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ABSTRACT

Traffic safety is arguably the most important traffic metric from a human perspective. Still, many millions of
people are killed on roads every year. In this paper, the concept of Herd Immunity for Traffic Safety (HITS) is
presented for the first time. This concept focuses on identifying and describing the increased level of safety
that is achieved when Connected Automated Vehicles (CAV) and Human Driven Vehicles (HDV) co-exist in
mixed traffic. The underlying mechanism is described with a key component being the ability of CAVs to
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absorb human error and reduce exposure to risk. With increasing levels of CAV penetration, so-called tipping
points occur in which the traffic safety grows in proportion to the penetration rate, which is demonstrated by
the non-linearity of the penetration-risk relationship. This is demonstrated in theory and experimental cases
while requirements to understand and apply the concept more extensively in the future are presented.

Introduction

While many papers on automated vehicles and traffic safety seem to
churn out the same numbers in regard to road vehicle causalities,
we must not become insensitive to the importance and significance
of them. Worldwide, estimated 1.3 million people were killed on
roads in 2018 (Organization 2018), with 36,096 being in the US
with more than 2 million causalities in 2019 (FHWA 2020). At the
same time, human error has contributed to more than 90% of these
crashes (NHTSA 2008; Singh et al. 2016) with Human Driven
Vehicles (HDV). Even if other causes also contribute, this remains
a highly significant and relevant number. It should also be noted
that the vast majority of serious crashes (resulting in injury) occur
in situations with multiple vehicles (NSC 2020). Connected
Automated Vehicles (CAV) are commonly mentioned in this
regard to hold the key to being able to reduce the number and
severity of crashes, especially where human error is prevalent
(Arvin et al. 2020; Singh et al. 2016; Piitz, Murphy, and Mullins
2019). While there is no denying that there is a real potential for
improvement with CAVs, many of the mechanisms that will get us
there are yet undefined and unclear.

In this paper, we introduce the concept of Herd Immunity for
Traffic Safety (HITS) with mixed CAV-HDV traffic as a key and
important mechanism that can lead to the multiplier effects for the
improvement of traffic safety with CAVs beyond the increased
safety that they offer their own occupants. A simple example is
shown in Figure 1, in which an HDV performs a lane-change
maneuver with another vehicle in its blind-spot resulting in an
accident (Figure 1b). In the same case with two CAVs (Figure 1c),
the CAVs are able to perform evasive maneuvers and absorb the
risk created by the HDV avoiding an accident. In this case,
a protected vehicle is one that is given an increased level of safety
due to the presence of CAVs (we elaborate more on this in
Section 2). This is the first paper to describe the mechanism of
herd immunity in such a way, which has the potential to signifi-
cantly advance research in this direction. By introducing increasing
numbers of ‘vaccinated” CAVs in traffic fleets, additional levels of

safety are given to ‘unvaccinated’ HDVs, who benefit from this
form of herd immunity. The CAVs are hypothesized to have
a much higher level of individual safety but can also enhance the
safety of HDVs, which is where the analogy with immunity comes
in. This paper describes the involved mechanisms and sets out this
new line of research that aims to assess and predict the potential of
Automated Driving Systems (ADS) to achieve traffic safety through
herd immunity. The main contribution of the paper lies with the
introduction of the concept for traffic safety with an approach that
explicitly considers the spread of risk and the presence of tipping
points through making the direct connection with the concept of
herd immunity. In doing this, it sets out a line of research to achieve
the determination of tipping points for traffic safety with CAVs
under various conditions. Note that throughout we define
Connected Automated Vehicles (CAV) in this paper as a generic
category of vehicles that make use of some level of either connected
and/or automated technology. We will define and explicitly men-
tion specific types of CAVs when applicable. In the rest of the
introduction, we highlight some of the characteristics and potential
impacts of the introduction of CAVs. In Section 2, the mechanism
behind herd immunity is described both for their origins in virology
and the foreseen mechanism for traffic. Thereafter in Section 3,
a demonstrative proof of concept is given of these mechanisms,
which we discuss in Section 4, in which the main open and remain-
ing research directions and questions are also given.

