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1. Introduction

Transportation will be revolutionized in the near future by the convergence of
developments in sensing, communication, and in-vehicle computing technology (Birdsall,
2013; Ozgiiner, Acarman, & Redmill, 2011). Developments in sensing technology will enable
real-time collection of data that includes geographical coordinates, speeds, direction of
movement, acceleration, obstacles, etc. (U. Lee & Gerla, 2010). Developments in
communication technology will permit short-range vehicle-to-vehicle and vehicle-to-
infrastructure communication (Bell, 2006). This will enable vehicles to share crucial
information in real time (Misener, Dickey, VanderWerf, & Sengupta, 2009). Finally, in-
vehicle computing capacity is growing at a rapid pace. For example, vehicles today can
possess higher power reserves and can store larger amounts of data, compared to a typical
mobile computer (Leen & Heffernan, 2002; Misener et al., 2009).

These converging technologies are enabling the development of self-driving vehicles,
which will be able to monitor roadway and traffic conditions, and to perform all safety-
critical driving functions ("Preliminary Statement of Policy Concerning Automated
Vehicles," 2013). This emerging technology promises several potential benefits:

* to improve traffic safety, by replacing less reliable human driving (Delot,
Cenerario, & llarri, 2010; "The Safety Promise and Challenge of Automotive
Electronics: Insights from Unintended Acceleration," 2012);

* to improve the mobility of people unable to drive (Anderson et al., 2014);

* to mitigate the environmental impacts of automotive transportation and improve
energy efficiency ("Self-driving cars: The next revolution," 2013);

* to more efficiently use existing roadways, and hence reduce the need for new
infrastructure (Anderson et al., 2014).

The advent of self-driving vehicle (SDV) technology also permits significant evolution in
the possible structure and mechanisms of traffic control (Mladenovi¢, Abbas, &
McPherson, 2014). This paper investigates the ethical dimension of the design of the next
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generation of traffic control mechanisms, focusing on one core aspect of this design
problem: intersection traffic control.

The ethical dimensions of traffic control technology design could easily be neglected for at
least three reasons. First, developing traffic control technology might suffer from ‘design
inertia’ — maintaining design assumptions that are tailored to earlier technology. Second,
the ethical significance of traffic control technology is not easily visible. For example,
someone waiting in a traffic queue is likely to feel annoyed rather than morally indignant.
Third, the development of traffic control might be driven largely by market incentives to
the neglect of ethical considerations.

This paper aims to combat that neglect in several stages. First, (§2) we present an
overview of the development and character of contemporary traffic control technology
(“C1”), followed (§3) by an overview of the possible operational principles for next-
generation traffic control technology (“C2”). We then introduce some of the values
relevant to traffic control technology design (§4), explain the need for an ethical
perspective on such design (§5) and introduce two leading ethical theories with which
those values can be organized and applied (§6). We then use these ethical theories to offer
a preliminary assessment of three potential operational principles for intersection traffic
control (§7). We conclude by summarizing the importance of the questions that remain to
be investigated in design for next-generation traffic control, and by offering a brief case for
an approach to such design that involves deep sensitivity to relevant ethical issues, and a
large space for public participation in assessing these ethical issues as they bear on such
design (§8).

2. Overview of conventional traffic control

This section explains the historical context in which modern traffic control technology
was initially implemented, and traces the development of that technology. In addition, we
will explain the key operating principles of C1 (contemporary traffic control technology),
and some key effects of those principles.

The need to control movement through intersections existed long before the introduction
of motor vehicles (Grubler, 1990; Lay & Vance, 1999). Congestion and safety problems -
and the use of traffic control devices and access control to manage them - were present
even on the ancient Roman roads (Mueller, 1970). However, the systemic need for traffic
control increased dramatically in the late 19™ century. This was due to three
developments: significant increases in urban population (Grant, 2003; Taylor & David,
1951); economic development, which increased demand for transportation (Grubler, 1990;
Jones, 2008); and the manufacture of internal combustion engine vehicles (Lay & Vance,
1999; McShane, 1999). Together, these developments led to deteriorating user safety at
intersections.



McPherson and Mladenovi¢ Ethical Principles for Traffic Control - 3

Traffic control devices were initially developed as safer and less labor-intensive
alternatives to the use of police officers, who were initially responsible for controlling
traffic at critical intersections (Gazis, 2002; Lay & Vance, 1999). Like the officers it
replaced, traffic control technology aimed to affect the behavior of the human beings who
controlled the vehicles entering intersections. For this reason, they were developed to
command attention, convey a clear and simple meaning, command respect, and give
adequate time for response ("Manual on Uniform Traffic Control Devices," 2009).

Arguably the most significant development in traffic control technology was the invention
of the illuminated traffic signal ("A History of Traffic Control Devices," 1980; Mueller,
1970). This initial engineering solution to the problem of intersection control introduced
separation of conflicting flows using fixed periods of displayed green/red lights to improve
the safety of users. The introduction of traffic signals imposes strong social control over
human movement (McShane, 1999): it markedly restricts human movement by actively
prohibiting or allowing crossing of intersection during specific time intervals (Orcutt Jr,

1993).

