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Abstract: Autonomous vehicles (AV) hold great potential to increase road safety, reduce traffic
congestion, and improve mobility systems. However, the deployment of AVs introduces new liability
challenges when they are involved in car accidents. A new legal framework should be developed
to tackle such a challenge. This paper proposes a legal framework, incorporating liability rules to
rear-end crashes in mixed-traffic platoons with AVs and human-propelled vehicles (HV). We leverage
a matrix game approach to understand interactions among players whose utility captures crash
loss for drivers according to liability rules. We investigate how liability rules may impact the game
equilibrium between vehicles and whether human drivers’ moral hazards arise if liability is not
designed properly. We find that compared to the no-fault liability rule, contributory and comparative
rules make road users have incentives to execute a smaller reaction time to improve road safety. There
exists moral hazards for human drivers when risk-averse AV players are in the car platoon.
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1. Introduction

Autonomous vehicles (AV) are anticipated to improve mobility, traffic safety, and ac-
cessibility [1]. In the near future, however, AVs will operate on public roads in mixed traffic
and will have to manage complex interactions with road users in a traffic environment.
Existing work mainly focuses on two polar scenarios where either a single AV navigates in
traffic dense with human drivers, or AVs dominate the road [2–5], with negligible inter-
action with human-controlled counterparts. Much less attention has been afforded to the
far more realistic yet challenging transition path between these two scenarios, i.e., when
AVs and conventional human-propelled vehicles (HV) must co-exist and interact in a traffic
platoon. In addition, those studies on car-following controller designs [6–8] are primarily
focused on increasing traffic efficiency. None of them are concerned with the safety aspect
of AVs in car-following scenarios. To ensure an equitable transportation ecosystem for
both AV and non-AV users, legal liability design in car crashes involving AVs should
be discussed.

This paper leverages a matrix game approach to capture the strategic interactions
between AVs and HVs in a platoon. In the game environment, one’s cost function is a
trade-off between traffic safety and efficiency. Upon a good understanding of both AV and
HV equilibrium behaviors in the developed game, we would like to further explore human
drivers’ moral hazards, which are incurred by the presence of AVs. All the existing studies
have focused on modeling AVs’ new behaviors, but they ignore human drivers’ behavioral
adaptations to AVs, as humans are exposed to increasing amounts of traffic encounters
with AVs. Human drivers may have a weaker incentive to exercise “due care” when faced
with AVs. Since human drivers perceive AVs as super-intelligent agents with the ability to
adapt to more aggressive and potentially dangerous human driving behavior, the so-called
“moral hazard” effect may lower a human driver’s caution. It is a well-studied phenomenon
in economics [9,10], and is also observed in traffic contexts [11–13].
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1.1. Related Work

There are many studies leveraging game theoretical approaches to understand car
crashes. The level of a driver’s precaution (i.e., care level) is adopted to capture the utility
function of players in a road safety game [9,10]. To understand the impact of AVs on a
transportation system, the road safety game is extended to a game theoretic framework
with multiple players in the system: HVs, AVs, AV manufacturers, and law makers [14].
However, these works do not specify the decision making regarding drivers’ care levels in
any real-world traffic scenarios. An evolutionary game [11] is proposed to study the game
equilibrium regarding drivers’ reaction times and headway in a car-following model [15,16].
The trajectory data of vehicles are used to quantify the crash severity related to drivers’
collision speeds in the utility function. Inspired by the road safety game in car-following
models [12], this paper aims to investigate the rear-end crash game in mixed-traffic platoons,
where crash loss for drivers is determined by their liabilities [17].

Liability rules utilize insurance principles [18,19] to distribute the internal loss of
an accident between parties directly involved in it. In car crashes, drivers’ negligence is
adopted to measure their liabilities [20,21]. Contributory and comparative negligence are
the two main categories. The contributory rule [22] identifies the regime of negligence and
non-negligence for drivers, which is used in North Carolina and Virginia. The comparative
rule [23] measures the importance of drivers’ liabilities according to their contributions
to a crash [24]. An empirical analysis [25] shows that drivers have a greater incentive to
exercise due care under contributory negligence than under comparative rule. The existing
negligence-based liability policies are primarily designed to regulate human drivers’ risk-
prone behaviors. However, with the emergence of AVs, many legal experts anticipate that
driver liability will shift to product liability [26]. In mixed traffic, both drivers’ liability and
products’ liability are needed to regulate AV driving algorithms and a human’s driving
behavior [27,28]. Liability rules can help AV manufacturers to design operating systems,
satisfying their tort obligation [29]. In this work, we will make a comparison of three
different liabilities rules in the rear-end crash game.