Dawn of vehicle automation in context of safety

Since the start of the 21*' century, there has been a steady increase
in the development and implementation of automated driving
system (ADS) technology, which followed the uptake of advanced
driver assistance systems (ADAS) (Lindgren and Chen 2006;
Ziebinski et al. 2017). There are many claims that ADS has the
potential to change the way we drive for the better, by improving
traffic flow (Hartmann et al. 2017; Liu et al. 2017; Ziebinski et al.
2017), improving traffic safety (Farah and Koutsopoulos 2014; Liu
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Figure 1. Example of CAVs protecting HDVs, a) the prior situation b) accident situation with HDVs, c) accident avoided situation with CAVs.

et al. 2017; Ziebinski et al. 2017) and general driving comfort and
pleasure (Hasenjdger and Wersing 2017; Holzinger et al. 2020), as
well as fuel efficiency (Tunnell et al. 2018). And while this may
indeed eventually be the case, the actual situation in the coming
decades will be much more nuanced due to low levels of CAVs on
roads in mixed traffic and teething problems related to the broad-
ening introduction of CAVs (Sohrabi et al. 2021). Furthermore,
many of the benefits that are mentioned are expected to only be
felt in any significant way with a sufficient level of vehicle con-
nectivity (Makridis et al. 2018; Shladover, Su, and Lu 2012;
Shladover 2009). We will briefly touch upon four important
aspects that will influence the impacts of CAV introduction in
the context of safety: system maturity and diversity; level of con-
nectivity; driver familiarity and ability; and human factors in
mixed traffic.

System maturity and diversity

Many current ADS in CAVs are low-level automated systems
that control some aspects of driving, e.g. car following, such as
with ACC, or lane keeping or changing, with the human driver
still required to monitor the system at the very least. These
vehicles are intentionally setup to drive in a conservative way,
avoiding potential risks and not interacting with human drivers
in ways that could lead to conflicts (Koopman and Wagner
2016). This often results in current CAVs leaving larger gaps
to preceding vehicles and having difficulties lane changing,
especially in busier traffic. This obviously leads to
a degradation of traffic flow and capacity (Calvert, Schakel,
and van Lint 2017; Chen et al. 2017). A further often over-
looked characteristic of CAVs is that while individually they
may drive more homogenously, between different CAVs there
can be a significant level of heterogeneity. There are many
different levels of CAV capability and systems, with each man-
ufacturer working slightly differently, even for identical tech-
nologies, and even for the same technology in the same vehicle,
individual vehicle owners can set up their systems differently
(Koopman and Wagner 2016). This has the potential to also
significantly influence traffic performance, although very little

research has been performed on this to date, with much
research assuming homogeneity amongst CAVs, especially in
traffic simulation studies.

Level of connectivity

Many of the benefits of CAVs will only really emerge with the
introduction of connectivity to vehicles connectivity (Makridis
et al. 2018; Shladover, Su, and Lu 2012; Shladover 2009). This
may be vehicle to vehicle (V2V) communication that allows vehi-
cles to communicate their driving states and information to each
other, or this could be information from road-side units (I2V)
conveying information about infrastructure (e.g. speed limits,
potential dangers, etc.) and traffic states further downstream
(Jandial et al. 2019; Mamdubhi et al. 2020). The greatest benefits
in traffic stem from near instantaneous information generation
that allows a CAV to react much faster as it does not need to use
its perception sensors and processing power to detect and analyze
a situation, but is fed this information directly from other vehicles
and can allow vehicles to anticipate downstream traffic conditions.
Analysis in literature has found that in theory, connectivity has
the potential to increase traffic performance by up to 90% com-
pared to similar unconnected CAVs (Chang et al. 2020; Liu et al.
2018). There is also strong evidence that traffic safety is improved
through connectivity (Uhlemann 2015; Rahman and Abdel-Aty
2018; Olia et al. 2016; Virdi et al. 2019), however quantification of
these benefits remains a challenge (Ehlers et al. 2017; Kulmala
2010).

Driver familiarity and ability

Even with CAVs, the role and ability of a human driver remains
important, especially for non-fully automated CAVs (Kulmala
2010). Drivers have almost exclusively not been trained or experi-
enced ADS during their driver training (Oviedo-Trespalacios,
Tichon, and Briant 2021). This means that drivers are learning to
use ADAS and ADS on the fly, which in itself brings about potential
threats. A more concerning danger involves the use of systems that
limit a drivers operational involvement in the driving tasks and
leaves them with merely a monitoring role. It has been extensively
shown and proven that human drivers are not cognitively capable
to perform such a role for a long period of time to a high standard



(Louw et al. 2015a; Parasuraman, Mouloua, and Molloy 1996;
Wickens et al. 2015). Drivers will often become fatigued or dis-
tracted as a result of a lack of cognitive stimulus and do not react
appropriately or timely when required to (Louw et al. 2015b;
Young, Salmon, and Cornelissen 2013; Regan, Lee, and Young
2008). Mecacci and de Sio (2019) go as far as to state that there is
a lack of Meaningful Human Control for such cases (Heikoop et al.
2019; Mecacci and de Sio 2019), despite the driver being assigned
these critical tasks. This has already led to a number of high profile
serious and fatal accidents with CAVs in which these processes have
played a role (Calvert et al. 2020; Favaro et al. 2017; Li et al. 2017).