This crucial operating principle - allowing alternating access to an intersection from
different approaches for discrete intervals - was maintained by later developments in
traffic signal control technology. These further developments - such as microprocessor
technology - greatly enhanced the possibilities for automated traffic control operations.
For example, this development allowed the introduction of cyclical repetition of the
relevant time intervals, and coordination of operation between nearby intersections.

Despite these developments, there are significant technical limitations to the ability of C1
traffic control to provide optimal system-wide outcomes. Most notably, increasing traffic
volume can result in negative effects such as substantial delay. Minimizing the aggregate
amount of such negative effects is the aim of optimal signal control system/strategy design
(Papageorgiou, Diakaki, Dinopoulou, Kotsialos, & Wang, 2003). The negative effects
addressed in this literature include delay (traveller utility), travel time and travel time
reliability (traveller utility), stops (traveller utility), crashes (safety), fuel consumption (out
of pocket cost), emissions (environment), etc. (Gordon, 2010; Hartenstein, Laberteaux, &
Ebrary, 2010; Traffic Engineering Handbook - 6th ed., 2008). However, the foundational
constraints introduced by Ci traffic control technology make it extremely difficult to
successfully implement optimizing solutions on traffic signal network in real time
(Papageorgiou et al., 2003). Even the advanced traffic control technology, such as adaptive
traffic control systems, require human supervision during operation and do not guarantee
benefits (M. Mladenovic, 2012; M. Mladenovic & Abbas, 2012).

The ultimate aim of optimal signal control design is to optimize the attainment of certain
goods. However, in virtue of not distinguishing the relative priority of individual vehicles
in a systematic way, sophisticated C1 will inevitably fail to do this. For example, vehicles
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approaching an intersection from the same approach all experience the same probable
delay, and C1 control widely utilizes the concepts of the major and minor road, where
larger amount of green time is dedicated to major approach (Daganzo, 1997; Gartner &
Stamatiadis, 2009). These outcomes can lead to suboptimal outcomes because some user
delays are much more important than others, and C1 makes no distinction between users
with more versus less time-sensitive needs. The only exception to this is that C1 principles
give emergency vehicles priority, by enabling them to override the direction provided by
traffic signals ("Manual on Uniform Traffic Control Devices," 2009).

More abstractly, we can think of the development of traffic control was envisioned as a set
of engineering solutions to an emerging issue of controlling traffic flow through
intersections. The scope of possible solutions was constrained by a series of crucial
assumptions about the nature of the problem and of possible solutions. These
assumptions include:
1. A focus on influencing human vehicle operators;
2. Using static rules or time-based separation of aggregated conflicting traffic flows;
3. Externalized control of intersections: vehicle operators lack significant input to the
control process;
Specialized consideration only for emergency vehicles; and
5. Determining control optimality based on hypotheses about aggregate effects.

It is important to make these assumptions explicit, in light of the technological
developments mentioned at the beginning of this paper. These developments call into
question the appropriateness for the design of next-generation (“C2) traffic control of each
of the assumptions just mentioned:

1. Self-driving vehicle and vehicle-infrastructure (“V21”) communication technology
entail that intersection control can potentially most efficiently directly signal a
self-driving vehicle, rather than a human operator.

2. The computing power available in next generation vehicles makes possible real-
time dynamic assignment of intersection access to individual vehicles or platoons.

3. Vehicle-vehicle (“V2V”) and V2l technology open up the potential that vehicle user
input (for example concerning the importance of avoiding delay) can affect the
control process, by helping to determine right-of-way.

4. This possibility of user input thus means that relative user priority can be given
consideration for all vehicles, not just emergency vehicles.

5. The availability of information about user needs opens up the possibility of in-
principle alternatives to counting aggregate effects as the criterion for successful
intersection control. (Much more on this point in §6)

These points put the reader in a position to critically examine the substantial body of
existing research on intersection control for self-driving vehicles (“SDVs”), briefly
summarized in the next section.
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3. Survey of research concerning C2 operational principles

There have been efforts to develop new frameworks for intersection control for SDVs for

almost two decades. The chronological development of control mechanisms for SDVs is

presented in Table 1.

Table 1: Principles of operation for self-driving vehicle control at intersections

Authors / Year

Principle of operation

(Naumann, Rasche, & Tacken,
1998)

Right of way is assigned based on delay, number of vehicle in the queue,
and approaching velocity.

(Dresner & Stone, 2004)

Reservation of space-time based on first-in first-out (FIFO) principle,
according to the time of request for reservation.

(Dresner & Stone, 2006)

FIFO, but emergency vehicle receives right-of-way by clearing the lane for
that vehicle.

(Raravi, Shingde,
Ramamritham, & Bharadia,

Minimizing the maximum travel time to the intersection.

