.227 .220 2.227 

Random Effects ô2 SE Z p  

Accelerate vs. maintain 

speed intercept 
3.975 0.969 4.102 <.001***  

Decelerate vs. maintain 
speed intercept 

3.722 0.934 3.985 <.001***  

Note. Ind = Indicator; 1 compared to “no indicator”; BIC = 17041.384; *p 

<.05, p** <.01, p***<.001.  

 

Table 2 shows the best fit model (AIC = 24381,075) for 

the three lane scenario. The variance of the intercepts were 

significant for accelerate vs. maintain speed, decelerate vs. 

maintain speed and change lanes vs. maintain speed. There are 

siginificant effects for the factors TTCego, TTCchanger, indicator 

usage but not for the landscape. Moreover, the interaction 

between TTCego and indicator usage is significant. 

  
Table 2: Coefficients for GLMM with TTCego, TTC changer, changer’s indi-

cator usage as predictors and preferred behavior as the criterion variable in the 

three lane scenario. 
 

Fixed Effects b SE t p exp(b) 

accelerate vs. maintain speed 

intercept -2.112 0.349 -6,051 <.001*** 0.121 

TTCego -0.831 0.484 -1.722 .085 0.435 

TTCchanger -0.685 0.209 -3.374 0.001*** 0.504 

Ind1 (ind) 1.924 0.344 5.593 <.001*** 6.848 

Ind1 (arrow) 2.367 0.357 6.631 <.001*** 10.662 

Ind1 (braking lights) 0.865 0.338 2.561 .011* 2.375 

TTCego * Ind (ind) -0.528 0.937 -0.564 .573 0.590 

TTCego * Ind (arrow) 0.020 0.811 0.025 .980 1.020 

TTCego * Ind (break-

ing lights) 
-0.304 0.671 -0.453 .651 0.738 

decelerate vs. maintain speed 

Intercept -4.767 1.029 -4.632 <.001*** 0.009 

TTCego 2.057 1.113 1.849 .065 7.826 

TTCchanger -1.541 0.337 -4.573 <.001*** 0.214 

Ind1 (indicator) 2.422 1.140 2.124 .034 11.264 

Ind1 ( braking lights) 3.238 1.107 2.924 .004 25.476 

Ind1 (arrow) 1.044 1.240 0.842 .400 2.840 

TTCego * Ind (ind) 1.176 1.292 0.910 .363 3.241 

TTCego * Ind (arrow) 0.702 1.270 0.553 .580 2.019 

TTCego * Ind (break-

ing lights) 
-1.134 1.453 -0.780 .436 0.322 

Change lanes vs. maintain speed  

Intercept -1.935 0.347 -5.576 <.001*** 0.144 

TTCego 2.121 0.307 6.901 <.001*** 8.336 

TTCchanger -1.227 0.155 -7.922 <.001*** 0.293 

Ind1 (ind) 3.041 0.322 9.450 <.001*** 20.931 

Ind1 ( braking lights) 3.762 0335 11.227 <.001*** 43.053 

Ind1 (arrow) 1.393 0.314 4.436 .076 4.029 

TTCego * Ind (ind) 0.858 0.484 1.773 .409 2.359 

TTCego * Ind (arrow) 0.424 0.513 0.826 .409 1.528 

TTCego * Ind (break-
ing lights) 

-0.283 0.403 -0.702 .483 0.754 

Random Effects ô2 SE Z p  

Accelerate vs. maintain 

speed intercept 
2.253 0.622 3.622 <.001***  

Decelerate vs. maintain 

speed intercept 
1.321 0.566 2.335 .020  

Change lanes vs. main-
tain speed intercept 

2.841 0.669 4.246 <.001***  

Note. Ind = Indicator; 1 compared to “no indicator”; BIC = 24397.203; *p 

<.05, p** <.01, p***<.001.  

 

DISCUSSION 

 

The purpose of this study was to investigate the influence 

of costs (operationalized by manipulation of TTCego and the 

availability of a third lane), the situation’s criticality for the 

lane changing vehicle (operationalized by manipulation of 

TTCchanger) and the way in which the intention to change the 

lane was indicated. 

The results indicate that four factors: use of indicator, 

TTCego, TCCchanger and availability of a third lane had an effect 

on the action selection. As expected the factor landscape, 

which represented a repeated measurement had no effect. This 

result shows that the participant’s behavior was in summary 

consistent and not just a result of a random decision.  
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 As expected the availability of a third lane increased 

the cooperative behavior. If a lane change to a faster lane is 

possible, participants preferred to opt for it. A lane change 

might be accompanied by lower costs than decelerating or ac-

celerating, which stands in line with the results shown by 

Heesen et al.(2012) and Lütteken et al. (2016). 

 Regarding the usage of the indicator results showed a 

high influence on decelerating, accelerating and lane chang-

ing. The additional arrow led to even more reactions compared 

to a regular indicator. Therefore, it seems that drivers are in-

fluenced by the usage of the indicator as defined by Hidas 

(2005) and that a higher salience on the indicator might lead to 

more cooperative behavior.  

 

Limitations and future work  
  

This study investigated the preferred behavior, which 

may differ from what a driver being exposed to a comparable 

situation does. Subsequently, future research is required to in-

vestigate if the preferred choices shown in our study fit the be-

havior shown in a more realistic scenario. Accordingly, a driv-

ing simulation study will be conducted.  

In our scenarios a reduced number of agents was pre-

sented in order to provide experimental control and reduce 

complexity. Following and preceding traffic on all lanes might 

influence the behavior as well. Moreover, there might be bet-

ter possibilities to increase the salience for the intention to 

change lanes.  

In future works these findings will be investigated in 

other cooperative situations as well as in an interactive driving 

simulation study that allows the investigation of the dynamics 

of the driver behavior in face of a changing traffic situation. 
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After you: Merging at Highway On-Ramps 

 
Tanja Stoll, Lucas Weihrauch & Martin Baumann 

Faculty of Engineering, Computer Science and Psychology, Department of Human Factors, Ulm  

University, Ulm, Germany 

 

Vehicle-to-vehicle and vehicle-to-infrastructure communication offer new possibilities for cooperatively in-

teractive driving. It enables vehicles to carry out maneuvers cooperatively with other vehicles. However, 

these maneuvers have to be predictable and understandable to a human driver to prevent the driver from 

intervening with the automation. In a video-based study, we investigated potential influencing factors on the 

willingness to behave cooperatively in an on-ramp situation on a highway: the situation’s criticality for the 

lane-changing vehicle, the way the intention to change the lane was indicated and the scope of action. More-

over, we asked participants to rate their perceived criticality. Participants preferred to change lanes to the left 

or decelerate to let the other vehicle merge in front of them. If a lane change was not possible, participants 

rated the situation as more critical. These results are useful for the developing process of human-machine 

interfaces for cooperatively interacting vehicles.  

 

 

INTRODUCTION 

 

In the future, it will be possible not only to utilize a vehicle’s 

own sensors but also to communicate with other vehicles and 

the infrastructure. Consequently, it will be possible to share the 

perceived environmental information and other vehicles’ inten-

tions. It has the potential to increase traffic flow efficiency and 

safety on roads. Cooperatively interacting vehicles will be able 

to plan and carry out maneuvers with each other and without 

the involvement of a human driver (Burger et al., 2017). How-

ever, these cooperative maneuvers have to be acceptable and 

predictable to human drivers (Basu et al., 2017). Otherwise, 

they might intervene with the automation during a cooperative 

situation creating a potentially critical condition (Bengler et al., 

2012).  

A cooperative situation is described as a situation in which 

at least two agents “[…] (1) strive [...] towards goals and can 

interfere with the other one’s goals, resources, procedures, etc. 

(2) Each one tries to manage the interference to facilitate the 

individual activities and/or the common task when it exists.” 

(Hoc, 2001, p. 515). Since cooperative situations in traffic are 

non-symmetric (Martin, 2001), at least one involved agent has 

to make a compromise. Therefore, it is relevant to investigate 

the underlying mechanisms of human cooperation in traffic as 

well as to identify influencing factors on the willingness to 

make a compromise. Especially, if the behavior of the cooper-

atively interacting vehicle differs from the way a human driver 

would react, an appropriate explanation has to be given to the 

human driver. 

An example of a cooperative maneuver is a lane change sce-

nario. Results from different studies investigating influencing 

factors on the willingness to behave cooperatively in a lane 

change situation (Heesen et al., 2012; Stoll et al., 2018; Stoll et 

al., 2019; Zimmermann et al., 2018). Research showed that the 

willingness to decelerate or change lanes to the left is positively 

influenced by the usage of indicators (Stoll et al., 2018; Stoll et 

al., 2020). It seems the intentions have to be communicated ex-

plicitly to facilitate cooperative behavior. Additionally, more 

cooperative behavior was observed when the costs for cooper-

ation were lower and when the cooperation partner was in a 

more critical situation (Heesen et al., 2012; Stoll et al., 2020).  

A special form of lane-change situations with particular 

challenges are merging situations on highway on-ramps. Miss-

ing cooperative behavior can lead to a complete stop and even 

traffic jams in such situations (Baselt et al., 2014). Marczak et 

al. (2013) define on-ramps as one of the main causes of traffic 

jams on highways. Taking the perspective of the driver on the 

highway, we investigated the effect of the scope of action, the 

way the intention to change lanes was indicated and the urgency 

for the other driver on the preferred behavior. Moreover, we in-

vestigated if a traffic sign explaining alternately merging traffic 

(Fig. 1) has a positive effect on the cooperative behavior shown 

by the participants. We added this traffic sign since similar 

signs can be found next to some German roads, but their effect 

on behavior has not been investigated. For the preferred behav-

ior, participants could choose to decelerate, accelerate, change 

lanes, or maintain speed. Based on the definition of Hoc (2001), 

every behavior that facilitates interference is considered coop-

erative. Therefore, it is situation-depended which behavior is to 

be regarded as cooperative. In this case, we consider changing 

lances or decelerating as cooperative.  
 

Figure 1 

Traffic sign explaining traffic users alternately merging traffic [einfädeln 

lasssen = let merge] 
 

 
 

Hypotheses 
 

Based on previous research on cooperative behavior in lane 

change situations, we expected the participants to behave more 

cooperatively  

I)  if the situation was urgent for the other vehicle,  
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II)  if the other vehicle was explicitly communicating its in-

tention to change lanes  

III)  if the traffic sign was presented, and  

IV) if the scope of action was higher. 

V)  We expected a two-lane scenario to be perceived as more 

critical than a three-lane scenario.  

 

METHOD 
 

The study’s aim was to investigate the effect of the scope of 

action, the urgency for the cooperation partner, the way the in-

tention to change the lane was indicated as well as the influence 

of a traffic sign explaining alternately merging traffic (Fig. 1) 

that can be found on some German roads on the preferred be-

havior in a lane change situation at an on-ramp on a freeway 

from the perspective of a diver already driving on the freeway 

(Egocar in Fig. 2). Additionally, we investigated the perceived 

criticality.  
 

Participants 

 

In the conducted experiment, 51 participants (63% females) 

attended. Their age ranged from 18 to 52 years (M = 26.0 years; 

SD = 6.3 years). Possession of a valid driving license was man-

datory (M = 8.3 years; SD = 4.9 years). Regarding their annual 

mileage, 26 participants drove less than 7000 km per year, 14 

participants drove between 7000 and 14 999 km, nine drove be-

tween 15 000 and 24 999 km, and two more than 25 000 km per 

year. We incentivized them with money or course credits. 

 

Procedure 

 

In a video-based experiment, the participants took the per-

spective of driving in the right lane on a German freeway 

(Egocar, see Fig. 2) and had to select their preferred reaction 

towards the request of a lane-changing vehicle on the on-ramp 

entering the freeway. This laboratory paradigm was chosen for 

its precise manipulation of each factor. 

To prevent social desirability bias, the terms “cooperation” 

or “cooperative driving” were avoided. Instead, participants 

were invited to take part in a study regarding decision making 

on freeways. Participants were instructed not to engage in a sec-

ondary task during the complete study. Two example videos 

were shown before the study itself started. The participants ini-

tiated each trial of the experiment by pressing the space bar, 

giving them the opportunity to take a break whenever it was 

needed. After each video, participants answered the following 

two questions via mouse click: 1) what behavior they would 

prefer (accelerate, maintain speed, decelerate and change lanes 

(in the three-lane condition)) and 2) how critical they perceived 

the situation. For the criticality rating, a five-point Likert scale 

was used. A demographic questionnaire was filled out at the end 

of the experiment. The study lasted about 75 minutes for each 

participant. 

 

Scenario & Design 

 

All videos followed the structure as presented in Figure 2. 

On the on-ramp, another car (Changer) wanted to merge into 

the freeway in front of the participant (Egocar). The speed lev-

els for the two involved agents were constant for the duration 

of a video as well as between different videos: Egocar’s and 

Changer’s speed was 80 km/h (49.7 mph), which is a realistic 

speed level for German freeways. Situation’s criticality was re-

alized by manipulating the time to collision (TTC) between the 

Changer and the end of the on-ramp (see Fig. 2) on two levels. 