1.2. Contributions of This Paper

The contributions of this paper include:

1. We propose a legal framework that incorporates liability rules to the rear-end crash
problems in mixed-traffic platoons.

2. We leverage a matrix game approach for the rear-end crash problem to model interac-
tions in three vehicle-encounter scenarios: HV-HV, AV-HV, and AV-AV scenarios.

3. We perform sensitivity analysis and investigate what factors may impact the equilib-
rium results of the rear-end crash game.

The rest of this paper is organized as follows: In Section 2, we first present preliminaries
regarding the rear-end crash problem and liability rules. In Section 3, we introduce a matrix
game to model different scenarios in a rear-end crash. In Section 4, we conduct several
numerical experiments. Section 5 concludes and discusses the future work.

2. Preliminaries
2.1. Rear-End Crash in a Platoon

In this subsection, we briefly introduce a car platoon model in which brake-to-stop
events happen [15]. In the platoon (Figure 1), the index of each vehicle is denoted by
0, 1, . . . , N. The leading car 0 starts to decelerate with a brake rate a0. After r1 seconds, car
1 starts to decelerate with brake rate a1. r1 denotes the reaction time of car 1 in response
to car 0. Similarly, car i = 2, . . . , N starts to decelerate with brake rate ai after ri seconds



Future Transp. 2023, 3 419

in response to the front car i − 1. The initial velocity of each vehicle i when starting to
decelerate is denoted by vi. Mathematically, the available stopping distance di for car i is

di =
v2

0
2a0

+
i

∑
k=1

vk(hk − rk), i = 1, 2, . . . , N. (1)

hi, i = 1, . . . , N denotes the headway (i.e., time distance) between car i and i − 1. If the
available stopping distance for car N is smaller than its actual stopping distance, a rear-end
crash would happen between car N − 1 and N. We assume there is no crash among car
0, . . . , N − 1. We have

dN 6
v2

N
2aN

(2)

𝑁 𝑁 −1 𝑁− 2 2 1 0

𝑣'() 𝑣'(* 𝑣* 𝑣)

ℎ'() ℎ* ℎ)

…

Figure 1. Car platoon.

We now look into the crash loss between car N − 1 and N. Ref. [12] utilizes collision
speed vc, i.e., the instantaneous speed of a car when crashing into its front car, to capture
the loss function. Mathematically,

L = v2
c = v2

N − 2aNdN

= v2
N − 2aN [

v2
0

2a0
+

N

∑
k=1

vk(hk − rk)]. (3)

Equation (3) indicates that the crash loss between car N − 1 and N is related to the
reaction time and headway of car 1, . . . , N. It is shown that as the initial speed vi goes up,
the crash loss increases because a large initial speed usually leads to a large collision speed.
In the following section, we will introduce liability rules which utilize drivers’ reaction
times to determine the crash loss for cars N − 1 and N.

2.2. Liability Rule

We now introduce three liability rules to assign the crash loss between cars N − 1 and
N: no-fault, contributory, and comparative rules. We denote the proportion of crash loss
assigned to cars N − 1 and N as SN−1 and SN , respectively. We have SN−1 + SN = 1.

1. No-fault rule [30]: The rule was first utilized to determine crash loss between au-
tomobiles in New York state. It is applied to any cyclist, pedestrian, passenger,
or driver injured by a motor vehicle. There are now 12 states adopting the no-fault
rule. The crash loss L is assigned to drivers, regardless of who is at fault in a car crash.
Mathematically,

SN−1 = SN =
1
2

(4)

2. Contributory rule [22]: The crash loss L is assigned to drivers according to the
regime of negligence and non-negligence. We adopt the reaction time r to define
the regime. Mathematically,

SN−1 = 0, SN = 1, i f rN−1 < r̄, rN > r̄
SN−1 = 1, SN = 0, i f rN−1 > r̄, rN < r̄
SN−1 = SN = 1

2 , i f (rN−1 − r̄)(rN − r̄) > 0
(5)
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r̄ is a baseline to identify negligence and non-negligence conditions according to
drivers’ reaction times. In this work, we assume r̄ = 1.5 s, which is the average
reaction time in brake-to-stop events obtained from real-world scenarios [12].

3. Comparative rule [23,24]: The crash loss L is assigned to drivers according to their
contributions to the rear-end crash. In this work, we use reaction time to measure
drivers’ contributions to a car accident. Mathematically,

SN−1 =
erN−1

erN−1 + erN
, SN =

erN

erN−1 + erN
(6)

3. Matrix Game Approach

In this section, we introduce a matrix game approach to model the rear-end crash in a
car platoon. Assumptions we will use for the game approach are first presented:

3.1. Assumptions

1. The rear-end crash only happens between two vehicles. Crashes among three or more
vehicles are not considered in this work.