2007)
(Schepperle, Bohm, & Forster, | FIFO for initial reservation, but a vehicle can exchange time-slots with
2007) another vehicle if that other vehicle pays.

(Schepperle & Bohm, 2007)

Basic variant: auction for time-slot with the vehicle with the highest bid
receiving the right-of-way.

Variant with subsidies: The candidate with highest accumulated bid
receives the right-of-way.

(Vasirani & Ossowski, 2008)

Driver agents must purchase the necessary reservations from the
intersection manager agents. Intersection manager “sells” the right-of-way
in attempt to maximize profit.

(VanMiddlesworth, Dresner, &
Stone, 2008)

FIFO

(Regele, 2008)

Predefined right-of-way for certain movements over other movements
through the intersection.

(Vasirani & Ossowski, 2009)

Longest in the system: vehicle with the earliest arrival
Shortest in the system: vehicle with the latest arrival

Farthest to go: vehicle with the longest path to the destination
Nearest to source: vehicle closest to its origin

(Yan, Dridi, & El Moudni, 2009)

Minimizing the time a vehicle takes to cross the intersection.

(de La Fortelle, 2010)

FIFO

(Milanés, Pérez, Onieva, &
Gonzélez, 2010)

Subject vehicle yields to the vehicle on the right.

(Makarem & Gillet, 2011)

Heavier vehicles with higher effect of inertia during velocity adjustment are
given an indirect priority.

(Alonso et al., 2011)

Resolving conflict based on the classification of the road (otherwise FIFO).

(Ghaffarian, Fathy, & Soryani,
2012)

Maximize traffic throughput based on waiting delay or queue length.

(J. Lee & Park, 2012)

Gap adjustment mechanism for minimizing the total length of overlapping
trajectories.

(Makarem, Pham, Dumont, &
Gillet, 2012)

Priority determined by the distance to the intersection.

(Zohdy, Kamalanathsharma, &
Rakha, 2012)

Minimization of total delay.

(Park & Lee, 2012)

Priority assigned to the lane with the longest queue, or if the vehicle
reaches certain waiting period.

(Li, Chitturi, Zheng, Bill, &
Noyce, 2013)

FIFO, but with priority reservation of vehicle in queue that is above certain
length.

(M. Mladenovic & Abbas, 2013)

Priority queuing principle where each vehicle has assigned individual
priority level (e.g., based on number of passengers).
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Minimizing the sum of deviation from desired velocity and energy

(Makarem & Gillet, 2013) .
consumption.

These principles might have technical drawbacks, especially for large-scale network
implementation, where issues of scalability and redundancy are important. However, we
want to emphasize a different, ethical critique of the assumptions behind this research.
This research does not take into consideration the social relations underlying traffic as a
phenomenon. Operation based on a predefined “static” rule that uses the approaching link
or predefined order of service bluntly neglects individuals' needs for crossing the
intersection. Similarly, characterizing optimality as minimizing aggregate negative effects
(such as delay) neglects the possibly widely varying importance of individual user needs.
Consider a person waiting on the “minor” intersection approach, on his way to the
emergency room, while all the people on the “main” approaches are going shopping. The
person on the minor approach might be forced to wait considerably by any operational
principle that aims solely at minimizing total delay. The operating principles considered
in the research listed above do not include a mechanism to obtain and include the
information on specific trip purpose and desired arrival time of each individual.

Another critical point is that operational principles are developed without consideration
of relations between technology and human behavior. Despite being a technical
phenomenon, technology is also a social phenomenon, since it is both a terminus and
creator of context for human experience (Ihde, 1990). Consequently, technology is not a
value-neutral tool but a force that conditions human agency (Borgmann, 1987), and can be
even used to favor certain social classes (Bianchini & Avila, 2014). Evaluating previous
research from this perspective, it is important to emphasize that the operational principles
listed above do not take into consideration human behavior in relation to technology (e.g.,
they neglect human altruistic behavior, and do not limit the pursuit of self-interest, etc.).

4. Values relevant to traffic control technology design

Because we are all so familiar with the existing traffic control paradigm, it is easy for us to
take its ethical significance for granted. Moreover, considering that intersections are
ubiquitous, the principles of operation for future traffic control technology for self-driving
vehicle will impact almost every single individual, throughout their lifetime. Ideally,
intersections and their control technology should be pure public goods (Minasian, 1967),
providing benefits to all people that are non-excludable (no one can be deprived of access
to the intersection) and non-rival (one vehicle’s having access to the intersection does not
‘use up’ such access: all can share in the access).

In this context, traffic control has implications for several important values, including at
least:
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* Mobility and accessibility

* Safety

* Environmental sustainability

* Privacy

* Broadly aesthetic considerations

We will briefly discuss each of these values in turn.