Those levels were chosen based on the Urgency Rating Scale 

(Lee et al., 2004). According to this scale, a TTC higher than 5 

s is classified as a non-urgent lane change, while a TTC smaller 

than 3 s is defined as a forced lane change (Lee et al., 2004). 

Considering the results of earlier, similar experiments, the cat-

egory situated in between (3 s to 5 s, which is classified as an 

urgent lane change) was not taken into account (Stoll et al., 

2019). We chose the two levels of TTC = 2 s and TTC = 6 s. 

The Egocar and the Changer are almost at the same level of the 

road at the end of each scenario.  

In order to manipulate the scope of action, in half of the vid-

eos, the left lane was blocked with a construction site (see ex-

ample in Fig. 2), which made a lane change to the left impossi-

ble. We refer to it as a two-lane scenario. 

 
Figure 2 

Driving scenario. A) shows the three-lane scenario. B) shows the two-lane sce-

nario. 

 

 
 

The intention of the Changer to merge was manipulated on 

four levels: 1) the Changer flashing the indicators about 2 s be-

fore the video stopped; 2) the Changer flashing the indicators 

about 2 s before the video stopped and an arrow appeared on 

the augmented reality display (AR); 3) the Changer’s brake 

lights flashing up about 2 s before the end of the videos (brake), 

and 4) no indication showing the intention to change the lanes 

was given. This starting point was chosen by taking Salvucci 

and Liu (2002) into account, who observed that drivers turn on 

their indicators about 1.5 s before a lane change. We introduced 

the AR to investigate if a higher level of salience increases the 

willingness to cooperate. 

In half of the scenarios, the alternately merging traffic sign 

was placed at the beginning of the video. Each combination of 
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the influencing factors was presented twice. To distract partici-

pants from realizing the repetition, we manipulated the land-

scape surrounding the freeway (landscape).  

Summarizing, we manipulated four factors: TTCChanger (for 

the cooperation partner), available lanes, indicator usage, 

presentation of the alternately merging traffic sign and the land-

scape. This leads to a 2x2x4x2x2 within-subject design with 64 

videos, which were presented once to every participant.  

The videos were created using SILAB (5.1, WIVW GmbH) 

and had a duration between 10 s and 14 s. The videos were ren-

dered with a resolution of 1920 x 1080 pixels on a 28-inch 

screen. Participants were watching the videos from a normal 

distance of about 50 cm (19.7 inches). Figure 3 shows one of 

the videos at the decision point.  

 
Figure 3 

Screenshot was taken at the decision point in the three-lane scenario. The AR 
supports the indictor. 

 

 
 

RESULTS 

 

Since each of our 51 participants answered to 64 scenarios, 

we got a total number of 3264 responses.  

Depending on the scope of action, the participants had a differ-

ent set of possible answers: either accelerate, decelerate and 

maintain speed, or accelerate, decelerate, maintain speed and 

change lanes. In the two-lane scenario (in which a lane change 

was not possible), the preferred action was decelerating in 

62.7% of the cases, followed by acceleration (20.7%) and main-

taining speed (16.6%). In the three-lane scenario, changing 

lanes was the preferred action in 78% of the cases followed by 

maintaining speed in 8 %, decelerating (7 %), and accelerating 

(7 %) (see Fig. 4).  
 

Figure 4 

Preferred action in percentage depending on the number of available lanes on 
the freeway and, therefore, if there was the option to change the lane to the left. 

 

 
 

Effect on preferred behavior 

 

The categorical outcome variable (‘preferred behavior’) 

does not follow an inherent order (decelerate, accelerate, main-

tain speed and lane change), it is multinominal (Skrondal & 

Rabe-Hesketh, 2003). Due to the multiple scenarios each par-

ticipant reacted to, the data in this study contain a multilevel 

structure. Therefore, we fitted Generalized Linear Mixed Mod-

els (GLMMs) to address the polytomous multinominal outcome 

variable and the clustered data this study provided. The analysis 

was carried out using SPSS 26. Due to the scope of action, that 

created two different sets of possible answers, we needed to fit 

two different GLMMs. As a reference category, we chose de-

celerating in the two-lane scenario and lane changing in the 

three-lane scenario, because these were the preferred actions in 

the two subsets. Regarding indicator usage, we used no indica-

tor usage as the reference category.  

 Table 1 shows the model for the two-lane scenario 

(AIC = 15711.752). Random effects for participants were cal-

culated. The odds of choosing particular reactions were differ-

ent between participants. The variance of the intercept was sig-

nificant both for maintaining speed vs. decelerate and accelerate 

vs. decelerate. Significant effects were found for the traffic sign 

explaining alternately merging traffic, for TTCchanger, the indi-

cator usage and the interaction between TTCchanger and indicator 

usage. As expected, the change of landscape had no influence 

on the preferred behavior.  
 

Table 1 

GLMM for the two-lane scenario  

Fixed Effects b SE t p exp(b) 

maintain speed vs. decelerate      

intercept -1.74 0.40 -4.37 <.001 *** 0.18 
TTCchanger =

 6 s1 1.16 0.32 3.72 <.001 *** 3.19 

merging sign -0.43 0.17 -2.62 .009 ** 0.64 

Indicator2 (indicator) -1.32 0.38 -3.52 <.001 *** 0.27 
Indicator2 (arrow) -1.29 0.38 -3.45 .001 ** 0.27 

Indicator2 (brake) 0.43 0.33 1.29 .197  1.54 

TTCchanger
1*Ind2 (ind.) -0.54 0.49 -1.09 .275  0.58 

TTCchanger
1*Ind2 (AR) -0.10 0.51 -1.97 .049 * 0.37 

TTCchanger
1*Ind2(brake) -0.08 0.45 -0.18 .858  0.92 

Landscape  -.12 0.17 -0.70 .887  1.24 

accelerate vs. decelerate     

intercept -1.43 0.34 -4.22 <.001 *** 0.24 

TTCchanger =
 6 s1 0.45 0.30 1.50 .135  1.56 

merging sign. -0.15 0.15 -0.96 .340  0.87 

Ind2 (ind) -0.74 0.31 -2.39 .017 * 0.48 

Ind2 (arrow) -0.64 0.31 -2.09 .039 * 0.53 

Ind2 (brake) 1.38 0.28 4.92 <.001 *** 3.98 
TTCchanger

1*Ind2 (ind) -1.28 0.47 -2.70 .007 ** 0.28 

TTCchanger
1*Ind2 (AR) -1.15 0.46 -2.52 .012 * 0.32 

TTCchanger
1*Ind2(brake) -0.38 0.401 -0.95 .343  0.684 

Landscape 0.11 0.154 1.43 .154  1.246 

Random Effects  ô2 SE Z p  

Maintain speed vs. decelerate in-

tercept 
4.22 1.03 4.11 <.001 *** 

Accelerate vs. decelerate intercept 3.17 0.77 4.13 <.001 *** 

Note. Ind = Indicator; 1 compared to TCC = 2 s.; 2 compared to “no indicator”; 

BIC = 15722.555; *p <.05, p** <.01, p***<.001.  
 

Table 2 shows the model for the three-lane scenario (AIC = 

15711.752). Random effects for participants were calculated. 

The odds of choosing particular reactions were different be-

tween participants. The variance of intercepts was significant 

21

07

63

07
17

08

78

0
10
20
30
40
50
60
70
80
90

100

2 lanes 3 lanes

P
er

ce
n

ta
g
e 

p
re

fe
rr

ed
 a

ct
io

n
 

Preferred behavior depending on lanes

Accelerate Decelerate Maintain speed Change lanes

C
op

yr
ig

ht
 2

02
0 

by
 H

um
an

 F
ac

to
rs

 a
nd

 E
rg

on
om

ic
s 

S
oc

ie
ty

. A
ll 

rig
ht

s 
re

se
rv

ed
. 1

0.
11

77
/1

07
11

81
32

06
41

26
6

Proceedings of the 2020 HFES 64th International Annual Meeting 1107 



for maintaining speed vs. lane changing as well as for acceler-

ating vs. lane changing and decelerating vs lane changing. Sig-

nificant effects were found for the TTCchanger and the interaction 

between indicator usage and TTCchanger. The landscape again 

had no influence on the preferred behavior.  

 
Table 2 

GLMM for the three-lane scenario  

  

Fixed Effects b SE t p exp(b) 

maintain speed vs. lane change 

intercept -3.54 0.52 -6.75 <.001 *** 0.03 

TTCchanger =
 6 s1 0.94 0.50 1.89 .059  2.26 

Merging sign 0.01 0.37 0.04 .969  1.01 

Ind2 (Ind.) -0.99 0.53 -1.87 .062  0.37 

Ind2 (AR) -0.61 0.50 -1.23 .217  0.54 

Ind2 (brake) -0.45 050 -0.91 .370  0.64 

TTCchanger
1*Ind2 (Ind.) 0.04 0.69 0.06 .951  1.04 

TTCchanger
1*Ind2 (AR) -0.85 0.69 -1.23 .219  0.43 

TTCchanger
1*Ind2 

(brake) 
0.80 0.63 1.27 .206  2.23 

TTCchanger
3* merg. sign -0.32 0.48 -0.67 .502  0.72 

Landscape 0.08 0.24 0.33 .742  1.08 

decelerate vs. lane change 

intercept -3.32 0.45 -7.44 <.001 *** 0.04 

TTCchanger =
 6 s1 0.22 0.49 0.45 .652  1.25 

Merging sign 0.12 0.32 0.38 .706  1.13 

Ind2 (Ind.) 0.01 0.43 0.01 .990  1.01 

Ind2 (AR) 0.02 0.43 0.04 .969  1.02 

Ind2 (brake) -0.67 0.51 -1.31 .190  0.51 

TTCchanger
1*Ind2 (ind) 0.63 0.59 1.07 .286  1.88 

TTCchanger
1*Ind2 (AR) 0.22 0.60 0.37 .713  1.25 

TTCchanger
1*Ind2 

(brake) 

0.64 0.69 0.93 .351  1.90 

TTCchanger
3* merg. sign -0.33 0.43 -0.77 .440  0.72 

Landscape 0.10 0.21 0.47 .636  1.11 

accelerate vs. lane change       

intercept -3.51 0.47 -7.45 <.001 *** 0.03 

TTCchanger =
 6 s1 1.24 0.49 2.51 .012 * 3.46 

Merging sign 0.31 0.30 1.03 .304  1.36 

Ind2 (Ind.) 0.17 0.47 0.37 .711  1.19 

Ind2 (AR) -0.21 0.50 -0.42 .671  0.81 

Ind2 (brake) 1.28 0.42 3.06 .002 ** 3.60 

TTCchanger
1*Ind2 (ind) -1.65 0.69 -2.39 .017 * 0.19 

TTCchanger
1*Ind2 (AR) -2.04 0.79 -2.58 .010 * 0.13 

TTCchanger
1*Ind2 

(brake) 

-0.96 0.56 -1.74 .083  0.38 

TTCchanger
3* merg. sign -0.62 0.44 -1.41 .158  0.54 

Landscape 0.06 0.22 0.29 .771  1.07 

Random Effects ô2 SE Z p  

Maintain speed vs. lane change inter-

cept 
4.77 1.21 3.94 <.001 *** 

*** 
*** 

Decelerate vs. lane change intercept 2.61 0.73 3.59 <.001 

Accelerate vs. lane change intercept  2.61 0.70 3.72 <.001 

Note. Ind = Indicator; 1 compared to TCC 2 s; 2 compared to “no indicator”; 3 

TCC = 2 s. compared to TCC = 6 s; BIC = 24708.096; p* <.05; p** <.01; 

p***<.001.  

 

Situation’s criticality. We expected the situation’s criticality 

manipulated through different levels of TTC regarding the end 

of the on-ramp (TTCchanger) to affect the preferred behavior (hy-

pothesis I). For the two-lane scenario, we found a significant 

effect for maintaining speed: The odds for maintaining speed 

increased when TTCchanger was six seconds.  

For the three-lane scenario, a significant effect could only 

be found for accelerating: The odds for accelerating increased 

when the TTCchanger was six seconds.  

Effect of changer’s display of intention. Moreover, we ex-

pected the way the intention to change lanes was communicated 

by the other vehicle to have an effect on the preferred action 

(hypothesis II). The other vehicle was either indicating, using 

the indicators plus an AR arrow projected on top of the chang-

ing vehicle, not indicating or flashing the brake lights.  

We found significant effects in the two-lane scenario for 

maintaining speed and accelerating. The odds for maintaining 

speed decreased using the indicator compared to no indicator 

usage. When the additional AR was used the odds for maintain-

ing speed or accelerating decreased compared to decelerating. 

However, when the brake lights flashed, the odds for maintain-

ing speed or accelerating increased compared to decelerating. 