2. Vehicle 1, . . . , N − 2 are not involved in the crash. They are non-strategic players
whose reaction times are predetermined.

3. All vehicles in the car platoon share the same initial velocity, break rate, and headway.
We have: vi = v0, ai = a0, hi = h̄, i = 1, . . . , N.

4. Players in different encounter scenarios know whether their opponents are HVs or
AVs. In other words, an AV’s reaction time in one scenario does not affect its choice in
other scenarios. This is different from the assumption [14] that the decision making of
AVs is predetermined by an AV manufacturer.

3.2. Game Formulation

We consider three vehicle encounter scenarios [14] for rear-end crash between car
N− 1 and N: an HV encounters the other HV (HH scenario), an AV encounters an HV (AH
scenario), and an AV encounters the other AV (AA scenario).

HH scenario: The rear-end crash happens between two human drivers. We specify
elements in the rear-end crash game as follows:

• Players: Human drivers play a symmetric matrix game.
• Decision variables: Reaction time measures the level of precaution (i.e., care level [12,14])

for drivers when navigating roads. rH
N−1 ∈ RH and rH

N ∈ RH represent the reaction
time of human drivers for car N − 1 and car N, respectively. RH = {r̄H

a , r̄H
p } is a

discrete feasible set for players. r̄H
a indicates risk-averse behavior with a short reaction

time, and r̄H
p is risk-prone behavior with a long reaction time.

• Utility: The utility of drivers in the rear-end crash captures the effects of reaction

time, and the crash loss assigned to drivers. U(HH)
N−1 and U(HH)

N represent the utility of
drivers in cars N − 1 and N, respectively. We have

U(HH)
N−1 (rH

N−1, rH
N) = βh · fh(rH

N−1) + (1− βh) · (−L · SN−1),

U(HH)
N (rH

N−1, rH
N) = βh · fh(rH

N) + (1− βh) · (−L · SN), (7)

where βh and 1− βh are trade-off coefficients in the utility function. fh(r) is the utility
function with respect to players’ reaction times. fh(r) satisfies following properties [14]:

(1) d fh(r)
dr > 0. (2) d2 fh(r)

dr2 < 0, indicating that the marginal utility decreases as the
reaction time r increases.

• Payoff Matrix: Given players’ decision variables and utility functions, we can formulate
the payoff matrix for cars N − 1 and N in the HH scenario as follows:
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Car N
r̄H

a r̄H
p

Car N − 1 r̄H
a U(HH)

N−1 (r̄H
a , r̄H

a ), U(HH)
N (r̄H

a , r̄H
a ) U(HH)

N−1 (r̄H
a , r̄H

p ), U(HH)
N (r̄H

a , r̄H
p )

r̄H
p U(HH)

N−1 (r̄H
p , r̄H

a ), U(HH)
N (r̄H

p , r̄H
a ) U(HH)

N−1 (r̄H
p , r̄H

p ), U(HH)
N (r̄H

p , r̄H
p )

• Game Equilibrium: At equilibrium, no human drivers can improve the utility by unilat-
erally changing the reaction time.

AH scenario: We now specify elements in the AH scenario:

• Players: An AV and an HV play an asymmetric matrix game. Note that there are two
cases in the AH scenario: (car N − 1, car N) is (HV, AV) and (car N − 1, car N) is (AV,
HV). For simplicity, we present the case when (car N − 1, car N) is (HV, AV) in this
section. In numerical experiments, we investigate both cases.

• Decision variables: rH
N−1 ∈ RH and rA

N ∈ RA denote the reaction time. RA = {r̄A
a , r̄A

p }
and r̄A

a , r̄A
p indicate risk-averse and risk-prone behaviors, respectively.

• Utility: The utility of cars N − 1 and N is given by:

U(AH)
N−1 (rH

N−1, rA
N) = βh · fh(rH

N−1) + (1− βh) · (−L · SN−1),

U(AH)
N (rH

N−1, rA
N) = βa · fa(rA

N) + (1− βa) · (−L · SN), (8)

where βa and 1− βa are trade-off coefficients in the utility function.
• Payoff Matrix: Given players’ decision variables and utility functions, we can formulate

the payoff matrix for cars N − 1 and N in the AH scenario as follows:

Car N
r̄A

a r̄A
p

Car N − 1 r̄H
a U(AH)

N−1 (r̄H
a , r̄A

a ), U(AH)
N (r̄H

a , r̄A
a ) U(AH)

N−1 (r̄H
a , r̄A

p ), U(AH)
N (r̄H

a , r̄A
p )

r̄H
p U(AH)

N−1 (r̄H
p , r̄A

a ), U(AH)
N (r̄H

p , r̄A
a ) U(AH)

N−1 (r̄H
p , r̄A

p ), U(AH)
N (r̄H

p , r̄A
p )

• Game Equilibrium: At equilibrium, no HV or AV can improve the utility by unilaterally
changing reaction time.