From a transportation engineering perspective, mobility is defined as “the ability of people
and goods to move quickly, easily, and cheaply to where they are destined at a speed that
represents free-flow or comparably high-quality conditions”. Accessibility is defined as
“the achievement of travel objectives within time limits regarded as acceptable” (Lomax et
al., 1997). Essentially, mobility relates to ease of movement on the transportation network,
and accessibility relates to ease of reaching destination in space. Consequently, both
mobility and accessibility are enormously important when considering C2 technology
development. This is arguably largely because it enables us to pursue other goals: we use
roads to get to work, to get food, and to access friends and leisure activities. However, the
relationship between mobility/accessibility parameters is not as straightforward as it
might seem. On the one hand, there is an assumption of a desire of each individual is to
have less delay while crossing the intersection. This logic is similar to the utility functions
from the Highway Capacity Manual ("The Highway Capacity Manual 2010," 2011), where
Level of Service depends on the amount of time spent in the queue. On the contrary,
people have previous experience with travel and they accept certain amount of their day
as a dedicated travel time budget (Goodwin, 1981; van Wee, Rietveld, & Meurs, 2006).

Safety is another central motive for traffic control. Automotive travel risks death and other
extremely serious harms. For example, over 30,000 people are killed and over 1,600,000 are

injured in automotive accidents each year in United States ("Traffic Safety Facts 2012 ",
2014). Consequently, it is in the public interest to mitigate those harms.

A third important value relevant to traffic control design is environmental sustainability.
Consider several examples where transportation is associated with environmental
externalities (Rodrigue, Comtois, & Slack, 2013). First, both the construction and use of
roadways involve significant use of non-renewable resources, such as fossil fuels, or have
impact on soil quality. Second, roadways can significantly impact wildlife mobility and
biodiversity. Third, transportation typically involves significant impacts on air quality,
noise, and water quality. Locally, this can cause or exacerbate human disease. Globally,
this can contribute to global warming, which threatens to do massive damage to global
human well-being. Well-designed traffic control systems have the potential to lower the
environmental externalities of human movement.
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A fourth important value relevant to the development of traffic control technology is the
user’s privacy. The operation of traffic control systems requires data collection, as a part of
the control process. Even in the simplest case, where data collection consists only from
traffic count on a certain road section, there is a potential for determining user identity.
Moreover, considering that the operation of the system can be increased by increasing
information quality (for example, knowing the route of each user’s trip), collecting this
information can result in potential user privacy concerns (Wright, 2011). Considering the
capabilities of self-driving vehicles in collecting, storing, and transmitting user-sensitive
information, there will surely be user privacy concerns that will need to be addressed for
SDV technology in general and in relation to traffic control.

A final value relevant to traffic control design is broadly aesthetic. On the one hand,
movement can potentially be an enjoyable and even meaningful part of our lives. To see
this, think of the money and care people lavish on their vehicles, in order to have a
specific sort of experience in their transportation, and of the symbolic significance many
people invest in owning their own vehicle (Grieco & Urry, 2011), as opposed to using a
well-functioning public transportation system. On the other hand, movement can be a
largely frustrating and stressful experience, and traffic control can contribute to this. For
example, a commute is more likely to be stressful and frustrating if the flow of traffic is
regularly subject to significant delays than if congestion varies widely and unpredictably
from day to day.

5. The need for an ethical perspective in traffic control technology design

The brief list of values canvassed in the previous section is surely incomplete, but it
suffices to orient us to some of the considerations relevant to the development of traffic
control technology. However, identifying the relevant values only takes us part of the way
to being able to ethically evaluate potential paradigms for traffic control. We also need to
consider competing ethical frameworks that can provide a function from those values to
the assessment of concrete policy options.

To clarify the issue, consider an example. Suppose that you are waiting at a red traffic
signal. Together with the accompanying rule of law, traffic signals allow or forbid the
movement of users at a specific intersection point at specific moment in time (Daganzo,
1997). In light of this, if vehicles are crossing the intersection from the conflicting
approach, your obeying the signal protects both your safety and that of the crossing
vehicles. However, while your safety is protected, the red signal also restricts your
movement as long as it is active. You are “stuck” in traffic, and this increases travel time to
your destination.
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Stepping back, we can notice that you and other users of the intersection have various
needs and interests for crossing the intersection. By allowing some vehicles through the
intersection before others, the traffic signal in effect prioritizes the satisfaction of some of
these needs and interests. The fundamental ethical task for traffic control technology is to
prioritize the satisfaction of these needs and interests in a way that is just. It is perhaps
uncontroversial that a traffic control system should avoid imposing significant harms, and
should contribute to the common good (Ramirez & Seco, 2011). This principle implies that
engineers developing this technology should seek to serve the public interest, with regard
for safety, health, and public welfare, while actively preventing conditions that are
threatening to life, limb, or property ("Canons of Ethics for Members," 2003; "Code of
Ethics," 2010; "Code of Ethics for Engineers," 2007; "IEEE Code of Ethics," 2006)."