In the three-lane scenario we found a significant effect for ac-

celerating. When the brake lights flashed the odds for acceler-

ating increased. 

Moreover, we found significant interactions between the in-

dicator usage and the TTCchanger. In the two-lane scenario, the 

odds for maintaining speed decreased when the TTCchanger was 

six seconds, and AR was used. The odds for accelerating de-

creased in this scenario when the TTCchanger was six seconds and 

the indicator or AR was used. In the three-lane scenario, the 

odds for maintaining speed decreased when the TTCchanger was 

six seconds, and the indicator or AR was used. The odds for 

accelerating decreased when the TTCchanger was six seconds and 

either the indicator or AR was used.  

Alternating merging traffic sign. We expected the traffic 

sign explaining alternating merging traffic to affect the pre-

ferred behavior (hypothesis III). The effect was only significant 

in the two-lane scenario for maintaining speed: If the traffic sign 

was shown at the beginning of the videos, the odds for main-

taining speed decreased. 

Scope of action. We expected more cooperative behavior in 

the situation with a higher scope of action (hypothesis IV). A 

McNemar’s test supports this hypothesis (p < 0.00 (2 sided)). 

 

Criticality rating 

  

 The criticality rating for the three-lane scenario giving by 

the participants (M = 2.477; SD = 0.628) was significant differ-

ent from the two-lane scenario (M = 2.882; SD = 0.694); 

t(52) = 7.186, p < .001. These results suggest that participants 

perceived the two-lane scenario as more critical as expected in 

hypothesis V.  

 

DISCUSSION 

  

The results show that participants have a clear preference in 

merging situations at on-ramps: If possible, a lane change to the 

left is preferred. Otherwise, the preference is to decelerate. The 

human preference complements the maneuver that automated 

vehicles most likely will carry out (Burger et al., 2017). More-

over, it supports the result by Kita (1999) and Zimmermann et 

al. (2018), who suggest that human drivers take subjective costs 

for driving cooperatively into consideration. Changing to the 
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faster lane is considered as less costly than to decelerate (Zim-

mermann et al., 2018).  

In the three-lane scenario, the preferred action ‘changing 

lanes to the left’ was chosen independently of the display of 

intention or the traffic sign explaining or reminding of alternat-

ing merging. In German driving schools, students are taught to 

change lanes before an on-ramp in order to facilitate the merg-

ing process if the left lane is free. This might explain the strong 

preference for changing lanes and the small effect of the pres-

ence of the traffic sign. Only if the other vehicle’s distance to 

the end of the on-ramp was large, accelerating was chosen more 

often, especially if the intention to change lanes was not indi-

cated or the brake lights were turned on. In this situation, the 

vehicle could easily change lanes after the Egocar since no other 

vehicle was nearby. The other investigated factors did not affect 

the preferred behavior. 

For the two-lane scenario, the traffic sign for alternating 

merging had only a minimal effect: maintaining speed was pre-

ferred less if the sign was shown at the beginning of the video. 

Similar to the three-lane scenario the strong tendency to behave 

defensively explains this weak effect. Therefore, we could not 

find a strong effect for a traffic sign explaining alternately 

merging traffic. However, the results could be cultural depend-

ent and vary with another sample.  

Regarding the influence of the situation’s criticality for the 

other vehicle, we found that maintaining speed was selected 

more often if the distance to the end of the on-ramp was larger 

and therefore, the situation less critical for the changing vehicle. 

Participants considered the changer’s display of intention: 

When the changing vehicle was using the indictor or the indi-

cator and the AR element, they selected maintaining speed or 

accelerating less often than when the other vehicle was not in-

dicating, especially if the Changer was close to the end of the 

on-ramp. If the brake lights were turned on, the preference for 

accelerating or maintaining speed increased.  

Overall, the two-lane scenario was perceived as more criti-

cal than the three-lane scenario. A lane change to the empty left 

lane seems to be considered not only less costly but also safer 

than decelerating or accelerating. Moreover, participants seem 

to prefer a defensive strategy.  

 

Limitations and future work 

  

This study was based on videos that were presented to the 

participants. They were asked for their preferred behavior. 

However, the action they would carry out might differ from the 

preferred behavior. In a further step, we would like to compare 

the results with results from a driving simulator or a field study. 

Moreover, only a limited number of agents were considered in 

these scenarios. For more insights into cooperative behavior, 

other agents should be added to the scenario. Traffic in front or 

behind the participant might have an influence on the preferred 

behavior.  

Regarding the automation, results show that the intentions 

of other road users have to be explicitly communicated in order 

to provoke cooperative behavior. In upcoming studies, we will 

further investigate the display of intentions in situations in 

which an indicator cannot be seen yet.  
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a b s t r a c t

Cooperative interacting vehicles are a promising approach in the context of automated
driving. To ensure understanding and acceptance of such systems, the underlying mecha-
nisms of human cooperation in the context of traffic must be understood. In a driving sim-
ulator study, we investigated how situational factors influence cooperative behaviour in a
lane change situation on a two-lane German highway during automated driving in the left
lane. When another car in the right lane was approaching a slower truck, participants
(N = 32) were asked by an automated system to either accelerate, decelerate or maintain
speed. The driver’s scope of action, the situation’s criticality for the lane-changing vehicle
and the display of intention to change lanes were manipulated. A hierarchical multinomial
logistic regression revealed that a wider scope of action, a higher situation’s criticality and
signalling the intention to change lanes positively influenced cooperative behaviour by
accelerating and decelerating. These results might be applied to design user-centred auto-
mated cooperatively interacting vehicles.

� 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The technological progress in recent years makes the introduction of highly automated vehicles in real traffic probable in
the near future. SAE (Society of Automotive Engineers) level three and higher vehicles will allow the driver to assign atten-
tion to non-driving related tasks. A major prerequisite of a successful introduction of these vehicles is that their behaviour is
understood and accepted by their users (Basu, Hungerman, Singhal, & Dragan, 2017). This is especially important in situa-
tions that are usually solved by cooperation and negotiation processes between human road users (Imbsweiler, Stoll, Ruesch,
Baumann, & Deml, 2018). These situations range from narrow passages to slip roads, which have in common that different
road users’ paths cross and that drivers have to solve the existing interferences.

Traffic can be regarded as a social system in which the different road users’ behaviour is determined by normative reg-
ulations, social norms, and in many cases the outcome of short negotiation processes between road users whose intentions
interfere (Müller, Risto, & Emmenegger, 2016). These negotiation processes certainly take into account normative regula-
tions and social norms. Human road users can flexibly adapt their behaviour by integrating these regulations and norms with
the characteristics of the current situation, including the mutually inferred intentions and status of the negotiating partner.

The successful and safe introduction of automated vehicles into the traffic system requires that these vehicles can par-
ticipate in the aforementioned negotiation processes. For this, they need to be able to not only follow normative regulations
but also to understand and take into account relevant social norms when making decisions and planning and executing
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manoeuvres. Additionally, they need to be able to understand signals from other road users communicating their intentions
and status, and they need to be able to communicate their intentions in a way that can be easily comprehended by other road
users (Färber, 2015). Otherwise, their behaviour would seem unexpected for the human road users, making it less pre-
dictable, comprehensible and less safe, efficient and acceptable. Google cars, for example, were involved in different acci-
dents because they followed the traffic rules too strictly, which made their behaviour unpredictable for other traffic users
(Richtel & Dougherty, 2015).

2. Previous work

By combining vehicle-to-vehicle and vehicle-to-infrastructure communication with driving automation, new ways to
optimise communication and coordination between automated vehicles arise (Li & Wang, 2006). Such cooperative driver–
vehicle systems have the potential to increase traffic flow and efficiency as well as traffic safety (Fiosins et al., 2016;
Wang, Hoogendoorn, Daamen, van Arem, & Happee, 2015). However, to fully use this potential, it is highly relevant that a
driver will accept the behaviour of automated, cooperatively interacting vehicles. Besides safety, reliability and functionality,
it is highly important that the automated system and its behaviour will be in accordance with the driver’s goals and will be
understood by the driver (Benenson & Girald, 2015). Otherwise, a driver might interfere with the cooperative functions of the
automation, which might lead to a dangerous situation, or the driver will not use them at all, decreasing traffic safety and
efficiency. In a situation in which an automated cooperatively acting vehicle slows down in order to allow another vehicle to
merge into this lane, it might lead to a dangerous situation if the human driver will not understand the purpose of the vehi-
cle’s action or does not expect the vehicle’s behaviour. The driver might manually speed up having concluded that the vehicle
reached a system boundary or is in a state of malfunction. Therefore, a deeper understanding of human behaviour in coop-
erative situations is necessary.

Different situational characteristics trigger expectations about how the situation will develop and how the involved
agents will interact with each other (Baumann & Krems, 2009; Mühl, Koob, Stoll, & Baumann, 2019). Consequently, it is
important to understand how drivers process these situational characteristics to recognise that cooperation is required,
under which conditions drivers accept or decline the request for cooperation depending on these characteristics. The auto-
mated vehicles’ interactions have to be either in accordance with the preferred actions of the drivers or have to be explained
to the human driver in order to achieve acceptability and to avoid confusion and unnecessary interventions (Bengler,
Zimmermann, Bortot, Kienle, & Damböck, 2012).

For this purpose, in a driving simulator study, we investigated the behaviour of a driver in the fast lane of a two-lane high-
way in a lane change situation when asked for cooperation by a driver in the slow lane. The driver in the right lane asks for
cooperation to change to the fast lane in order to overtake a slow lead vehicle in the right lane to avoid decelerating to a low
speed and then accelerating again. We manipulated three situational characteristics: the scope of action, the situation’s crit-
icality for the lane-changing vehicle and the signalling of intention to change the lane.

2.1. Lane changes in overtaking scenarios

Lane changes are not just frequent but also challenging (Ammoun, Nashashibi, & Laurgeau, 2007; Keyvan-Ekbatani,
Knoop, & Daamen, 2016) and associated with high levels of uncertainty (Yan, Weber, & Luedtke, 2015). These manoeuvres
require interactions with other drivers if the target lane is occupied. A driver in the target lane facilitates the lane change by
adapting the own speed (Kita, 1999). Regarding the interaction between the involved road users, Hidas (2005) categorised
lane changes as free lane changes, forced lane changes and cooperative lane changes. A cooperative lane change takes place
when a vehicle in the target lane slows down before the lane change takes place, whereas a forced lane change takes place
when the car in the target lane has to slow down in order to increase the gap for a car that forces into a narrow gap (Hidas,
2005). However, the distinction between a forced and a cooperative lane change can be ambiguous in real traffic. In this
paper, we focus on influencing factors on the willingness to behave cooperatively in a lane change situation. These factors
might be addressed when developing cooperatively interacting vehicles.

2.2. Cooperation

A widespread definition for cooperation in the context of traffic (Guo et al., 2017; Heesen, Baumann, Kelsch, Nause, &
Friedrich, 2012; Walch et al., 2017) is the one by Hoc (2001). It describes a cooperative situation as a situation in which
two agents ‘[. . .] (1) strive towards goals and can interfere with the other on goals, resources, procedures, etc.; (2) Each
one tries to manage the interference to facilitate the individual activities and/or the common task when it exists’
((Hoc, 2001), p. 505). As a result, most situations in traffic are non-symmetric (Martin, 2001). At least one involved agent
has to make a compromise. For instance, if two vehicles approach a coequal narrow passage from both sides, they have
to coordinate which of them will pass the narrow passage first (Imbsweiler, Palyafári, León, & Deml, 2017).

In a lane change situation, an interference regarding space on the road might appear between a driver in the target lane,
called the driver being asked for cooperation, and the driver that wants to change lanes, called the driver requesting
cooperation. The driver being asked for cooperation has the option to facilitate the interference if a driver is requesting
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cooperation. Following the definition by Hoc (2001), every action that facilitates the interference is seen as cooperation. In
the lane change situation, these specific options are: decelerate, accelerate, maintain speed or change to another lane, if
available. Maintaining speed in situations in which the driver asking for cooperation is already nearby is uniformly seen
as uncooperative behaviour (Prasch, Geßler, Reinhardt, & Bengler, 2018; Stahl, Donmez, & Jamieson, 2014) since it will
not facilitate the activity. Decelerating or changing the lane if another lane is available is seen as cooperative behaviour
(Heesen et al., 2012; Hidas, 2005; Stahl et al., 2014). Decelerating, or lane-changingl solves the situation by opening up space
for the driver requesting cooperation. However, accelerating cannot be categorised easily as cooperative or uncooperative
since it is highly context-related: by accelerating, the driver might open up a gap behind the own car into which the one
requesting cooperation might merge. Or, the intention might be to close a gap in front of the own car. Though, following
the definition by Hoc (2001), this is a possible solution for the interference. Therefore, it will be addressed as cooperative
behaviour in the current study. The definition by Hoc (2001) helps to identify cooperative behaviour but it cannot support
a prediction about the behaviour that is actually shown.