AA scenario: We now specify elements in the AA scenario:

• Players: Two AVs play a symmetric game.
• Decision variables: rA

N−1, rA
N ∈ RA denote the reaction time of AVs.

• Utility: The utility of cars N − 1 and N is given by:

U(AA)
N−1 (r

A
N−1, rA

N) = βa · fa(rA
N−1) + (1− βa) · (−L · SN−1),

U(AA)
N (rA

N−1, rA
N) = βa · fa(rA

N) + (1− βa) · (−L · SN). (9)

• Payoff Matrix: Given players’ decision variables and utility functions, we can formulate
the payoff matrix for cars N − 1 and N in the AA scenario as follows:

Car N
r̄A

a r̄A
p

Car N − 1 r̄A
a U(AA)

N−1 (r̄
A
a , r̄A

a ), U(AA)
N (r̄A

a , r̄A
a ) U(AA)

N−1 (r̄
A
a , r̄A

p ), U(AA)
N (r̄A

a , r̄A
p )

r̄A
p UAA

N−1(r̄
A
p , r̄A

a ), U(AA)
N (r̄A

p , r̄A
a ) U(AA)

N−1 (r̄
A
p , r̄A

p ), U(AA)
N (r̄A

p , r̄A
p )

• Game Equilibrium: At equilibrium, no AVs can improve the utility by unilaterally
changing reaction time.
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Remark 1. 1. Note that cars 0, 1, . . . , N − 2 in the platoon are not involved in the rear-end
crash. The available stopping distance for car i, i = 1, . . . , N − 1 is larger than the actual
stopping distance. We have

di =
v2

0
2a0
−

i

∑
k=1

vk(rk − hk) >
v2

i
2ai

, i = 1, . . . , N − 1 (10)

In numerical experiments, we will investigate how the reaction time of cars 1, . . . , N − 2 may
impact the equilibrium results of the rear-end crash game.

2. Mixed Nash equilibrium may exist in the rear-end crash game. For example, the mixed Nash
equilibrium for an AV is to choose action r̄A

a with probability p and r̄A
p with probability

1− p. We then use the average policy to denote the equilibrium rA∗ for the AV, i.e., rA∗ =
p · r̄A

a + (1− p) · r̄A
p .

3.3. Performance Measure

We now define the performance measure to evaluate the equilibrium results.

Definition 1. (Moral Hazard.) We say that a moral hazard [10] happens to a road user i if the
following condition holds:

r∗(x) > r∗(x
′
) (11)

where r∗ is the reaction time at the equilibrium, x represents road environment or other road users’
behaviors, and x

′
represents an improved road environment or other road users’ behaviors. In other

words, a moral hazard happens if a road user chooses a longer reaction time when others’ care levels
or the road environment are improved.

4. Numerical Experiments

In this section, we conduct numerical experiments and sensitivity analysis in order to
understand following research questions:

1. How do liability rules impact the equilibrium results in rear-end crash games?
2. Under what circumstances does a moral hazard exist for human drivers in the platoon?
3. What factors may influence the reaction time of HVs and AVs at equilibrium?

We first look into how the reaction time of non-strategic players (i.e., cars 1, . . . , N − 2)
in the car platoon may affect the equilibrium between car N − 1 and N in the rear-end
crash game. We briefly introduce the set-up of our numerical experiments: N = 12,
v0 = 60 feet/s, a0 = 6 feet/s2. We assume h̄ = 1.4 s, which is the average headway in
brake-to-stop events obtained from real-word scenarios [12]. Non-strategic players such as
car i (i = 1, . . . , 10) can adopt a short reaction time r = 0.5 s (i.e., risk-averse behavior) or a
long reaction time r = min{h̄ + ∑i−1

k=1(h̄− rk), 2.5} s (i.e., risk-prone behavior) according to
Equation (10). We consider three vehicle encounter scenarios: HH, AA, and AH scenarios
for strategic players, namely car N − 1 and N, which are involved in the rear-end crash.
Other parameters are specified as: r̄A

a = r̄H
a = 0.5 s, r̄A

p = r̄H
p = 2.5 s. βh = 0.2 and βa = 0.3,

representing the trade-off coefficients of utility functions with respect to reaction time for
HVs and AVs, respectively. This indicates: (1) humans require a higher cost than AVs to
achieve the same reaction time; (2) AVs have much more perception and reaction power
than humans [12,14].