Human factors in mixed traffic

Finally, even with increasing uptake of CAVs in traffic, traffic
composition in the coming decades and for the foreseeable future
will be mixed HDV-CAYV traffic. This entails that CAVs will need to
interact with human drivers and vice versa (Kulmala 2010; Virdi
et al. 2019). With human drivers inherently having a more hetero-
geneous driving style and being potentially more inclined to errors,
this throws up a number of important consequences (Kyriakidis
etal. 2019; Seppelt and Victor 2016; Lu et al. 2016). Some challenges
include CAVs needing to anticipate and act accordingly to HDV,
which can also involve many human behavioral interactions that
may seem logical to humans, but can be difficult to interpret by
CAVs. On the other hand, humans will need to interact appropri-
ately with CAVs, with trust being a potential issue, while also
human driving capability being another. For example, if a CAV
correctly performs a maneuver to ensure safety, such as an emer-
gency stop or swerve, it has already been demonstrated that human
drivers are not always able to respond at the same speed as a CAV
resulting in a collision. Mixed traffic will be complex and yield
many challenges, but the presence of CAVs in mixed traffic may
also yield opportunities to improve traffic performance and safety
compared to CAV-less traffic, and this is exactly what the focus of
this paper considers in regard to the potential of herd immunity to
offer an increased positive effect to both CAV and HDV in such
a mixed vehicle environment.

Potential safety improvements of CAVs

Currently, no clear estimates exist in regard to the potential future
level of improvement of any level of automated vehicles (Sohrabi
et al. 2021). A main reason for this is a lack of sufficient empirical
evidence and insufficiently accurate simulation models. Many
researchers have aimed to consider the number of current accidents
that can be avoided with CAVs. Some blindly focus on the 90%+
mark as the number of accidents that involve human error.
However, it is unrealistic to expect all these accidents to be avoided.
Wang et al. (2020) did find from detailed and expansive empirical
that 40-50% of accidents could be prevented with CAV systems.
Other research has focussed on the number of miles required to
demonstrate that automated vehicles are safer than human driven
vehicles (Favaro et al. 2017; Kalra and Paddock 2016). Kalra and
Paddock (2016) state for example that many tens of millions of
miles would be required to prove accident reliability, and even
hundreds of millions and billions of miles for injury rate and fatality
rate reliability of automated vehicle safety. They do readily admit
that obtaining this would take many years and hence it is not
currently feasible to collect such information empirically.
Therefore, it is currently not possible for us to give expected safety
improvement expectations, either for CAVs in general or per SAE
level, as much more empirical evidence and investigative research is
required.
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Relation to herd immunity

In regard to herd immunity, we have a number of questions and
hypotheses that require attention. The first one considers what the
generic mechanisms of herd immunity for traffic safety are, and,
together with demonstrating the existence of the herd immunity
phenomenon, is the main focus on this paper. A second refers to the
hypothesis that there are ‘tipping points’ at which sufficient pene-
tration of CAV's will lead to enhanced traffic safety, and what these
tipping points are for a variety of different CAVs technologies,
infrastructure configurations, traffic states, and so on. In the
remainder of this paper, we will focus on addressing the first
question, while giving a proof of concept for it and for the hypoth-
esis posed in the second, which allows the second question in regard
to tipping points to be considered in later research. Specifically, this
paper aims to address the issue of understanding and describing
secondary safety from interactions between CAVs and HDVs. In
a practical sense, this can give theoretical evidence for traffic system
safety and the further development of technical systems that can aid
its achievement.