According to Hidas (2005), lane changes can be carried out cooperatively if three requirements are met: first, the inten-
tion to change lanes has to be shown by the driver requesting cooperation; second, the driver being asked for cooperation
has to recognise this intention and has to decide whether to cooperate by providing enough space for the driver requesting
cooperation; third, the driver requesting cooperation has to understand the willingness to cooperate by the driver being
asked for cooperation, and finally has to carry out the lane change. It means that both drivers have to establish a common
understanding of the current situation and the plans of the other driver to perform the lane change cooperatively. This
understanding is called ‘common frame of reference’ (Hoc, 2001) or ‘situation awareness’ by Endsley (1995). Different pro-
jects have already focussed on a cooperation model (Imbsweiler et al., 2018; Zimmermann, Fahrmeier, & Bengler, 2015).
Imbsweiler et al. (2018) investigateed the decision-making process, but the model cannot answer which factors specifically
influence the willingness to cooperate or when these factors have to appear for them to be considered in the decision-making
process.

Based on Hoc’s (2001) definition, multiple steps are necessary for a successful cooperation. First, the driver that is being
asked to cooperate has to identify the existing interference and the need for cooperation. In the next step, this driver has to
find a suitable solution to this interference. Various situational factors influence either the interference or the solution cho-
sen by the driver. The objective of this study was to investigate factors that address either the process of identifying the exis-
tence of an interference or the process of solving this interference.

Different studies have already focused on situational and personal factors influencing behaviour in lane change situations
especially from the perspective of cooperation (Guo et al., 2017; Heesen et al., 2012; Lütteken, Zimmermann, & Bengler,
2016; Stoll, Müller, & Baumann, 2019; Zimmermann et al., 2018).

Heesen et al. (2012) studied cooperative behaviour in a multi-driver simulation setting. Their results indicate that the
willingness to cooperate is not only dependent on the availability of actions but also on the ability to anticipate the beha-
viour of the other driver (Heesen et al., 2012). If the situation’s criticality for the other driver increased, participants’ will-
ingness to brake increased. Similar results were found by Stoll et al. (2019) or Benmimoun, Neunzig, and Maag (2004).
However, there are still open questions on how different situational factors influence the willingness to cooperate and
the process of detecting and solving an interference. In order to fully control the experimental situation, Stoll et al.
(2019) carried out a video-based study on different lane change scenarios. They show that a large distance in time and space
increases the drivers’ willingness to cooperate via accelerating or decelerating. However, in situations with higher criticality,
drivers seem to feel a strong uncertainty about how to behave in order to solve the situation. While this experiment allowed
strict control of these factors, it investigated the preferred behaviour of participants, which might differ from their behaviour
if exposed to a comparable situation with higher immersion. Therefore, the current study was carried out in a driving sim-
ulator setting in order to examine drivers’ actual choices. Moreover, this setting allows participants to experience the beha-
viour of the autonomous vehicle, while the videos in Stoll et al. (2019) stopped and did not show the actual lane change.

Based on Heesen et al. (2012) Stoll et al. (2019) and Benmimoun et al. (2004), we expect the situation’s criticality for the
driver asking for cooperation to have an influence on the detection of interference. Therefore, we expect that more cooper-
ative behaviour is shown in situations with higher criticality for the driver asking for cooperation than in situations with
lower criticality for the driver asking for cooperation. If the criticality is low participants will not perceive the situation as
a cooperative situation.

Using the indicator to signal a lane change is mandatory according to German traffic regulations (§ 11, Special traffic sit-
uations, StVO, 2016). However, in a large-scale field study Lee, Olsen, and Wierwille (2004) found that only 48 per cent of
drivers used the indicator when changing lanes. Regarding the influence of indicator use on cooperative behaviour, study
results are ambiguous. While Heesen et al. (2012) found no effect of indicator usage, Stoll, Strelau, and Baumann (2018)
found a positive effect. More participants chose to change lanes or to decelerate. Following Stahl et al. (2014), we understand
the indicator usage as a cue that facilitates the interpretation of the intention of other drivers and therefore facilitates the
detection of interference. Thus, we expect, that indicator usage has a positive influence on cooperative behaviour.

Various gamification approaches were tested to increase the acceptance rates of cooperative lane changes (Lütteken et al.,
2016; Zimmermann et al., 2015, 2018). Results indicate that the chances to cooperate decrease with higher costs (Lütteken
et al., 2016). Although participants identify an interference, they preferre to solve the situation not cooperatively because
their perceived costs are too high. In Stoll et al. (2019) a higher scope of action operationalised with time to collision
(TTC) between the driver being asked for cooperation and the driver asking for cooperation had a positive influence on
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the willingness to cooperate. Higher TTC can be translated into lower costs for cooperation. Therefore, we expect that more
cooperative behaviour is shown if the scope of action is higher than if the scope of action is lower.

In this study, we investigate the effect of driver’s scope of action, the situation’s criticality for the driver asking for coop-
eration and the display of intention to change lanes. Since mandatory lane changes are the most frequent ones on highways
(Lee et al., 2004), we focus on them to examine cooperative behaviour.

3. Method

3.1. Participants

In the conducted experiment, 32 participants (12 female) took part. Age ranged from 19 to 46 years (M = 26.13 years, SD =
6.58 years). All participants had held a valid driving licence for at least one year up to 28 years (M = 8.25 years, SD = 6.41
years). During the last year, the participants drove on average 12,355 km (SD = 14,794 km). Table 1 shows the sample char-
acteristics regarding their driving behaviour.

The highest level of education was the Abitur (German university entrance diploma) for 49.9% of the participants while
31.3% had a Bachelor’s degree and 9.4% a Diplom (former German university degree) or Fachabitur (vocational baccalaureate
diploma), 3.1% of the participants had a Master’s degree. Participation was restricted to German native speakers. They were
incentivised by money or course credits.

3.2. Driving scenario

Fig. 1 shows the overtaking scenario used in this study. The participants drove with the perspective of the Ego Car (top left
in the figure) driving in the left lane (fast lane). Meanwhile, in the right lane (slow lane) another car, the Changer, was
approaching a slower vehicle, a truck. The truck was moving with a constant speed level of 80 km/h (49 mph). This level
corresponds to the maximum allowed speed for heavy commercial vehicles on German highways. The Changer was travel-
ling with a constant speed of 100 km/h (62 mph) and the Ego Car with 120 km/h (75 mph), which are realistic speed levels
for German highways.

The overtaking situation was varied by four independent variables: TTCEgo (Driver’s Scope of Action), TTCChanger (Situa-
tion’s Criticality for the Changer), Changer’s Indicator Usage (Changer’s Display of Intention) and Landscape.

TTCEgo was defined as the distance between the front bumper of the Ego Car and the back bumper of the Changer under
the presumption that the Changer had already merged into the left lane. The levels for TTC were chosen based on the
Urgency Rating Scale by Lee et al. (2004): 2 s represent a forced, 4 s an urgent and 6 s a non-urgent lane change. Since par-
ticipants made their decision about how to behave towards the Changer during the ongoing drive, the values of TTCEgo and
TTCChanger represent the TTC at the latest possible decision point. We added two seconds to the values of TTC as decision time
based on the results of Lütteken et al. (2016), who found that participants needed 2.2 s to decide whether to accept or reject a
cooperation request during an ongoing drive. Consequently, we investigated the interval between 8 and 2 s. To avoid the
impression of the same car following the truck in all situations the colour of the Changer’s car was varied using red, blue,
silver and brown.

Table 1
Sample characteristics regarding the driving behaviour.

Distance driven on average per year

<7000 km 43.8%
7000 – 14999 km 34.4%
15000 – 24999 km 9.4%
25000 – 32999 km 9.4%
33000 km or more 3.1%

Frequency of car use
Daily 34.4%
On weekdays 9.4%
3–4 times a week 9.4%
Once a week 15.6%
1–3 times a month 9.4%
Less than once a month 21.9%

Frequency of driving on highway rural road city
Daily 6.3% 15.6% 18.8%
Very often (5–6 times a week) 18.8% 21.9% 12.5%
Often (more than once a week) 15.6% 18.8% 31.3%
Rarely (1–5 times a month) 28.1% 18.8% 12.5%
Very rarely/never 31.3% 25.0% 25.0%

Note. n = 32.
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The Changer’s indicator usage was also manipulated. A previous study showed that participants switched on the indicator
approximately 1.5 s before they changed the lane (Salvucci & Liu, 2002). We rounded down this value so that the Changer
was flashing the indicator one second before the participants’ two-second decision time started.

The dependent variable was cooperative behaviour operationalised through the chosen reaction. In every situation, the
participants were asked to decide whether they wanted to accelerate, decelerate or maintain speed. The automation exe-
cuted this decision immediately.

3.3. Procedure

After welcoming the participants, we handed out general information regarding the driving simulaot and a data protec-
tion policy. The study itself started with the instruction, for which we used a slide presentation. They were told that the
study was about decision-making behaviour on highways in the context of automated driving. We did not mention the term
‘cooperation’ to avoid socially desired reactions. The participants were informed that the car would drive completely auto-
mated: manually steering, braking or accelerating was not necessary. Additionally, we informed them about the procedure,
which they experienced in a five minute familiarisation after the presentation. The familiarisation included four situations
that were highly similar but not identical to the ones used in the experimental drives. During a drive on the highway, an
acoustic signal informed the participants that the automated system was asking for the preferred behaviour in the current
situation. At the same time, the possible alternatives (decelerate, accelerate and maintain speed) appeared on the display in
the centre console. In response to this, participants selected an option by touching the corresponding button. The time win-
dow for their decision was 2 s. If they failed to make a decision, the system maintained the current speed. Otherwise, the
automated system immediately followed the requested input and performed the manoeuvre.

Furthermore, participants were instructed not to engage in any secondary activities during the drive. Remaining ques-
tions after the familiarisation were answered and participants were reminded that they could stop the experiment at any
time in the case of feeling unwell. Afterwards, the two experimental drives were conducted. Each trial lasted about
20 min, and both trials were separated by a five-minute break to avoid fatigue. Before the participants were debriefed, they
filled out a questionnaire about demographics and the perceived subjective assumptions about the study’s intention. In total
the study had a duration between 75 and 90 min for each participant.

3.4. Apparatus

The scenarios were based on SILAB 5.1 (WIVW GmbH). The stationary driving simulator of Ulm University’s Department
of Human Factors was used for this study (see Fig. 2a).

This simulator consists of a car mock-up with two adjustable seats, steering wheel, pedals, dashboard and a 17-inch touch
screen (Fig. 2b).

The simulation is projected onto three screens, which allows a 190-degree field of view. The projection also included the
perspective of the back and side mirrors. The interface was reduced to the three buttons for the participant’s preferred action
since display design was not a focus in this study.

3.5. Design

Summarising, we used four independent variables: (1) scope of action; (2) situation’s criticality; (3) Changer’s display of
intention; and (4) the landscape on the dependent variable chosen reaction. This results in a 3 � 3 � 2 � 2 within-factor
design, with every participant experiencing all 36 scenarios. A repeated measurement was implemented by varying land-
scape to reduce the probability of a recognition of the repetition by participants. The surrounding was either an agricultural

Fig. 1. Overtaking scenario with the manipulated variables: scope of action (TTCEgo), situation’s criticality (TTCChanger) and the display of intention to change
the lane.
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or a wooded landscape and should not affect behaviour. Consequently, the scenarios were combined into two consecutive
drives with 18 randomised scenarios each.

3.6. Data preparation and analysis procedures

Due to technical problems for 3 out of the 32 participants, only one trial could be included in the data analysis. Addition-
ally, 39 observations were excluded from the analysis because participants failed to select any of the options presented in the
interface. In these cases, participants were too slow to press the desired button. There was no pattern found. Ultimately,
1059 observations from 32 participants were analysed.

For inferential statistics, a generalised linear mixed model (GLMM) was fitted to the data due to the polytomous multi-
nomial outcome variable and the clustered data the study provided. In this study, we calculated a hierarchical multinomial
logistic regression. We chose this method over a discriminant analysis due to its robustness regarding not normally
distributed independent variables (Pohar, Blas, & Turk, 2004; Wentura & Pospeschill, 2015). Since this is a rarely used
procedure, it will be described here briefly.

GLMMs, like logistic regressions, are used to analyse categorical outcomes. Since the categorical outcome variable
‘reaction behaviour’ (here with the options accelerating, decelerating and maintaining speed) is in no inherent order within
the response category, it is multinomial (Skrondal & Rabe-Hesketh, 2003).

In order to analyse multinomial outcome variables, a reference category within the outcome variable has to be defined. A
reference category should be based on theoretical aspects (Eid, Gollwitzer, & Schmitt, 2015). We chose to maintain speed as
the reference category since it unambiguously represents uncooperative behaviour from a theoretical background. Conse-
quently, the estimates for intercepts and slopes in this paper are provided for accelerating in comparison to maintaining
speed or decelerating in comparison to maintaining speed.