Figure 2 demonstrates the equilibrium results of three vehicle encounter scenarios.
We first study the HH scenario. Note that the HH scenario is a symmetric game. We only
visualize the reaction time of one HV r∗ at equilibrium in Figure 2a for simplicity. The x-axis
denotes the proportion of non-strategic players (car 1, . . . , 10) with reaction time 0.5 s in
the platoon. The y-axis denotes the reaction time at equilibrium r∗ = p · r̄H

a + (1− p) · r̄H
p

where p is the probability of choosing a short reaction time r̄H
a = 0.5 s in the mixed Nash

equilibrium for the HV player. We visualize the probability p in Figure 2b. The blue, red,
and green lines denote the game equilibrium with no-fault, contributory, and comparative
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rules, respectively. The trend of all lines in Figure 2a shows that as the proportion of
vehicles with risk-averse behaviors increases, the reaction time r∗ of HV players increases.
In other words, the probability of choosing a short reaction time 0.5 s decreases (Figure 2b).
We can also observe the trend in other road safety games [10,14]. The interpretation is:
when more drivers in the platoon become attentive, strategic player cars N − 1 and N
begin to increase their reaction time and become less cautious by taking advantage of
risk-averse vehicles in the car platoon. We then look into the equilibrium results in the
AH scenario. In Figure 2e, the reaction time of the AV player is smaller than that of the
HV player, indicating that the presence of AV players makes human drivers less cautious.
HV players can take advantage of AV players. Given a fixed proportion of risk-averse and
risk-prone drivers in the platoon, the available stopping distance for human drivers will
increase if there are more AVs choosing a short reaction time. In this case, a moral hazard
exists when HV players become less attentive. AVs do not necessarily improve road safety,
especially when there exists moral hazards for strategic HV players. The available stopping
distance increases as the ratio of risk-averse to risk-prone drivers increases, which makes
HV players less attentive with a shorter reaction time. In this case, a moral hazard exists
when HV players take advantage of the increasing number of risk-averse drivers.

We make a comparison of three liability rules by investigating the reaction times of
players at equilibrium. The red line is aligned with the green line, which means there is no
significant difference between contributory and comparative rules. When the proportion
of risk-averse vehicles in the platoon is larger than 0.3, the equilibrium results with three
liability rules are the same. When the proportion of risk-averse vehicles in the platoon is
smaller than 0.3, the reaction time at equilibrium with the no-fault rule is larger than those
with the two other rules. The explanation is that the no-fault rule does not quantify drivers’
contributions to the rear-end crash, making drivers lack motivation to enhance their level
of precaution.

We now look into how headway in the car platoon may impact the equilibrium results
of the rear-end crash game. The set-up of our numerical experiments is demonstrated as
follows: N = 12, v0 = 60 feet/s, a0 = 6 feet/s2. We vary the value of headway h̄ from 1 to
4. We fix the proportion of non-strategic players (car i (i = 1, . . . , 10)) who adopt a short
reaction time r = 0.5 s (i.e., risk-averse behavior) as 50%. Other parameters remain the
same. We still consider three vehicle encounter scenarios: HH, AA, and AH scenarios for
strategic player cars N − 1 and N, which are involved in the rear-end crash game.

Figure 3 demonstrates the equilibrium results of three vehicle encounter scenarios
in the rear-end crash game. The x-axis denotes the headway h̄. The y-axis in Figure 3a
denotes the reaction time r∗ in the mixed Nash equilibrium. The y-axis in Figure 3b denotes
the probability p of choosing a short reaction time r̄H