The uncontroversial principle just noted - avoid harm, contribute to the common good -
can answer some traffic control design questions. For example, certain traffic control
malfunctions (such as simultaneous right-of-way for conflicting approaches) pose grave
risks that should clearly be avoided by failsafe mechanisms. And some traffic control
solutions are clearly superior to others in light of this principle. For example, at a large
intersection with high traffic volumes, a well-functioning traffic signal is far more efficient
than a four-way stop. However, the uncontroversial principle leaves other important
questions open. Many of these questions arise most strikingly with the availability of C2
technology. For example, C2 technology can potentially collect and utilize substantial
information not available in Ci systems, such as information about the purpose of a
vehicle’s trip. Such information, once available, is clearly ethically relevant. For example
the importance of timely mobility is very different to someone on a vacation than it is to
someone driving a woman in labor to the hospital. Determining just ways of making use of
such information requires that we move beyond the uncontroversial principle, to more
informative conceptions of justice.

6. Two organizing ethical theories

Theories of social justice provide a framework for assessing the distribution of advantages
and disadvantages in a society, through a set of rules that distinguish between just and
unjust actions or institutions (Miller, 1999). Debate concerning the relative merits of
competing theories of social justice is marked by deep and persistent controversy. In light
of this, this section introduces two of the most influential competing approaches to social
justice: a consequentialist approach, and an approach inspired by John Rawls’ theory of
justice as fairness. The consequentialist and Rawlsian approaches are far from the only

' In addition, the IEEE Code of Ethics states that engineers should aim to improve their understanding of the
technology, its appropriate application, and the likely consequences of its implementation ("IEEE Code of
Ethics," 2006).
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leading ethical theories in light of which we might evaluate traffic control frameworks.”
However, we do take them to be (a) among the most important, (b) among the easiest to
understand and apply to traffic control, and (c) instructively different.

The consequentialist approach, as we will characterize it, is marked by four ideas.’

1. Consequentialism is impartial in the following sense: according to the
consequentialist, if certain degrees of happiness or safety are intrinsically valuable,
they are valuable to the same degree whether they accrue to me or to you.

2. Consequentialism is concerned with net value. For example, an action that makes
Sally very happy and Paul a bit unhappy (and does nothing else) produces net
happiness. Similarly, installing a standard traffic light in a previously uncontrolled
intersection may increase the net safety of that intersection, even if it causes
occasional dangerous behavior that would not otherwise have occurred (such as
someone driving recklessly when they see a yellow light).

3. Consequentialism is concerned with all of the effects of an action or policy: if a
traffic control system would increase safety, but somehow make everyone sick, it is
a bad system. Or if it would work well for a few years, and then fail
catastrophically, it is again a bad system.

4. Consequentialism is a maximizing theory: it instructs us to choose the actions or
policies that produce the most net value. So, even if conventional traffic control
has very good effects compared to uncontrolled traffic, if a certain next-generation
traffic control system would produce more net value than conventional control,
consequentialism would instruct us to move to the next generation system.

With this gloss in hand, we can say: consequentialism instructs us to choose the traffic
control system, of those available to us, that maximizes our power of movement, and
safety, and the efficient use of resources (both in creation and implementation), the
environmental sustainability of our transportation system, and the aesthetic qualities of
our transportation experiences. This gloss, however, obscures one of the deep theoretical
questions that we need to confront in traffic control design: the problem of value
comparison. Certain choices that we have would increase the instantiation of one value
while decreasing another. A simple example is the trade-off between speed of movement

* Other important frameworks from contemporary ethics and political philosophy which could be applied to
assess traffic control include virtue ethics (e.g. (Hursthouse, 1999)), care ethics (e.g. (Engster, 2007; Held,
1995), libertarianism (e.g. (Nozick, 1974), egalitarianism (e.g. Cohen 201), and the capabilities approach (e.g.
(Nussbaum, 2007; Sen, 2006). For an approach to transportation planning influenced by Walzer’s ‘spheres of
justice’ approach (Walzer, 1983), see (Martens, Golub, & Robinson, 2012). For a relation between transport and
Sen’s capabilities approach see (Beyazit, 2om). In addition, some of the engineering fields have already
recognized the need for including ethical reflections in the design process (Azath, Wahida Banu, & Neela
Madheswari, 2011; Beamon, 2005; Curiel-Esparza, Canto-Perello, & Calvo, 2004; Grodzinsky, 2000; Kleijnen,
2011; Moor, 2005; Shelley, 2012).

3 These assumptions are characteristic of some of the most influential versions of consequentialism. However,
there are versions of consequentialism that relax each of these assumptions. For an excellent discussion of the
forms that consequentialist theories can take, see (Kagan, 1998).
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and safety: the setting of speed limits essentially involves a judgment about the relative
value of timely movement versus that of reducing the risk of a traffic accident.

An important alternative framework for thinking about the ethics of traffic control is
suggested by the two central principles of John Rawls’ theory of justice. Paraphrasing
Rawls slightly (Rawls, 1999):

1. Each person has equal right to the most extensive degree of the basic liberties,
compatible with others sharing those liberties to the same degree.