The data in this study contain a multilevel structure, due to the multiple reactions given by every participant. This means
that the responses from the 36 different scenarios (Level-1) are clustered within the 32 participants (Level-2). A GLMM can
introduce random intercepts and slopes (random effects) that model the variation over all participants (Skrondal &
Rabe-Hesketh, 2003).

Logistic regressions which are part of the GLMM used in this study provide results in terms of logits, which are uncom-
mon to interpret. To convert the estimates for the parameters into interpretable odds ratios, the logits are exponentiated
(Abdulhafedh, 2017). For example, assuming a multinomial logistic regression was performed for accelerating compared
to maintaining speed, and a slope of 0.67 was obtained for the continuous predictor ‘P’ and a slope of �0.67 for the contin-
uous predictor ‘Q’. A change of +1 in the predictor P would lead to a change of 0.67 in the logits for the targeted category
while keeping the value of predictor Q constant (Hosmer, Lemeshow, & Sturdivant, 2013). When the parameter for the slope
b is exponentiated, exp(b) = 1.95, the obtained value refers to the odds ratio for a one-unit change in the variable (Hosmer
et al., 2013). Hence, a change of +1 in P leads to a multiplication of the odds with 1.95, which results in an increase of 95% in
the odds for responding with accelerate compared to responding with maintain speed.

4. Results

4.1. Reactions across all situations

4.1.1. Descriptive statistics across all situations
Across all situations, participants chose to maintain speed in 43.8% of cases, decelerate in 30.5% and accelerate in 25.7% of

cases.

Fig. 2. (a) Stationary driving simulator at Ulm University. (b) Set-up from the participant’s perspective with the touch screen in the centre console.
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4.1.2. Inferential statistics across all situations
To examine the influence of TTCEgo, TTCChanger, Changer’s indicator usage, landscape and the interactions on participants’

behaviour, a GLMMwas fitted to the data. The models were fitted with SPSS 24. All continuous predictors were grand mean-
centred and a hierarchical multinomial logistic regression with a random intercept for the participants was calculated (see
Table 2). The odds of choosing particular reactions were different between the participants. The variances of the intercepts
were significant for accelerating vs maintaining speed, r2 = 3.752, p = .002 and for decelerating vs maintaining speed,
r2 = 1.843, p = .002. Since the landscape was only varied to make it less obvious that the same situation was presented
to the participants twice, an influence on cooperative behaviour was not expected. Results show that the landscape had
no significant effect on accelerating or decelerating. We also tested a potential influence of the colour of the Changer’s
car, which had no significant effect on cooperative behaviour.

According to the Akaike Information Criterion (AIC), the model without interactions (AIC = 10304) fitted the data best.
Therefore, we did not take interactions into account. It is important to note that the individual results reported are taken
from the overall regression with all predictors (Table 2). Including or excluding variables could change single results, so only
the overall regression including all relevant variables is taken into account.

4.2. Effect of situation’s criticality of the Changer

We expected the situation’s criticality for the Changer to have a positive influence on cooperative behaviour. The situa-
tion’s criticality was operationalised with different values of time to collision between Changer and Truck (TTCChanger). Low
values of TTCChanger correspond with high criticality. Therefore, we expected more cooperative behaviour for low values of
TTCChanger compared to high values of TTCChanger. As shown in Fig. 3, the most frequent reaction was to maintain speed
(51.9%) when the TTCChanger was highest (6 s), while 25.9% chose to decelerate. When the values of TTCChanger were lowest
(2 s), decelerating was the most frequently chosen (35.6%), closely followed by maintaining speed (34.5%). In situations with
a TTCChanger of 4 s, 45.4% chose to maintain speed, and 29.9% decided to decelerate.

The interferential analysis supports the descriptive reports and our assumption. There was a significant effect of
TTCChanger for accelerating, b = �0.274 (SE = 0.059), p < .001, and decelerating, b = �0.321 (SE = 0.062), p = <.001, compared
to maintaining speed. The exponentiated parameters for accelerating, exp(b) = 0.760 and for decelerating, exp(b) = 0.726
indicate that the odds to accelerate or decelerate decrease for higher values of TTCChanger. When TTCChanger is increasing
by one second the odds for accelerating decrease by 24.0% and the odds for decelerating by 27.4%.

4.3. Effect of Changer’s display of intention

We expected more cooperative behaviour when the changer was showing an intention to change lanes. This was oper-
ationalised with the Changer either flashing the indicator or not flashing the indicator. In conclusion, more cooperative beha-
viour was expected when the Changer is using the indicator. When the Changer’s indicator was activated, decelerating was
preferred (49.4%), followed by accelerating (28.0%). If the Changer was not using the indicator, the pattern changes: the most
frequent reaction, in this case, was maintaining speed (65.8%) followed by accelerating (23.3%). Moreover, the effect was big-
ger for decelerating (49.4% vs 11.0%) than for accelerating (28.0% vs. 23.3%).

The effect of the Changer using the indicator was significant for accelerating b = 1.711 (SE = 0.205), p = <.001 and decel-
erating, b = 3.624 (SE = 0.242), p = <.001. This is the factor with the largest influence on decelerating as well as on acceler-
ating. The exponentiated parameter for accelerating, exp(b) = 5.536 and for decelerating, exp(b) = 37.474, shows that the
odds to accelerate or decelerate increase if the Changer is using the indicator compared to not using the indicator. If the

Table 2
Coefficients for the GLMM with TTCEgo, TTCChanger and Changer’s indicator usage as predictors and reaction behaviour as the criterion variable.

Fixed Effects b SE t p exp(b)

Accelerate vs maintain speed
Intercept �1.635 0.376 �4,344 <.001*** 0.195
TTCEgo �0.139 0.063 �2.198 .028* 0.871
TTCChanger �0.274 0.059 �4.654 <.001*** 0.760
Indicator1 1.711 0.205 8.339 <.001*** 5.536

Decelerate vs maintain speed
Intercept �2.591 0.311 �8.343 <.001*** 0.075
TTCEgo 0.736 0.071 10.400 <.001*** 2.087
TTCChanger �0.321 0.062 �5.176 <.001*** 0.726
Indicator1 3.624 0.242 14.951 <.001*** 37.474

Random Effects r2 SE z p
Accelerate vs maintain speed intercept 3.752 1.182 3.174 0.002**
Decelerate vs maintain speed intercept 1.843 0.593 3.109 0.002**

Note. 1Compared to no Changer’s indicator usage; AIC = 10304.843, BIC = 10314.741; *p < .05. **p < .01. ***p < .001.
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Changer indicates, the odds for accelerating increase by 453.6% and for decelerating by 3647.4%. Therefore, the data support
our hypothesis that more cooperative behaviour is shown if the Changer uses the indicator.

Our assumption that indicator usage has a stronger influence on cooperative behaviour in situations of lower criticality
than in situations of higher criticality cannot be analysed with this reported GLMM since we excluded all interactions. There-
fore, Table 3 shows the model with the interaction between TTCChanger and Indicator usage (AIC = 10331.533). The effect was
significant for decelerating b = 0.369 (SE = 0.138), p = .008. So for higher values of TTCChanger, the difference between indicator
and no indicator usage is bigger.

Fig. 4 shows the response behaviour of TTCChanger and Changer’s indicator usage. For accelerating, the difference between
indicator usage and no indicator usage stays relatively constant over all values of TTCChanger. Consequently, no interaction
pattern can be observed. Regarding decelerating, the differences between indicator and no indicator usage increase for
higher values of TTCChanger. At the lowest TTCChanger of 2 s, 51.9% of participants decided to brake if the Changer used the indi-
cator compared to 18.8% if no indicator was used. This leads to a difference of 33.1%. If TTCChanger is highest with 6 s, 46.9% of
participants chose to brake when the Changer made use of the indicator compared to 4.1% when the Changer did not use the
indicator. This results in a difference of 42.8%. Accordingly, for higher values of TTCChanger, the difference in decelerating
between indicator and no indicator was bigger.

4.4. Effect of Scope of Action (TTCEgo)

We expected more cooperative behaviour if the driver’s scope of action is wider. The scope of action was operationalised
with different values of time to collision between Ego Car and Changer (TTCEgo). Situations with a narrow scope of action
have low values of TTCEgo and situations with a wide scope of action have high values of TTCEgo. Fig. 5 shows that in a sit-
uation with a narrow scope of action (TTCEgo = 2 s) the preferred action was maintaining speed (51.9%) followed by accel-
erating (37.8%). If TTCEgo is largest (6 s), the most chosen action was decelerating (50.9%) followed by maintaining speed
(35.2%).

The effect of TTCEgo was significant for both accelerating, b = �0.139 (SE = 0.063), p = .028 and decelerating, b = 0.736
(SE = 0.071), p = <.001 compared to maintaining speed. The exponentiated parameter for accelerating, exp(b) = 0.871, indi-
cates that with higher values of TTCEgo the odds to accelerate compared to maintain speed decrease. For an increase of TTCEgo
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Fig. 3. Effect of TTCChanger on frequencies of chosen reactions.

Table 3
Coefficients for the GLMM with TTCEgo, TTCChanger, Changer’s indicator usage and TTCChanger * Changer’s indicator usage as predictors and reaction behaviour as
the criterion variable.

Fixed Effects b SE t p exp(b)

Accelerate vs maintain speed
Intercept �1.620 0.376 �4.305 <.001*** 0.198
TTCEgo �0.136 0.063 �2.161 .031* 0.873
TTCChanger �0.260 0.079 �3.307 <.001*** 0.771
Indicator1 1.675 0.205 8.185 <.001*** 5.336
TTCChanger * Indicator1 0.016 0.119 0.131 .896 1.016

Decelerate vs maintain speed
Intercept �2.733 0.323 �8.454 <.001*** 0.065
TTCEgo 0.741 0.071 10.431 <.001*** 2.098
TTCChanger �0.570 0.112 �5.077 <.001*** 0.565
Indicator1 3.751 0.256 14.640 <.001*** 42.577
TTCChanger * Indicator1 0.369 0.138 2.670 .008 ** 1.446

Random Effects r2 SE z p
Accelerate vs. maintain speed intercept 3.753 1.183 3.173 .002**
Decelerate vs. maintain speed intercept 1.874 0.602 3.114 .002**

Note. 1Compared to no Changer’s indicator usage; AIC = 10331.533, BIC = 10347.427; *p < .05. **p < .01. ***p < .001.
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by one second the odds for accelerating decrease by 12.9%. For decelerating the exponentiated parameter, exp(b) = 2.087,
indicates that with higher values of TTCEgo the odds for decelerated increase by 108%.

4.5. Reaction time

The average reaction time to the request was 1.2 s (SD = 0.32 s). Participants had two seconds to react to the system’s
request before the planned TTC values of 2, 4 and 6 s were reached. Hence, on average, 0.8 s need to be added to the TTC
values to obtain the TTC values that were present when the decision was made. Table 4 shows the best-fitted model accord-
ing to the AIC (AIC = 384.775) depending on the independent factors. This is the model without interactions.

TTCEgo, TTCChanger and the Changer’s indicator usage had a significant influence on the reaction time. Participants tended
to react faster if the changer was using the indicator, b = 0.262 (SE = 0.018), p < .001. Moreover, they tended to react faster if
the TTCChanger is shorter, b = 0.0 (SE = 0.005), p < .001 and if the TTCEgo is shorter, b = 0.037 (SE = 0.0052), p < .001.

4.6. Qualitative data

The open questions about the intention of the study and any applied decision strategy were analysed with Qualitative
Content Analysis (Mayring, 2014), which preserves the advantages of quantitative content analysis for a more qualitative
text interpretation. Over 80% of the participants reported using a decision strategy. When describing the factors influencing
their decision making, indicator usage was most frequently mentioned, followed by the distance between the Ego Car, Chan-
ger and Truck. These results fit the results of our interferential analysis.

Furthermore, we asked participants about their subjectively perceived assumptions about the study’s intention. The most
frequent answers contained decision-making in the context of automated driving, which was how we framed the study in
order to advertise it. Other answers were factors influencing lane changes and driving behaviour involving others. The terms
cooperation or cooperative behaviour did not appear within the answers.
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5. Discussion

In this study, we investigated situational factors influencing the process of detecting and solving of an interference using a
driving simulator environment. Therefore, we chose a lane change situation on a German highway from the perspective of a
driver in the target lane because it is a common but challenging situation. For situational factors regarding the detection of
an interference, we manipulated the situation’s criticality for the Changer and the Changer’s display of intention. We manip-
ulated the driver’s scope of action, which plays a part in the process of solving an interference. For this purpose, the time to
collision between the Changer and the Truck (TTCChanger), the Changer’s indicator usage and the time to collision between the
Ego Car and the Changer (TTCEgo) were manipulated, and the effects on action selection decisions were analysed. TTCEgo,
TTCChanger and indicator usage all significantly influenced action selection. The strongest effect was observed for indicator
usage.