a = 0.5 s for the HV player. When
1 s 6 h̄ 6 1.3 s, the HV player chooses the short reaction time 0.5 s with probability p = 1,
meaning that human drivers are attentive. When 1.3 s 6 h̄ 6 2.3 s, the reaction time
at equilibrium has a positive relationship with headway. As the time distance between
vehicles increases, drivers become less attentive and increase their reaction time. When
h̄ > 2.3 s, the HV player chooses the long reaction time 2.5 s with probability p = 1. This
is because the time distance between vehicles ensures that drivers will not be involved in
crashes when r = 2.5 s. The trend of all lines in Figure 3a shows that the reaction time
of drivers has a strong correlation with the headway in the car platoon. The increase in
headway allows drivers to execute a longer reaction time. We can also observe the trend
in the AA scenario (Figure 3c) and evolutionary games [12]. The interpretation is that a
longer headway in car platoons leads to a safer driving environment where a moral hazard
may exist for road users. We then look into the equilibrium results in the AH scenario.
In Figure 3e, the reaction time of the AV player is smaller than that of the HV player,
indicating that the presence of AV players makes human drivers less cautious. Note that in
our paper, the headway in car platoons is a constant. In real-world scenarios, headway is
also a decision variable for drivers. We will investigate more complex decision making in
platooning in the future.
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There are many other factors that may impact the equilibrium results in rear-end crash
games: velocity, brake rate, trade-off coefficients in the utility function, and platoon size.
We visualize the game equilibrium when varying velocity v0 from 30 to 100 feet/s (Figure 4).
In Figure 4a, the blue and red lines represent the reaction time of AVs and HVs in the AH
scenario, respectively. When v0 6 40 feet/s, both AVs and HVs choose a long reaction time
r∗ = 2.5 s. When 40 6 v0 6 80 feet/s, the reaction time at equilibrium decreases as the
velocity increases. When v0 > 80 feet/s, drivers choose a long reaction time. This is because
a rear-end crash cannot be avoided when vehicles have a high speed. Similar to headway
and velocity, brake rate and platoon size determine the available stopping distance for
HVs and AVs in rear-end crashes. A longer headway, along with a smaller velocity and a
higher brake rate, leads to a safer driving environment where moral hazards may exist. We
visualize the game equilibrium when varying the trade-off coefficient βh (Figure 5). It is
shown that the reaction time at equilibrium and βh have a positive relationship. The trade-
off coefficients measure the impact of crash loss on HVs’ and AVs’ utility, which is related
to the external road environment and government subsidies [14].

(a) Reaction time r∗ at equilibrium (HH). (b) Probability of choosing r̄H
a for HVs

(HH).

(c) Reaction time r∗ at equilibrium (AA). (d) Probability of choosing r̄A
a for AVs (AA).

(e) Reaction time r∗ at equilibrium (AH). (f) Probability of choosing r̄A
a and r̄H

a (AH).

Figure 2. Non-strategic players.
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(a) Reaction time r∗ at equilibrium (HH). (b) Probability of choosing r̄H
a for HVs

(HH).

(c) Reaction time r∗ at equilibrium (AA). (d) Probability of choosing r̄A
a for AVs (AA).

(e) Reaction time r∗ at equilibrium (AH). (f) Probability of choosing r̄A
a and r̄H

a (AH).

Figure 3. Headway.

(a) Reaction time r∗ at equilibrium. (b) Probability of choosing r̄A
a and r̄H

a .

Figure 4. Velocity.
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(a) Reaction time r∗ at equilibrium. (b) Probability of choosing r̄H
a .

Figure 5. Trade-off coefficient βh.

We summarize the numerical results as follows:

1. There exists moral hazards for human drivers if risk-averse drivers are in the platoon.
This is mainly because risk-averse drivers enlarge the available stopping distance,
making drivers in the following vehicles less cautious in brake-to-stop events.

2. Compared to HVs, AVs execute a smaller reaction time in rear-end crashes, indicating
that AVs are more conservative than HVs. Human drivers tend to be less attentive by
increasing their reaction time when encountering AVs.

3. Compared to the no-fault rule, contributory and comparative rules make road users
have more incentives to reduce their reaction time and improve the road safety
in platooning.

4. The reaction time at equilibrium has a positive relationship with the headway in the
car platoon. A longer headway creates a safer driving environment where a longer
reaction time can be executed.

5. Conclusions and Discussion

This paper proposes a legal framework for rear-end crashes to understand drivers’
liabilities in mixed-traffic platooning. We utilize a matrix game approach for various
encounter scenarios among HVs and AVs in rear-end crashes. The utility function in the
matrix game captures the effects of reaction time and the crash loss assigned to drivers
based on three liability rules. We conduct numerical examples to investigate the equilibrium
results of rear-end crash games.

Our findings are summarized as follows: (1) Risk-averse AVs increase the available
stopping distance in brake-to-stop events, creating a safer driving environment where
human drivers can execute a longer reaction time. Moral hazards exist when the proportion
of risk-averse AVs in the car platoon increases. (2) The reaction time of drivers at game
equilibrium has a strong correlation with the headway between vehicles. Drivers become
less attentive when the headway increases. (3) Contributory and comparative rules per-
form better than the no-fault rule on improving road safety because drivers have more
incentive to execute a shorter reaction time when their contributions to rear-end crashes
are considered into liability rules.

We briefly discuss the limitations of this work: (1) The decision making of drivers in
the platoon is simplified as the reaction time. There are many other decision variables for
players, including velocity, brake rate, and headway. (2) The individual utility function in
this work does not consider external road environments and social effects. It is challenging
to quantify external road environments in the utility function.