2. Inequalities of other goods are justified just in case they are to the advantage of
the least well-off, and are associated with positions that are open to all persons.

The first principle refers to certain basic liberties. These include rights to vote and to hold
public office, to speech and assembly, from psychological oppression and physical assault,
the right to hold property, and freedom from arbitrary arrest (Rawls, 1999). According to
Rawls, the first principle has priority over the second in the following sense: it would be
unjust to limit basic liberties in order to better satisfy the second principle.

The Rawlsian account can be instructively contrasted with the consequentialist one.
Because the consequentialist account aims to maximize net value, it permits the possibility
of making one person considerably worse off than average, because doing so will make
many other individuals better off than average. The Rawlsian approach denies that this is
permissible. With respect to the basic liberties, the first principle is strictly egalitarian: it
insists that each person is entitled to the same liberties. With respect to the other goods,

Rawls insists that inequalities can be justified only if they are to the advantage of the least
well off.

Rawls makes a sharp distinction between those ethical theories which apply to individual
behavior, and those which apply to social and political institutions. Rawls’ theory of justice
is intended as the latter sort of theory. According to Rawls, his two principles characterize
a just basic structure for a society, where this encompasses:

the way in which the major social institutions distribute fundamental rights
and duties and determine the division of advantages from social
cooperation. By major institutions I understand the political constitution
and the principal economic and social arrangements (Rawls, 1999).

It is not clear that traffic control counts as part of the Rawlsian basic structure. However,
there is a clear case for it being so: traffic control is a central part of the regulation of
access to a range of crucially important public spaces. Given the centrality and importance
of the values at stake in the regulation of these spaces (including those canvassed in §4),
we take it to be quite plausible that traffic control counts as one of the central social
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arrangements of a community. However, our interest here is not to defend a claim about
Rawls: even if applying Rawls’ two principles to traffic control extends Rawls’ ideas beyond
his own intentions, we take it to be both plausible and instructive. This is an instance of a
more general point: theories of social justice were not typically developed with an eye to
assessing technological development. Consequently, it would be inappropriate to assume
that principles that these theories establish can directly be used for technological
development. Nonetheless, we take these theories to be an enormously helpful in
developing ethical principles to guide technological development, provided that their
limitations are kept in view.

In extending the Rawlsian account to apply to traffic control, we take freedom of
movement, safety, and privacy to be basic liberties that fall under the first principle. We
take the other goods mentioned in §4 to be among the social and economic goods that fall
under the second principle. In light of the priority of the first principle, the Rawlsian
approach thus suggests that securing freedom of movement, safety, and privacy should
have priority over these other goods. Further, the first principle suggests an egalitarian
approach: as much as is possible, everyone should have equal freedom of movement
through public spaces, equally protected privacy, and should be able to move equally
safely. The application of the second principle suggests that traffic control should be
designed such that the other goods - environmental protection, and the aesthetic benefits
of transportation - are arranged to the greatest advantage of the least well-off.

7. Preliminary ethical assessment of competing traffic control principles

So far, we have briefly introduced conventional traffic control principles, the alternative
principles for traffic control of self-driving vehicles that have thus far been proposed in the
literature, and two major ethical frameworks for evaluating these principles. This puts us
in a position to offer a preliminary sketch of how the ethical assessment of alternative
operational principles for controlling intersection access could proceed. This sketch will of
necessity be simplified, and point the way to how more detailed assessment might
proceed in the future. Our simplified sketch will consider three operational principles we
take to be important. We will consider how these principles apply to a simplified scenario,
and then consider some broader issues arising from the simplified scenario.

To begin, consider three competing operational principles for next-generation traffic
control involving self-driving vehicles with sophisticated on-board computing and
communication technology:

OP1  These principles incorporate all of the C1 design assumptions (listed at the end
of §2) except for the first. Intersection control communicates directly with the
self-driving vehicle, rather than with a human operator. However, traffic is still
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OP2

OP3

controlled by giving access to the intersection to all vehicles on a given
approach for a certain period of time. The cycle of periods of time allotted to
various approaches are determined by hypotheses concerning what will
minimize aggregate delay at the intersection. Control of the intersection is
externalized: drivers entering the intersection have no input into the function
that determines priority access, and only emergency vehicles are given priority
access.

These principles incorporate two of the C1 design assumptions. Special priority
access is given only to dedicated emergency vehicles, and the aim is to
maximize certain aggregate effects, in this case user utility. Intersection
control communicates both with vehicle occupants as well as directly with the
self-driving vehicle. Crucially, this system uses dynamic rules with user input
to determine priority access to the intersection: priority access to the
intersection is determined by a real time monetary auction that all vehicles on
conflicting approaches can participate in.