The results of this study show that the situation’s criticality influenced cooperative behaviour in the way it was assumed:
less cooperative behaviour was shown when the criticality of a situation was low. For every second added to TTCChanger, mak-
ing the situation less critical, the odds to accelerate decreased by 24% and to decelerate by 27.4%. These results are in accor-
dance with the results of a video-based studies, in which preferred behaviour in lane change situations was examined (Stoll
et al., 2019). Moreover, the results line up with Heesen et al. (2012), who found that people decelerated more often when the
situation was more critical for the Changer. Moreover, if the situation was more critical participants tended to react faster.
This result matches the result of Van Winsum (1996) that drivers react faster and press the brake pedal more when time to
collision is shorter. The shorter reaction time in situations with a high situation’s criticality also implies that the interference
was detected faster.

Regarding the driver’s scope of action, more cooperative behaviour in the form of decelerating was shown if the values of
TTCEgo increased, while the odds for accelerating compared to maintaining speed decreased. This means the results can be
interpreted as being in accordance with our hypothesis: in a situation with less scope of action, participants try to solve the
cooperative situation by accelerating, while decelerating is the preferred action if they have a higher scope of action. The
results of the odds to decelerate increasing with higher values of TTCEgo are in accordance with the results of Heesen
et al. (2012), who found an influence of available action on cooperative behaviour. In Stoll et al. (2019) it was found that with
the increasing scope of action, the odds to decelerate as well as accelerate increased. This difference in results might occur
due to different settings. In the study, video-based material was used. Through the driving simulator setting, participants
were more involved in the situation due to higher immersion, which might lead to a different reaction.

In addition, the Changer’s usage of indicator influenced cooperative behaviour in the way it was assumed. If the Changer
used the indicator, the odds to accelerate increased by 453.6% and to decelerate by 3647.4%, making the Changer’s indicator
usage the strongest influencing factor. Consequently, more cooperative behaviour in the form of accelerating or decelerating
was shown if the Changer made use of the indicator than when the indicator was not used. This is in accordance with the
finding of Stoll et al. (2018), in which the preferred behaviour was examined in a lane change situation in a video-based
study. Moreover, results showed that participants reacted faster if the Changer was using the indicator. In addition, for decel-
erating, a significant interaction effect between Changer’s indicator usage and TTCChanger was found. For higher values of
TTCChanger, the difference between the indicator and no indicator usage was bigger than for lower values of TTCChanger.
Consequently, the indicator as a cue was more relevant in a less critical situation.

5.1. Limitations and future work

In this study, we could show relevant effects. Nevertheless, there are some limitations. As already mentioned, one limi-
tation of this study arises from the ambiguous categorisation of accelerating as cooperative or uncooperative behaviour. By
adding a following car, we tried to eliminate the ambiguity. However, the intention behind the decision to accelerate cannot
be answered without asking the participants directly. Therefore, in a future setting, asking participants about their intention
behind the decision should be implemented.

Regarding future work, a different set of agents might lead to a different outcome. In the studied scenarios, the Changer
always followed a truck. In subsequent studies, this could be a source for manipulation as well. Several studies (Aghabayk,
Sarvi, & Young, 2015; Sarvi, 2013; Yoo & Green, 2009) indicate that drivers follow other cars at a smaller distance than trucks.
Therefore, the willingness to decelerate might be smaller if the lead vehicle is a car instead of a truck. Moreover, the size and

Table 4
Coefficients for the GLMM with TTCEgo, TTCChanger and Changer’s indicator usage as predictors and reaction time as the criterion variable.

Fixed Effects b SE t p

Intercept 0.827 0.033 25.142 <.001***
TTCEgo 0.037 0.005 6.847 <.001***
TTCChanger 0.025 0.005 4.557 <.001***
Indicator1 0.262 0.018 14.855 <.001***
Random Effects r2 SE z p

0.082 0.004 22.913 <.001**

Note. 1Compared to no Changer’s indicator usage; AIC = 391.278.
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the brand of the Changer might influence the willingness to cooperate. This could also be investigated in future studies. In
order to provide experimental control, we simplified the situation regarding the involved agents. However, in future work,
the influence of other road users should be taken into account.

Additionally, the driving style is partly culturally depended (Nordfjærn, S�ims�ekoğlu, & Rundmo, 2014; Özkan, Lajunen,
Chliaoutakis, Parker, & Summala, 2006; Warner, Özkan, Lajunen, & Tzamalouka, 2011). Consequently, the preferred beha-
viour in cooperative situations might differ between distinct cultures. Therefore, replications of this study or similar studies
carried out in different countries might give insights into the cultural aspect regarding behaviour in a cooperative situation.

Our goal is to investigate cooperative behaviour in traffic and not just in a lane change situation. In the future, the findings
of this work could also be adapted to other cooperative manoeuvres in the context of traffic.

5.2. Practical implications and conclusion

In accordance with the results of this study, situational factors need to be considered when designing cooperatively inter-
acting systems since they have an influence on the kind of manoeuvre the driver prefers to be carried out. So far, most coop-
eratively interacting systems do not take the human drivers and their preferences into account (Burger, Orzechowski, Tas�, &
Stiller, 2017). However, the results of this paper suggest that the explicit communication of the Changer’s intention is highly
relevant for the willingness to cooperate. Otherwise, the conducted manoeuvre might not be understood by the driver. Since
drivers might focus on other tasks and therefore, might have reduced situation awareness, it is important to inform the dri-
vers that they are in a cooperative situation. It is highly likely that cooperatively interacting vehicles will use ways other than
indicators to communicate their intentions with each other. However, the design of a suitable interface to support the
human driver has already been addressed in different projects and is one aspect requiring further investigation in the future.

Moreover, results from this paper show that drivers prefer to behave cooperatively by decelerating if the situation was
not critical for them. Therefore, cooperatively interacting vehicles should be designed in a manner in which the human per-
ception for safety is addressed.

In conclusion, the insights into cooperative behaviour in lane change situations on highways, generated in this paper,
might be used to investigate other cooperative situations. Moreover, it might be used to support the designing process of
cooperatively interacting automated vehicles to provide a safe and comfortable driving experience.
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a b s t r a c t

Automated cooperatively interacting vehicles will change the future of traffic completely.
Such vehicles will be capable of planning and carrying out maneuvers based on vehicle-to-
vehicle and vehicle-to-infrastructure communication, enabling a safer driving experience.
However, this gain of safety will only be effective if drivers use and accept the decisions
made by advanced automated technology. Especially when drivers are cognitively dis-
tracted, new strategies might be necessary, e.g., by further explaining the reason for a coop-
erative decision.
In a driving simulator study, we investigated the acceptance of lane change maneuvers in

cooperative situations carried out by an automated vehicle on a two-lane German highway.
When the automated system detected a potential lane change ahead, it carried out one of
three possible maneuvers: accelerate, decelerate, or maintain speed. Participants (N = 20)
were asked whether they accepted the system’s behavior either while being cognitively
distracted or in an attentive state. Thus, we investigated the influence of a cognitively
demanding secondary task and, in addition, further situational characteristics (Scope of
action, Criticality for the lane-changing vehicle, Display of intention) on the acceptance
towards the system’s behavior. Moreover, participants had to rate the perceived situation’s
criticality.
Results underlined the importance of explicit indication of the intention to change lanes.

Furthermore, increased cognitive load led to a higher acceptance of the defensive system
behavior. This study contributes to the development of a user-centered interface and inter-
action strategy for cooperative interacting vehicles.

� 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The future of traffic safety will be strongly based on automation and cooperative interactions between connected vehicles
(Naujoks, Forster, Wiedemann, & Neukum, 2017). With the introduction of vehicle-to-vehicle and vehicle-to-infrastructure
communication, new possibilities regarding traffic safety and traffic efficiency will arise (Li & Wang, 2006). Automated vehi-
cles will not only be able to drive by themselves but might also plan and carry out maneuvers based on information a human
driver might not have access to. However, human drivers of these vehicles are still part of the system. If the users do not
understand or accept their automated vehicle’s behavior, they might intervene, which could create dangerous situations.
Therefore, an automated system’s behavior has to be in accordance with the driver’s expectations and goals (Benenson &
Girald, 2015).
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Consequently, it is essential to understand how drivers expect automated vehicles to behave in different situations and
explain the behavior to drivers (Bengler, Zimmermann, Bortot, Kienle, & Damböck, 2012). Especially in cases in which an
automated vehicle behaves differently from human expectation, a well-designed human-machine interface (HMI) is aimed
to inform the user and explain the system’s action. Otherwise, the drivers might react inappropriately (Merat et al., 2019),
lose trust in the system (Kraus, Scholz, Stiegemeier, & Baumann, 2019), or even stop using the system in the future alto-
gether. This situation becomes especially critical when drivers turn their attention to non-driving related tasks while being
driven by the automated vehicle since automation usage is associated with decreased situation awareness (Endsley, 2016).
As distracted drivers might differently assess the situation, being distracted might cause a mismatch between drivers’ expec-
tations about the automated vehicle’s appropriate and the actual behavior. Especially, situations that lack distinct rules and,
therefore, have to be handled cooperatively with other road users are predestinated to evoke such conflicts. In the current
study, we investigated the driver’s acceptance of automated behavior in different cooperative lane change situations.

1.1. Cooperation in traffic

A variety of traffic situations benefit from cooperative actions between different road users. Hoc (2001) defined a coop-
erative situation as a situation in which two agents: ‘[. . .](1) strive towards goals and can interfere with the other on goals,
resources, procedures, etc.; (2) Each one tries to manage the interference to facilitate the individual activities and/or the
common task when it exists.’ (Hoc, 2001, p. 515). Furthermore, cooperation requires an understanding of the situation to
recognize a potential demand by another traffic participant (Stoll, Müller, & Baumann, 2019). The perception and integration
of different situational elements enable the anticipation of others’ future behavior (Endsley, 1995) as the basis for identifying
cooperative situations. Under consideration of their own goals, people decide for a specific action; in this case, whether to act
cooperatively or not. Several studies investigated cooperative behavior between vehicles in driving situations using lane
change scenarios either in manual or automated driving (Guo et al., 2017; Heesen et al., 2012; Stoll et al., 2019; Stoll
et al., 2018; Zimmermann, Fahrmeier, & Bengler, 2015). In all these studies, the prototypical situation was the following:
A vehicle intends to switch lanes to overtake a slower lead vehicle, another driver in the fast lane approaches close by from
behind. This driver on the fast lane could facilitate the maneuver and cooperate with the driver intending to change lanes by
either accelerating or decelerating. Maintaining the speed would not actively solve the situation and would be regarded as
uncooperative behavior (Prasch, Geßler, Reinhardt, & Bengler, 2018) if the involved vehicles are close by. If the car on the fast
lane is far away, no cooperation is needed, and therefore maintaining speed might be considered the appropriate choice.
However, in the following study, we will focus on situations in which the involved agents are close by, and maintaining
speed is considered as uncooperative action. Recent results show that the following factors influence the driver’s decision:
(a) Indicator usage, (b) Scope of action, and (c) Criticality for the changing vehicle (Guo et al., 2017; Heesen et al., 2012; Stoll
et al., 2019; Stoll et al., 2018; Zimmermann, Fahrmeier, & Bengler, 2015). Therefore, these influencing factors will be part of
our study.

Drivers cooperated more by decelerating if the recognition of the need for cooperation was facilitated, e.g., by the blinking
indicator of the driver intending to change lane (Stoll et al., 2018; Stoll, Lanzer, & Baumann, 2020). The cost of cooperation
that can also be interpreted as the Scope of action played a crucial role (Lütteken, Zimmermann, & Bengler, 2016). Opera-
tionalized by the distance towards the changing vehicle, the willingness to decelerate increased when the gap increased
(Stoll et al., 2019, 2020). Additionally, the reaction time decreased when the Scope of action decreased (Stoll et al., 2020).
Based on that, we expect participants to accept an automated vehicle’s behavior more if the Scope of action is small.

Moreover, results indicate that participants were more willing to behave cooperatively if the situation’s criticality for the
merging vehicles increased (Stoll et al., 2020). The criticality increases if the distance between the changing vehicle (called
Changer) and the slower lead vehicle decreases.

Overall, participants’ preferred maneuver was to maintain the current speed (Stoll et al., 2020). However, by investigating
cooperative behavior at on-ramps, Prasch et al. (2018) found that participants tend to accept the behavior carried out by the
automation, whether it was cooperative or not.

In the present study, we want to investigate if participants taking the driver’s perspective in the fast lane accept the
carried-out maneuvers by an automated system even if it is not in line with the human driver’s behavior when driving
manually.