This work can be extended in following ways: (1) Liability rules for rear-end crashes
should be modified to minimize social cost, including road safety and travel efficiency.
We will develop a solution approach to identify the best regime of negligence and non-
negligence conditions for drivers. (2) A more complicated game (i.e., N-player differential
asymmetric game), in which all vehicles in the platoon make optimal decisions, should
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be proposed to understand interactions among all HVs and AVs. (3) Crash data from
real-world scenarios should be utilized to calibrate parameters in the rear-end crash model,
including crash loss and crash probability. This work can also be extended to other car
accidents in real-world scenarios, such as in angle crashes and sideswipe crashes.

Author Contributions: Conceptualization, X.C. and X.D.; methodology, X.C.; validation, X.C.;
writing—original draft preparation, X.C.; writing—review and editing, X.D.; visualization, X.C.;
supervision, X.D.; project administration, X.D.; funding acquisition, X.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This work is sponsored by NSF under CAREER award number CMMI-1943998.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: We confirm that neither the manuscript nor any parts of its content are currently
under consideration or published in another journal. All authors have approved the manuscript and
agree with its submission to the journal “Future transportation”.

References
1. Di, X.; Shi, R. A survey on autonomous vehicle control in the era of mixed-autonomy: From physics-based to AI-guided driving

policy learning. Transp. Res. Part C Emerg. Technol. 2021, 125, 103008. [CrossRef]
2. Naus, G.J.; Vugts, R.P.; Ploeg, J.; van de Molengraft, M.J.; Steinbuch, M. String-stable CACC design and experimental validation:

A frequency-domain approach. IEEE Trans. Veh. Technol. 2010, 59, 4268–4279. [CrossRef]
3. Ploeg, J.; Scheepers, B.T.; Van Nunen, E.; Van de Wouw, N.; Nijmeijer, H. Design and experimental evaluation of cooperative

adaptive cruise control. In Proceedings of the 14th International IEEE Conference on Intelligent Transportation Systems (ITSC),
Washington, DC, USA, 5–7 October 2011; pp. 260–265.

4. Milanés, V.; Shladover, S.E.; Spring, J.; Nowakowski, C.; Kawazoe, H.; Nakamura, M. Cooperative adaptive cruise control in real
traffic situations. IEEE Trans. Intell. Transp. Syst. 2014, 15, 296–305. [CrossRef]

5. Shou, Z.; Chen, X.; Fu, Y.; Di, X. Multi-agent reinforcement learning for Markov routing games: A new modeling paradigm for
dynamic traffic assignment. Transp. Res. Part C Emerg. Technol. 2022, 137, 103560. [CrossRef]

6. Milanés, V.; Shladover, S.E. Modeling cooperative and autonomous adaptive cruise control dynamic responses using experimental
data. Transp. Res. Part C Emerg. Technol. 2014, 48, 285–300. [CrossRef]

7. Jin, I.G.; Orosz, G. Dynamics of connected vehicle systems with delayed acceleration feedback. Transp. Res. Part C Emerg. Technol.
2014, 46, 46–64.

8. Chen, X.; Li, Z.; Di, X. Social Learning In Markov Games: Empowering Autonomous Driving. In Proceedings of the 2022 IEEE
Intelligent Vehicles Symposium (IV), Virtual, 5–9 June 2022; pp. 478–483. [CrossRef]

9. Pedersen, P.A. A Game Theoretical Approach to Road Safety; Technical Report; Department of Economics Discussion Paper,
University of Kent: Canterbury, UK, 2001.

10. Pedersen, P.A. Moral hazard in traffic games. J. Transp. Econ. Policy (JTEP) 2003, 37, 47–68.
11. Chatterjee, I.; Davis, G. Evolutionary game theoretic approach to rear-end events on congested freeway. Transp. Res. Rec. J. Transp.

Res. Board 2013, 2386, 121–127. [CrossRef]
12. Chatterjee, I. Understanding Driver Contributions to Rear-End Crashes on Congested Freeways and their Implications for Future

Safety Measures. Ph.D. Thesis, University of Minnesota, Minneapolis, MN, USA, 2016.
13. Millard-Ball, A. Pedestrians, autonomous vehicles, and cities. J. Plan. Educ. Res. 2016, 38, 0739456X16675674. [CrossRef]
14. Di, X.; Chen, X.; Talley, E. Liability design for autonomous vehicles and human-driven vehicles: A hierarchical game-theoretic

approach. Transp. Res. Part C Emerg. Technol. 2020, 118, 102710. [CrossRef]
15. Brill, A.E. A Car-Following Model Relating Reaction Times and Temporal Headways to Accident Frequency. Transp. Sci. 1972,