As the primary focus of the paper is on the development and
demonstration of Herd Immunity for Traffic Safety (HITS), we
include a number constraints in this paper and for the concept
itself. The concept of HITS is applicable for any road type, infra-
structure environment, and class of road users in which a mix of
automated vehicles and human controlled vehicles or humans are
present. This includes mixed CAV-HDV traffic on motorways,
urban traffic environments with intersections and even the interac-
tions with pedestrians and other active modes, such as cyclists. In
this paper, we choose to constrain examples and analysis to the
simpler case of unidirectional motorway traffic on homogenous
corridors, while considering commonly occurring circumstances.
This decision allows the principles of HITS to be demonstrated in
a clear and coherent way, while also assuring the analysis of
a realistic and highly probably scenarios, without drifting into
potential edge cases. It also retains focus on those areas that are
required to demonstrate HITS, for example tackling the influence
and effects of human factors is so vast that it deserves to be
considered in further dedicated research. Furthermore, in this
paper, we assume that the technical systems controlling CAVs all
work as designed and that technical malfunction does not occur.
Despite this scoping, many other scenarios are equally relevant and
should be considered at a later stage, therefore they are considered
in the discussions section for later research.

Herd immunity for traffic safety
The principle of herd immunity

‘Herd immunity’, sometimes also known as ‘population immunity’,
is the indirect protection from an infectious disease that happens
when a population is immune either through vaccination or immu-
nity developed through previous infection (WHO 2020). With
viruses, immunity occurs in one of three ways: either a person is
vaccine themselves, or they have already developed immunity
through previously being infected, or through detachment of
being in the vicinity of someone who is infected and thus cannot
or have a reduced chance of becoming infected.

In virology, a commonly applied type of epidemic model is the
Susceptible-Infectious-Recovered (SIR) model (Hethcote 2000;
Pastor-Satorras et al. 2015)]. A SIR model describes a single out-
break of a disease where each individual at a certain time ¢ is
assumed to be in one of the three different disease stages:
Susceptible (S), i.e. healthy, but vulnerable for the infection,
Infected (I) and Recovered (R), i.e. the individual either recovers
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from the disease or dies from it. Individuals are assumed to come
into contact with each other with certain probabilities and prob-
abilities of transmission of infection for those who are infectious.
Recovered individuals are commonly assumed to not be susceptible
to infection, although there are variations of the models that may
assume this as a possibility but with a significantly lower probably
that may also change in time. In the case of immunity due to
vaccination, an individual can transfer from the S category to the
R category without having to pass through the I category, which
reduces the overall number of infections, but more importantly
reduces the probabilities of infections spreading to other susceptible
individuals.

A key performance indicator used to track the spread of a disease
is the R-number. The R-number is the replication number that
refers to how many people become infected on average from
a single infected person. If R is 1, then each person that is infected
will infect one other person. Hence, if R is higher than 1, one person
will on average infected more than one other person, which will
increasingly result in higher levels of infection. Therefore, the aim is
to obtain an R-number below 1. In the case that a small number of
people are vaccinated, the effect on the spread of a virus is limited
(see Figure 1b). At a certain point, when sufficient people are
vaccinated, and this does not need to be everyone, near-complete
immunity can be achieved (see Figure 1c), and a virus will cease to
spread and have a low R-number.

The comparison to Herd immunity applied to CAVs can
have a similar effect on traffic safety as vaccination has on the
spread of a virus. Connected vehicles (CV) have the ability to
react faster to changes in their environment compared to non-
connected traffic by receiving near instant information from
and about other vehicles. In the case of a CAV with some
level of automation, their reaction is much faster as the

influence of human reaction times is not present if the CAV
is driving in automated mode. These CAVs therefore have
a form of immunity through vaccination (i.e. connectivity)
that allows them to react quickly and avoid potential dangerous
situations and reduce their risk and chances of being involved
in an accident (which would equate to becoming infected in the
virus example). With increasing penetration of vehicle connec-
tivity in a traffic flow, it is hypothesized that secondary levels of
immunity also occur due to CAVs not only preventing them-
selves from crashing but also being able to ‘absorb’ driving
errors or critical situations from human driven vehicles and in
turn offering these other vehicles immunity: herd immunity!
Later in this section, we give an example of this, which can
also be viewed in Figure 2.