1.2. Cognitive distraction while driving cooperatively

Cooperative driving requires an understanding of the situation (situation awareness), especially the perception that
another vehicle requires cooperation. However, when driven by an automated system, humans tend to be less aware of a
system’s actions or changes in the environment, particularly if the system’s feedback does not support the human driver
(Endsley, 1996). Research suggests that drivers will more likely engage in non-driving tasks with increasing vehicle automa-
tion (de Winter, Happee, Martens, & Stanton, 2014; Jamson, Merat, Carsten, & Lai, 2013; Naujoks, Purucker, & Neukum,
2016). However, withdrawing attention from the processing of information for a vehicle’s safe operation leads to cognitive
distraction (Strayer et al., 2015). Furthermore, cognitively distracting secondary tasks are associated with reduced situation
awareness (de Winter et al., 2014; Young, Salmon, & Cornelissen, 2013), especially the understanding and anticipation in
traffic (Mühl, Stoll, & Baumann, 2020; Muhrer & Vollrath, 2011; Baumann, Petzold, Groenewoud, Hogema, & Krems,
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2008). Therefore, the automated vehicle’s behavior in a cooperative situation might be less understandable to a distracted
driver and could affect the individual acceptance of the automation’s action.

Moreover, it was found that drivers trust their vehicles more if they are distracted (Kraus, Scholz, Stiegemeier, &
Baumann, 2019). Accordingly, we expect the drivers to agree more to the system’s behavior when being cognitively dis-
tracted. However, little is yet known about the impact of cognitive demand on cooperation in traffic.

We decided to investigate the influence of a standardized cognitive secondary task (n-back task) and situational factors
(Indicator usage, Scope of action, and Criticality for the changing vehicle) regarding the acceptance of cooperative or unco-
operative behavior in a driving simulator study.

1.3. Hypotheses

In prior studies in which those factors were manipulated (Stoll et al., 2020, 2018, 2019), participants were actively choos-
ing a specific behavior in a cooperative situation. In contrast to the prior studies, in the current study, the automation carries
out a particular behavior without involving the human driver in the decision. Moreover, we wanted to test the influence of a
cognitive secondary task on the acceptance of automation behavior.

Based on the prior stated findings, we propose the following hypotheses:

(I) Indicator usage has a positive effect on the acceptance of cooperative behavior.
(II) A smaller Scope of action leads to a higher acceptance of the system’s behavior.
(III) Cognitive distraction leads to a higher acceptance of the system’s behavior.
(IV) Higher Criticality (lower TTCChanger) for the other driver (Changer) increases the acceptance of cooperative behavior

(accelerate or decelerate).

Additionally, we were interested if drivers prefer cooperative actions like decelerate more than uncooperative actions and
how being distracted by a secondary task influences this preference. Moreover, we want to investigate how these manipu-
lations of the situation influence criticality perception for the participants.

2. Method

The objective of this study was to evaluate the drivers’ acceptance of maneuvers performed by an automated system in
cooperative lane change situations in a driving simulator. Moreover, we investigated the influence of a cognitively demand-
ing secondary task on their appraisal.

2.1. Participants

In the conducted experiment, 20 participants (10 female) attended. Age ranged from 18 to 50 years (M = 25.25 years, SD =
6.76 years). All participants held a valid driving license for at least one year up to 28 years (M = 7.40 years, SD = 5.78 years).
The participants drove, on average, 7287 km (SD = 7753 km) during the previous year. They were incentivized by money or
course credits.

2.2. Apparatus

We used the stationary driving simulator of Ulm University’s Department of Human Factors (see Fig. 1). This simulator
consists of a car mock-up with two adjustable seats, steering wheel, pedals, dashboard, and a 17-inch touch screen (with
a resolution of 1080 * 1920 pixels) in the center control. The driving simulation is projected on three screens (2.10 m height
and 3.30 m width each), which allows for a 180� field of view. The scenarios were based on SILAB 5.1 (WIVW GmbH). The
interface in this study was reduced to three grey buttons (see Fig. 2): Depending on the maneuver that was selected and
carried out by the automation, one of the three possible system behaviors was highlighted with a brighter grey.

2.3. Driving scenario

The investigated scenario of a two-lane German highway is depicted in Fig. 3. Participants were driven automatically, tak-
ing the perspective of the Ego Car in the left lane with 120 km/h (75 mph). In each scenario, another car, the Changer, was
approaching a slower vehicle in the right lane with 100 km/h (62 mph). The slower vehicle called Truck was moving with a
constant speed of 80 km/h (49 mph). This level corresponds to the maximum allowed speed for heavy commercial vehicles
on German highways. The levels for the Scope of action (TTCEgo) and Situation’s criticality (TTCChanger) were chosen based on
the Urgency Rating Scale by Lee, Olsen, and Wierwille (2004): 2 s represent a forced lane change and 6 s a non-urgent lane
change. The automation decided how to behave towards the Changer during the ongoing drive. The values of TTCEgo and
TTCChanger represent the moment at which an acoustical signal appeared informing the driver that the automation made a
decision. At the same time, the chosenmaneuver was highlighted in the display (Fig. 2). The Changer was behaving according
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to the System’s behavior: If the system decelerated, the Changer merged in front of the Ego Car; while it stayed behind the
Truck if the system selected to maintain speed or to accelerate. To avoid the impression of the same car following the truck in
all situations, the Changer’s car’s color was varied using red, blue, silver, and brown. Between the scenarios, the vehicle kept
on driving on the left lane on the highway until another Truck followed by another Changer appeared on the right lane.

As a secondary task, the n-back task was chosen, which has been used in different studies regarding manual and auto-
mated driving (Radlmayr, Gold, Lorenz, Farif, & Bengler, 2014; Ross et al., 2014). Participants were distracted in half of
the trials by a digit recall task (n-back). We decided on a non-visual secondary task to make sure all participants could visu-
ally follow the situations and were only distracted cognitively. If we had added a visual component, we could not have dif-
ferentiated if the effect is due to cognitive or visual distraction. We chose a moderate level of demand (1-back) (Reimer et al.,
2013b), on which drivers had to respond to each new acoustic presentation by recalling and saying out loud the previous
number in the presentation sequence. The random numbers between one and nine were played from an audio file and
stopped immediately before participants had to answer the questions regarding their acceptance and the perceived Situa-
tion’s criticality. The participants were asked to repeat the numbers verbally; their reply was recorded. The order of the trials
with and without the secondary task was randomized. The criticality was reported using the criticality scale by Naujoks and
Neukum (2014) that rates a situation from 0 (‘‘nothing noted”) to 10 (‘‘not controllable”).

2.4. Study design

Five independent variables varied the overtaking scenarios: Scope of action (TTCEgo; 2 s vs. 6 s), Criticality for the Changer
(TTCChanger; 2 s vs. 6 s), Indicator usage (yes vs. no), Maneuver (decelerate, accelerate or maintain speed) and the Secondary
task (auditive n-back task; present vs. absent). These factors lead to a 2 � 2 � 2 � 3 � 2 within-subject design, with every
participant experiencing 48 scenarios in a randomized block design regarding the secondary task: In one of the two trials,
participants were distracted by the Secondary task, which was counterbalanced.

Fig. 1. The stationary driving simulator at the Ulm University (a) mockup, (b) set-up from the participant’s perspective with the touchscreen in the center
console.

Fig. 2. Interface indicating that the automated system will decelerate (Bremsen); the other options are accelerate (Beschleunigen) and maintain speed
(Konstant halten).

Fig. 3. Overtaking scenario with the manipulated variables: Scope of action (TTCEgo), Criticality for the changer (TTCChanger), and Indicator usage.
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2.5. Procedure

The study began by informing the participant about the research and data protection policy. The instructions regarding
the study were given using a standardized presentation. We avoided the term ‘cooperation’ in order not to arouse socially
desired reactions. Instead, we framed the experiment as an investigation on decision making on highways. By showing a
slides presentation, the participants were informed that the vehicle would drive completely automated. Steering, braking,
or accelerating was carried out by the automated system.

Further, we explained that the automated system would make certain decisions regarding the interaction with other
vehicles. When such a decision was made, an acoustical signal would inform them, and the chosen reaction (decelerate,
accelerate or maintain speed) was highlighted on the display. Additionally, the secondary task was explained to them in
the presentation.

Before the experimental trials began, participants experienced a five-minute familiarization, in which they were also
trained to answer the 1-back task. Additional repetitions of the instructions were presented after the familiarization if par-
ticipants experienced problems responding to the 1-back task. Each of the two trials lasted for 25 min and were separated by
a five-minute break.

After each scenario, while the vehicle was driving on the empty highway, they were verbally asked (using the micro-
phone) if they would accept the system’s behavior. If participants did not accept the reaction that was carried out, they were
asked which action they would have preferred. Furthermore, they were asked how critical they perceived the situation based
on the visually displayed scale by Naujoks and Neukum (2014). There was enough time to answer the question and restart
the Secondary task between the different scenarios while the vehicle continued its journey on the highway. Before debrief-
ing, participants filled out a questionnaire about demographics and their assumptions regarding the study’s intention. Over-
all, the study lasted about 90 min for each participant.

2.6. Data preparation and analysis procedures

For inferential statistics, a generalized linear mixed model (GLMM) was fitted to the clustered binary data the study pro-
vided. Due to multiple responses from every participant, the study contained a multilevel structure. The variation between
all participants can be addressed best using a GLMM (Skrondal & Rabe-Hesketh, 2003). A more detailed explanation is given
in Stoll et al. (2020). We used SPSS 26 for all analyses.

3. Results

3.1. Descriptive and inferential statistics across all situations

Across all situations, participants accepted the System’s behavior in 73.9% of the cases. Depending on the maneuver, they
accepted in 83.1% of the cases when the system decelerated, in 68.3% of the cases when the system accelerated and in 70.2%
when the system maintained speed.

To examine the influence of the Maneuver, the Secondary task, the Indicator usage, the Scope of action, and the Criticality
for the Changer on the acceptance of the System’s behavior a GLMMwas calculated. Random effects for the participants were
used. As we take a hypothesis-driven approach, Table 1 shows the results of the model based on our hypotheses. The Akaike

Table 1
GLMM based on the hypotheses. Coefficients for the GLMM including Maneuver, Indicator usage, Scope of action (TTCEgo), Criticality for Changer (TTCChanger)
and Secondary task, as well as the interactions between Maneuver and Indicator usage and between Maneuver and Criticality for the Changer, as predictors and
acceptance (yes/no) to the System’s behavior as a criterion variable.

Fixed Effects b SE t p exp(b)

Intercept �0.065 0.276 �0.237 .813 0.937
Maneuver: Decelerate1 1.744 0.354 4.935 <.001 *** 5.721
Maneuver: Accelerate1 0.219 0.299 0.731 .465 1.244
No Indicator usage2 1.699 0.288 5.908 <.001 *** 5.469
Scope of action (TTCEgo = 2 s)3 0.432 0.160 2.695 .007 ** 1.540
Criticality for the Changer (TTCChanger = 2)4 0.124 0.271 0.457 .648 1.132
No Secondary task �0.039 0.165 �0.238 .812 0.961
Maneuver: Decelerate1*No Indicator Usage2 �2.316 0.427 �5.424 <.001 *** 0.099
Maneuver: Accelerate1*No Indicator Usage2 �0.636 0.387 �1.616 .106 0.535
Maneuver: Decelerate1*Criticality for the Changer (TTCChanger = 2)3 0.197 0.413 0.477 .632 1.217
Maneuver: Accelerate1*Criticality for the Changer (TTCChanger = 2)3 �0.165 0.373 �0.444 .657 0.848

Random Effects r2 SE Z p

Intercept 0.347 0.163 2.132 .033 *

1 Compared to Maintain speed.
2 Compared to Indicator usage.
3 Compared to TTCEgo = 6 s.
4 Compared to TTCChanger = 6 s; AIC = 4467.894; BIC = 4472.725; *p < .05; **p < .01. ***p < .001.
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Information Criterion (AIC) indicates that a model without Secondary task and the Criticality for the Changer would be a bet-
ter fit for the data (AIC = 4457.073). However, since they were part of the hypotheses, they are included. It is important to
note that the results are taken from the overall regression with all predictors (Table 1). By including or excluding variables,
single results can change. Other interactions (two- or three-way) than reported in the model were not significant and did not
improve the model.

3.1.1. Maneuver
The participants accepted the System’s behavior the most if the vehicle decelerated. The inferential analysis showed a

significant effect for decelerate (compared to maintain speed), b = 1.744 (SE = 0.354), p < .001, but not for accelerate,
b = 0.219 (SE = 0.299), p = .465. The exponentiated parameter for decelerating, exp(b) = 5.721, indicates that decelerating
increased the odds to accept the System’s behavior.