6, 343–353. [CrossRef]
16. A Davis, G.; Swenson, T. Collective responsibility for freeway rear-ending accidents?. An application of probabilistic causal

models. Accid. Anal. Prev. 2006, 38, 728–736. [CrossRef] [PubMed]
17. Parisi, F.; Fon, V. Comparative Causation. Am. Law Econ. Rev. 2004, 6, 345–368. [CrossRef]
18. James, F., Jr. Accident Liability Reconsidered: The Impact of Liability Insurance. Yale Law J. 1948, 4, 549. [CrossRef]
19. Douglas G. Baird, Robert Gertner, R.P. Game Theory and the Law; Harvard University Press: Cambridge, MA, USA, 1998.
20. S., W. Is Fault Automatic in a Rear-End Car Accident Case? Available online: https://www.nolo.com/legal-encyclopedia/is-fault-

automatic-rear-end-car-accident-case.html (accessed on 1 March 2022).
21. Friedman; Talley, E.L. Automatorts: How Should Accident Law Adapt to Autonomous Vehicles? Lessons from Law and Economics, 2019.

Available online: https://hooverip2.org/wp-content/uploads/ip2-19002-paper.pdf (accessed on 1 March 2022).

http://doi.org/10.1016/j.trc.2021.103008
http://dx.doi.org/10.1109/TVT.2010.2076320
http://dx.doi.org/10.1109/TITS.2013.2278494
http://dx.doi.org/10.1016/j.trc.2022.103560
http://dx.doi.org/10.1016/j.trc.2014.09.001
http://dx.doi.org/10.1109/IV51971.2022.9827289
http://dx.doi.org/10.3141/2386-14
http://dx.doi.org/10.1177/0739456X16675674
http://dx.doi.org/10.1016/j.trc.2020.102710
http://dx.doi.org/10.1287/trsc.6.4.343
http://dx.doi.org/10.1016/j.aap.2006.01.003
http://www.ncbi.nlm.nih.gov/pubmed/16783884
http://dx.doi.org/10.1093/aler/ahh011
http://dx.doi.org/10.2307/793116
https://www.nolo.com/legal-encyclopedia/is-fault-automatic-rear-end-car-accident-case.html
https://www.nolo.com/legal-encyclopedia/is-fault-automatic-rear-end-car-accident-case.html
https://hooverip2.org/wp-content/uploads/ip2-19002-paper.pdf


Future Transp. 2023, 3 428

22. Kim, J.; Feldman, A. Victim or injurer, small car or SUV: Tort liability rules under role-type uncertainty. Int. Rev. Law Econ. 2006,
26, 455–477. [CrossRef]

23. De Mot, J. Comparative versus Contributory Negligence: A Comparison of the Litigation Expenditures. Int. Rev. Law Econ. 2012,
33, 54–61. [CrossRef]

24. Schwartz, G.T. Contributory and Comparative Negligence: A Reappraisal. Yale Law J. 1978, 87, 697. [CrossRef]
25. White, M. An Empirical Test of the Comparative and Contributory Negligence Rules in Accident Law. RAND J. Econ. 1989,

20, 308–330. [CrossRef]
26. Anderson, J.M.; Nidhi, K.; Stanley, K.D.; Sorensen, P.; Samaras, C.; Oluwatola, O.A. Autonomous Vehicle Technology: A Guide for

Policymakers; Rand Corporation: Santa Monica, CA, USA, 2014.
27. Shavell, S. Liability for accidents. Handb. Law Econ. 2007, 1, 139–182.
28. Shavell, S. Foundations of Economic Analysis of Law; Harvard University Press: Cambridge, MA, USA, 2009.
29. Geistfeld, M. A roadmap for autonomous vehicles: State tort liability, automobile insurance, and federal safety regulation. Calif.

Law Rev. 2017, 105, 1611–1694. [CrossRef]
30. Cole, C.; Eastman, K.L.; Macpherson, D.; F. Maroney, P.; Mccullough, K. The Impact of No-Fault Legislation on Automobile

Insurance. N. Am. Actuar. J. 2009, 16, 306–322. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.irle.2007.01.002
http://dx.doi.org/10.1016/j.irle.2012.10.001
http://dx.doi.org/10.2307/795606
http://dx.doi.org/10.2307/2555573
http://dx.doi.org/10.15779/Z38416SZ9R
http://dx.doi.org/10.2139/ssrn.1121167

	Introduction
	Related Work
	Contributions of This Paper

	Preliminaries
	Rear-End Crash in a Platoon
	Liability Rule

	Matrix Game Approach
	Assumptions
	Game Formulation
	Performance Measure

	Numerical Experiments
	Conclusions and Discussion
	References