These principles reject all of the design assumptions of C1. OP3 rejects the idea
that the goal of intersection control is to maximize overall effects. Rather, OP3
is designed to give priority to those with the greatest need for priority access to
the intersection, while preserving fair equality of access. As with OP2,
intersection control communicates both with vehicle occupants as well as
directly with the self-driving vehicle. Also as with OP2, this system uses
dynamic rules with user input to determine priority access to the intersection.
However, this system replaces auctions with a system of priority credits. These
credits are made available to all users on a fair basis (for example, there might
be a baseline of equality with extra credits available to persons with medical
needs, e.g., who more often require speedy transportation). Priority access to
the intersection is determined by the priority credits apportioned by vehicle
users. Emergency vehicles can command overriding priority access to the
intersection by using emergency priority credits. However other users will be
able to claim emergency priority for certain trips, with a post-trip verification
system that would punish misuse.

Each of these principles could be spelled out in more detail. However, consider how these

principles would adjudicate a concrete traffic control scenario: in this scenario, four

vehicles are approaching a four-leg intersection and going through (Figure 1). The driver

of each vehicle has certain importance (priority) for her trip purpose (ranked from high to

low). For example, driver of the vehicle 1 might be rushing to the hospital, while on the

opposite driver 4 might be going to the grocery store. Each of these four self-driving

vehicles are approaching an intersection approximately at the same time.
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Vehicle No.

1 Very High
2 High
1 3 Low
4 Very Low
4 2
3

Figure 1: Intersection layout and vehicle’s priorities

Consider how OP1 will address this case. Since all vehicles approach simultaneously, it will
make a random choice between allowing vehicles 1 and 3 to cross the intersection first
(while 2 and 4 wait) or vice versa. Compared to Ci, OP1 will deliver significant
improvement: for example, given the fast responsiveness and reliability of SDVs compared
to human drivers, access to the intersection can be given to the waiting vehicles as soon as
their trajectories would not conflict with the vehicles already in the intersection, rather
than building in extra waiting time to safely manage human unreliability as C1 does. And,
at least in this scenario, OP1 has the ability to successfully minimize aggregate delay.

There are, however, several objections to OP1 that this scenario illuminates. From a
consequentialist perspective, aggregate delay is plausibly only a proxy for more
intrinsically valuable goods, and OP1 looks worse relative to these goods. For example, OP1
clearly does not maximize aggregate user utility, because doing so would likely require
giving priority to Vehicle 1 then Vehicle 2, which OP1 cannot do. This is because OP1 does
not use information about user priority into determining intersection access. OP1 also fails
relative to the Rawlsian principles. First, it fails to ensure that we maximize the priority
access of the neediest vehicle (Vehicle 1), since information about vehicle need is not an
input. Second, OP1 arguably fails to secure equal safety: if one vehicle needs priority access
in order to secure its occupant’s safety (as in a private person driving to the hospital in a
medical emergency), then in virtue of being indifferent to this fact, OP1 fails to secure that
user’s safety. Indeed, in such an emergency, the user may be tempted to override the
intersection’s prescriptions (if the SDV makes this possible), potentially endangering
others in her effort to secure her own safety.

OP2 aims to maximize user utility, and uses local auctions as a mechanism for doing so.
The idea is roughly that the amount users are willing to pay for priority access to the
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intersection serves as a reasonable proxy for the utility of that priority access to those
users. Where that assumption is correct — where the user of vehicle 1 will pay more (either
in real or virtual currency) than the user of vehicle 2 etc. — an auction will lead to priority
access to the intersection tracking the degree of utility of that access, thereby maximizing
utility. From a consequentialist perspective, the central concern about this approach is
that the assumption may not always be correct. For example, against a background of
economic inequality, wealthy users may always be able to pay for priority access (whatever
the utility of their having it) while the poorest users may not be able to afford such access
(however desperate their need for access). In our example, if the user of Vehicle 4 was
wealthy, and the user of Vehicle 1 was poor, the auction system in OP2 might in fact do
worse relative to aggregate utility than OP1! One might hope to address this worry by
including transfers in the auction: perhaps some portion of what the highest bidder pays
goes to the lowest bidder. In such a system, the economic benefit of losing the auction
might mitigate the cost to the poorest user of the delay she suffers. From a Rawlsian
perspective, the worry about OP2 is even deeper: against a background of inequality of
wealth, the auction system produces an unequal distribution of freedom of movement
through public spaces: the rich can always secure priority access over the poor. This
threatens to replicate historically familiar aristocratic norms, where the lower class person
at an intersection was required to make way for his ‘superior’. From this perspective, even
OP1 is arguably superior to OP2 against the background of economic inequality.

OP3 aims to secure priority access to the intersection for those with greatest need, by
using a system of priority credits distributed fairly to all. In our example, provided user 1
offers more credits than user 2, etc., then priority access will be given to the vehicles
commensurately with their need. From a consequentialist perspective, OP3 will optimize,
given these assumptions: aggregate utility will be maximized (other things being equal)
because the priority access given to users will reflect the relative importance of such
priority access to the users. From a Rawlsian perspective, the second principle is
respected: priority access is given to the user in greatest need. Further, the objection
facing OP2 does not arise: the rich cannot simply buy priority access, so freedom of
movement (approximated by access to priority credits) is equalized between users (unless
users have special needs that warrant assigning them more credits).