3.1.2. Indicator usage
We expected the Indicator usage to increase the acceptance of a cooperative system’s behavior (hypothesis I). The accep-

tance of the system’s behavior was significantly higher if the other driver did not use the indicator, b = 1.699 (SE = 0.288),
p < .001. Fig. 4a displays a reduction of the acceptance when the system reacted with accelerating or maintaining speed in
scenarios in which the vehicle on the right lane used its indicator. Regarding the interaction between the Maneuver and the
Indicator usage, a significant effect was observed for decelerating compared to maintain speed, b = �2.316 (SE = 0.427),
p = <0.001, but not for accelerating compared to maintain speed, b = �0.636 (SE = 0.387), p = .106. The acceptance of decel-
erating compared to maintain speed was higher if the Changer was using the indicator but not for accelerating compared to
maintain speed. Therefore, hypothesis I can be accepted only for decelerating.

3.1.3. Scope of action
Furthermore, we expected the Scope of action to have a significant effect on the acceptance of the System’s behavior (hy-

pothesis II). We expected that a smaller Scope of action leads to a higher acceptance of the system’s behavior. Fig. 4b shows
the acceptance based on the Scope of action. There was a significant main effect of the Scope of action (TTCEgo), b = 0.432
(SE = 0.160), p = .007. The exponentiated parameter for TTCEgo = 2 s, exp(b) = 1.540, indicates that the small Scope of action
with TTCEgo = 2 s increased the acceptance of the System’s behavior, leading to the approval of hypothesis II.

3.1.4. Secondary task
We assumed that a secondary task would increase the acceptance of the System’s behavior (hypothesis III). The interfer-

ential analysis did not support this assumption, b = �0.039 (SE = 0.165), p = .812. Being involved in a secondary task did not
have a significant effect on the acceptance of the System’s behavior. Consequently, cognitive distraction did not affect the
acceptance for acceleration or deceleration, and hypothesis III has to be rejected.

3.1.5. Criticality for the Changer
We expected the drivers to accept more cooperative maneuvers (hypothesis IV) if the criticality for the other driver

increases. However, an interaction could be found neither for decelerating b = 0.197 (SE = 0.413), p = .632 nor accelerating,
b = �0.165 (SE = 0.373), p = .657, thus hypothesis IV has to be rejected.

3.2. Preferred behavior

When participants did not accept the System’s behavior, we asked them which behavior they would have had preferred.
Fig. 5 shows the preferred action based on the disagreement regarding the behavior that was carried out by the system.
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Fig. 4. a) The significant interaction between indicator usage and the Maneuver regarding Acceptance. b) the Main effect for Scope of action regarding
acceptance.
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As shown in the GLMM, participants disagreed less to decelerating compared to maintaining speed. In 16.9% of the cases,
when the system decelerated, they disagreed with the system. Their preferred action would have been to maintain the speed
in 72.7% of the situations. When the System’s behavior was maintaining speed, participants disagreed in 29.8% of the situ-
ations. They had no clear preference regarding the optimal action. In 43.5% of the cases, they wanted the system to acceler-
ate, in 48.9% to decelerate, and in 7.6% of the cases, participants answered that they would have wanted the system to either
accelerate or decelerate.

3.3. Criticality appraisal

Participants rated the criticality of each situation based on the criticality scale by Naujoks and Neukum (2014). To exam-
ine the Maneuver’s influence, the Secondary task, the Indicator usage, the Scope of action, and the Criticality for the Changer
on the perceived criticality, we fitted a GLMM (see Table 2). Random effects for the participants were used. Since we chose an
explorative approach, the best fitting model was applied. According to the AIC, the model without the secondary task was the
best fitting model. The model contains significant interactions between the Maneuver and the Indicator usage as well as the
Maneuver and the Scope of action (Fig. 6). Being involved in a secondary task had no significant influence on the criticality
rating. Therefore, it is not reported in the final model.

The Maneuver had no significant effect on the criticality rating, neither for decelerating, b = 0.012 (SE = 0.275), p = .965,
nor for accelerating, b = 0.430 (SE = 0.275), p = .119. However, the interactions between Maneuver and Indicator usage, as
well as between Maneuver and Scope of action, showed significant effects (see Fig. 6). The interaction between decelerating
and no Indicator usage, b = 1.130 (SE = 0.317), p < .001, (Fig. 6 a) indicates that the situation is rated more critical if the Chan-

Table 2
Coefficients for the GLMM with Maneuver, Changer’s indicator usage, TTCEgo and TTCChanger as well as the interactions between Maneuver and Indicator usage,
and between Maneuver and Scope of Action as predictors and criticality rating as a criterion variable.

Fixed Effects b SE t p

Intercept 3.127 0.206 15.205 <.001 ***
Maneuver: Decelerate1 0.012 0.275 0.044 .965
Maneuver: Accelerate1 0.430 0.275 1.561 .119
No Indicator usage2 �1.189 0.224 �5.298 <.001 ***
Scope of Action (TTCEgo = 2)3 0.163 0.225 0.726 .468
Criticality for the Changer (TTCChanger = 2)4 0.363 0.129 2.806 .005 **
Maneuver: Decelerate1*No Indicator Usage2 1.130 0.317 3.566 <.001 ***
Maneuver: Accelerate1*No Indicator Usage2 �0.355 0.317 �1.120 .263
Maneuver: Decelerate1*Scope of Action (TTCEgo = 2)3 1.830 0.317 5.774 <.001 ***
Maneuver: Accelerate1* Scope of Action (TTCEgo = 2)3 �0.129 0.317 �0.407 .684

Random Effects r2 SE Z p

Intercept 3.925 0.182 21.552 <.001

1 Compared to Maintain speed.
2 Compared to Indicator usage.
3 Compared to TTCEgo = 6 s.
4 Compared to TTCChanger = 6 s; AIC = 3967.128; BIC = 3971.960; * p < .05; ** < 0.01,***p < .001.
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Fig. 5. Preferred action when participants disagreed with the System’s action.
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ger is using its indicators and the system reacts with accelerating or maintaining speed compared to the situations when the
Changer is not indicating. The criticality rating is highest when the vehicle decelerates, independent of the Indicator usage.

The interaction between decelerating and the Scope of action with TTCEgo = 2 s, b = 1.830 (SE = 0.317), p < .001, (Fig. 6 b)
shows that the situation is rated more critical if the system reacts with decelerating in a situation with a small Scope of
action.

Furthermore, the criticality for the Changer operationalized with the TTCChanger, b = 0.363 (SE = 0.129), p = .005 showed a
significant effect. Participants rated the situation as more critical when the Changer was indicating compared to the scenar-
ios in which the indicator was not used, b =�1.189 (SE = 0.224), p < .001. Scenarios were also perceived as more critical when
the Criticality for the Changer increased operationalized by shorter TTCChanger.

4. Discussion

This paper aimed to investigate the acceptance of the System’s behavior carried out by an automated system in a coop-
erative lane change situation. Therefore, we manipulated the maneuver that was carried out as well as factors that showed to
be influential on the willingness to cooperate (Stoll, Lanzer, & Baumann, 2020; Heesen et al., 2012; Stoll et al., 2019; Stoll
et al., 2018; Zimmermann, Fahrmeier, & Bengler, 2015). The system would either react with decelerating, accelerating or
maintaining constant speed when another car on the slower right lane was approaching a slower truck. Since drivers will
likely keep themselves busy with non-driving related tasks (de Winter et al., 2014), we compared the participants’
acceptance with and without a cognitively demanding secondary task in a within-subjects design. Moreover, we asked
the participants to rate the criticality of each situation.

Overall, the participants accepted the automation’s maneuver in the majority of the cases. They accepted behavior that is
not in line with the preference of the results by Stoll et al. (2018); Stoll et al. (2019); Stoll et al. (2020). While in these studies,
participants’ preferred action was to maintain the speed, participants in this study agreed the most when the system decel-
erated. Participants seem to prefer a more defensive cooperative system, which was also found by Prasch et al. (2018), inves-
tigating the willingness to cooperate with a vehicle that merges into the highway from an on-ramp. Moreover, drivers have
shown a general preference for defensive driving style compared to their own driving style when evaluating automated vehi-
cles (Basu, Hungerman, & Singhal, 2017; Mühl et al., 2019; Yusof et al., 2016). For further research, participants should be
asked how much they accept the system instead of being asked if they accept the behavior. In some cases, participants
accepted the behavior but expressed some doubts.

The results showed that the indicator usage was an important influencing factor for the acceptance of cooperative behav-
ior (hypothesis I). If the Changer was using the indicator, participants accepted decelerating. Their acceptance towards accel-
erating or maintaining speed decreased compared to the situations in which the changing vehicle was not using the
indicator. However, if the indicator was not used, the overall acceptance for maintaining speed or accelerating was higher.
These results stand in line with Stoll et al. (2020) and Stoll et al. (2018). Together, these results support the assumption that
it is crucial for successful cooperation that the involved agents explicitly communicate their intentions. Consequently, an
interface designed to explain the behavior of cooperatively interacting vehicles to a human driver should display these inten-
tions: There will be situations in which a vehicle is already reacting to another vehicle’s intentions before the indicator is
visible.

Further, the results supported our hypothesis that a smaller Scope of action leads to a higher acceptance towards System’s
behavior (hypothesis II). This was even the case, if this behavior is not in line with the behavior human drivers show in the
same situation. When participants had to choose a maneuver they chose decelerating in 10% of the cases (Stoll et al., 2020),
while in the current study, they accepted decelerating in 77% of the cases. This, again might be explained by the preference
for a defensive driving style.

0
1
2
3
4
5
6
7
8
9

10

Accelerate Decelerate Maintain speed

C
rit

ic
al

ity
 ra

tin
g

a) Interaction of Indicator usage and 
Maneuver on the criticality rating

Indicator usage No Indicator usage

0
1
2
3
4
5
6
7
8
9

10

Accelerate Decelerate Maintain speed

C
rit

ic
al

iry
 ra

tin
g

b) Interaction of Scope of action and 
Maneuver on the cricitcality rating

TTC    = 2 s TTC    = 6 s
Ego Ego

Fig. 6. Interactions between the Maneuver and a) Indicator usage and b) Scope of action on the criticality rating. Error bars representing a standard
deviation.

T. Stoll, K. Mühl and M. Baumann Transportation Research Part F 77 (2021) 236–245

243



We expected cognitive distraction to have an effect on the acceptance of the system’s behavior (hypothesis III). However,
when participants were distracted by a cognitive secondary task, we could not find a difference. The reason might be that we
only used a comparably easy secondary task. Therefore, participants might need to be more cognitively distracted. Future
studies should aim to increase the cognitive load, e.g., by a more demanding task like a 2-back or 3-back task (Reimer
et al., 2013a). Additionally, psychophysiological measures offer great potential to ensure the cognitive load on the one hand
and to elicit underlying processes on the other. For instance, thermography or pupillometry are promising measures of cog-
nitive load in the driving context (Lohani, Payne, & Strayer, 2019). We expected the participants to accept the system’s
behavior more if the criticality for the Changer increases (hypothesis IV). However, in contrast to the previous results
(Stoll et al., 2020, 2018, 2019), the criticality for the Changer did not influence the acceptance of the system’s behavior. It
seems that participants did not consider the other driver’s situation in the current study. When driving manually or deciding
themselves how to behave, participants showed a clear preference for decelerating when the criticality for the Changer
increased.

We will further investigate a wider variety of secondary tasks in future studies. In the current study, we used a relatively
low demanding cognitive task. Increasing cognitive demand might have higher effects on acceptance and criticality rating.
Furthermore, visually distracting tasks also seem realistic in autonomous driving and should be considered in future
research. Our methodological approach guaranteed a well-controlled study. However, the study lacked kinematic feedback,
which could have an impact on individual acceptance. Especially, field studies could increase the validity of the results,
under consideration of the reduced reliability.

Regarding the criticality rating, we found that participants rated situations as more critical when the other vehicle used
the indicator compared to the situations without the indicator. A possible explanation might be that the indicator signals
that the other car is about to change the lane in the next moment and that the automated vehicle is not reacting
appropriately. The criticality rating also increased when the system responded with decelerating, but the other car did
not indicate. Again, a lack of trust towards the automated vehicle might be an explanation. Therefore, in future studies asking
the participants about their trust in the automated system would be helpful. Interestingly they would still accept the
system’s behavior even though they considered it as more critical. As a manipulation check, we interpret the results that
situations were perceived as more critical when the Criticality for the other driver increases or when the automated vehicle
reacted with decelerating while the Scope of action was small.

In future studies, we would like to investigate ways to support the situation awareness for drivers of a cooperatively-
interacting vehicle. One starting point would be to highlight those factors that improve the acceptance of cooperative
behavior like the indication of intention.

5. Conclusion

Overall, we found that participants tend to accept the automated system’s behavior in most situations, showing a
preference for cooperative action even if the behavior is different from human behavior in manual driving. In this study,
cognitive distraction did not affect acceptance, which has to be further investigated. Relevant for the acceptance of cooper-
ative behavior was that cooperation partners are communicating their intentions to change lanes. Future research has to
focus on ways automated vehicles can communicate these intentions to the human driver in different cooperative situations,
especially when the human driver cannot detect the cooperation partner yet.
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