The main questions facing OP3 concern feasible implementation. Some of the issues
include:

* Worries that priority credits would ultimately become ‘fungible’ with money,
thereby threatening to make OP3 a less efficient version of OPz2.

* Worries about user ability to learn how to make competent choices with an
unfamiliar tool such as priority credits. It was crucial to the reasoning about OP3
that user assignments of credits tended to track relative user priority; if this
conjecture about human psychology failed, then the case for OP3 is undermined.
Indeed, widespread poor management of priority credits could entail that priority
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access tended to go to the credit-wise, not those most in need of access to the
intersection.

Worries that priority credits could function similarly to small closed currencies,
which are subject to generally harmful recession-like phenomena

If these worries can be ameliorated, we take OP3 to be the most ethically promising

approach of those canvassed, at least relative to the artificially simplified considerations

that we have set out here.

8. Summary and recommendations for further investigations

Our central aim in this paper aim is to broaden the design horizon for the self-driving

vehicle technology (Mladenovi¢ et al., 2014). As the preceding discussion makes clear, the

relative assessment of operational principles for Cz traffic control is a very complex

matter. In this article, we have simplified the issues greatly. For example:

We focused only on a very simplified discussion of single intersection, setting aside
the crucial complexities that arise when considering design impacts at larger
scales.

We focused on three of many possible operational principles: one a minimal
adaptation of C1 control (OP1), one a simple auction-based system (OP2), and one
a system based on dedicated priority credits (OP3), and our exposition of each of
these options left out many important details.

We focused on two ethical principles: a consequentialist principle and a Rawlsian
principle. Our discussion of these principles was simplified, and we did not discuss
any of the several important alternatives to these principles in detail.

While simplified, we take this discussion to be instructive in several respects:

1.

Abandoning the assumptions that have thus far guided traffic control design
allows us to consider alternative approaches that are at least very promising
alternatives to the design status quo, and may be far more sensitive to important
ethical considerations.

Incorporating substantial ethical considerations into design has the potential to
make a profound difference to that design.

Differing ethical theories have significantly differing implications for these design
issues. For example, it may be feasible to tweak OP2 in ways that make it attractive
to the consequentialist, without addressing the Rawlsian worries about it.

With these results in hand, let us speculate more broadly about directions for future

research in this area. We want to emphasize three points: the pressing need for such
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research, the need to think systematically about the ethical dimensions of design in such
research, and the need for such research to include broadly participatory elements.

On the first point: there has, so far, been only limited research efforts that tried to
compare different traffic control principles for self-driving vehicles using computer
simulation (Vasirani & Ossowski, 2009). In addition, there has been limited research that
has tried to draw inspiration for development from political theory (M. N. Mladenovic,
2014). However, the potential impact of such research is hard to exaggerate: C2 is coming,
and it will affect all of our lives on a daily basis. In light of this, the questions very broadly
broached in this paper are still very much open for groundbreaking and practically
important research.

On the second point: as we have tried to show in this paper, ethical principles are deeply
relevant to assessing competing visions of C2. Indeed, a central goal of this paper is to
emphasize that development of technology should not focus solely on instrumental
functionality, but also needs to include human behavior and societal values into its design
vision (Cohen & Grace, 1994; Heikkerd, 2012; Verbeek, 2006). For example, one important
question is how much mobility/accessibility is required for a well-functioning civil society.
Consequently, such design should attempt to consider the complete range of ethically
relevant impacts of a new technology, by determining the cultural or social losses it
threatens (Flanagan, Howe, & Nissenbaum, 2008). This in turn requires that technological
development proactively incorporates ethical investigation into design (compare Value
Sensitive Design: (Friedman, Kahn Jr, & Borning, 2006; ] Van den Hoven, 2005; J. Van den
Hoven, 2007)). The focus of this design approach is on deliberately incorporating ethical
values into technological design, while meeting traditional design criteria (e.g., user safety,
communication reliability, etc.). The search for ethically superior designs involves an
iterative process of conceptual, empirical, and technical investigations (Genus, 2006; ] Van
den Hoven, 2005)

On the third point: as we have noted, the ethical principles at stake in C2 design are also
subject to deep and reasonable controversy. This fact, together with the scope of the
potential impact of this technology, leads us to emphasize the importance of including
broad public participation in the development of C2. While engineers clearly have an
important role in the design, decision-making power should not be concentrated solely in
a small group of experts, especially if they are influenced exclusively by financial interests.
This paper suggests that we cannot reduce practical questions about the good life to
technical problems for experts, and we thus cannot eliminate the need for public and
democratic discussion of the relevant societal values (Habermas, 1971). As a result, there is
a need to transparently engage all relevant societal constituencies in critical conversations
and decision-making about technology development.
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