At a certain penetration rate of CAVs in a traffic flow, we
would expect an increase in Herd Immunity for Traffic Safety
(HITS). But at which penetration rate, under which circum-
stances, on what type of road section, with what type of con-
nectivity, which level of automation, what involvement of human
driver involvement, etcetera is currently unknown and is the
focus of the proposed research. Does the hypothesis indeed
carry over from virology to traffic safety and how affective can
it be? The potential of HITS can have a major impact on traffic
safety and in turn influence policy to enable, develop, facilitate,
and increase the presence of CVs and CAVs on roads. If the
effectiveness of HITS is high, then achieving it to prevent acci-
dents and save lives is important. But to be able to implement,
one does not only need to know if the hypothesis is true but also
the conditions that apply to achieving HITS. Traffic and vehicle
technology, as well as road conditions, can be very heteroge-
neous, meaning that many variables can influence the outcome
of such results to achieve different effectiveness of HITS. In the
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Figure 2. Demonstration of risk transmission and herd immunity in traffic.a) interaction between vehicles, b-d) transmission of risk with only HDVs, e-f) transmission of risk in

mixed traffic showing the benefits of herd immunity



proposed research, we therefore focus heavily on identifying
these variables and attempting to determine potential tipping
points for which increased traffic safety can be achieved with
HITS through the use of vehicle connectivity.

Mechanism of herd immunity for traffic safety

Obviously, the spread of viruses is not the same as risk in traffic.
While we take some of the main principles from herd immunity
and apply them to traffic safety, many of the mathematical descrip-
tions that exist for the spread of viruses do not hold for risk in
traffic. For example, one difference is that the origin of risk can
occur seemingly at random in traffic flow, often caused by human
inattention or error, while with viruses inter-human transmission
will almost exclusively be at the core of virus transmission.
Nevertheless, the main principle still do hold and are set out in
the following text.

We describe the application to CAVs based on the commonly
applied SIR-model that was introduced in the previous paragraph.
We consider an unsafe interaction to be an infection and consider
an initial outbreak of an infection to be a single original unsafe risk
event that can originate internally from a driver, e.g. driver error, or
externally, e.g. tyre blow-out (Ehlers et al. 2017). Following gener-
ally accepted safety assessment approaches (Ehlers et al. 2017;
Kulmala 2010; Sohrabi et al. 2021), we use accident risk as a unit
of exposure to unsafety (Ehlers et al. 2017). We consider a set N of
individual vehicles, in which each individual i at any discrete time
t=1,2,... isin one of three states: Susceptible to risk (S), Infected
by risk (I), Recovered or immune from risk (R). Therefore, the risk
state of any individual vehicle i at time ¢ is denoted by:

ri[t] = (Si[t], Ii[t], Ri[t]) T (1)

where Si[t], Ii[t], Ri[t] are the fractions of susceptible risk, infected
risk and recovered/immune risk individuals, respectively, which all
satisfy the law of conservation:

Si[t] + Ii[t] + Ri[f] = 1 2)

The discrete-time SIR model defines the evolution of a viral state
(Prasse and Van Mieghem 2020; Youssef and Scoglio 2011). In
a similar way, we consider the evolution of a risk state amongst
individual vehicles. Within a fleet of vehicles in traffic, an individual
vehicle can become ‘infected by risk’ due to an initial risk event. For
example, a strong braking maneuver or unexpected lane change
could be such a risk event. This risk can spread to other surround-
ing vehicles through interactions subject to a certain probability.
We define a matrix B that contains the aggregated probabilities of
each vehicle being able to pass risk on to another vehicle in a single
traffic environment:

B(i,t) = PI for Nx N 3)

Furthermore, the probability of risk being passed on from one
vehicle to another is also governed by the proximity of each vehicle
to each other, both in a longitudinal and lateral sense. We define
this probability in a matrix L, which indicates the probability of risk
infection due to location proximity to other vehicles:

L(i,t) = PI for N x N 4)

Combining the infection risk matrix B from Eq.(3) and the proxi-
mity matrix L from Eq.(4), gives the total risk of that vehicle i being
involved in an accident A for each individual i and each time
instance f:

A(i,t) = B(i,t) x L(j,t) for Vj (5)
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By considering a single risk event in traffic, we consider the elim-
ination of risk as the end of a risk event. Other things to note from
this theoretical description is that the risk state of a HDV is subject
to variation amongst the states,{S, I, R}, while a CAV in automa-
tion mode will remain in state R as a ‘vaccinated’ vehicle against
risk. Obviously if we consider different types of CAVs and even
HDVs, then different sub-categories would exist within the three
different states. In practical terms, the probability of risk transmis-
sion attributed through their state {S,I, R} is a direct consequence
of a vehicle type’s ability to avoid risk when faced with an unsafe
situation. In practice, this may depend on aspects such as the
reaction time, the level and ability of anticipation, and common
gap-times of the vehicles, and probably a number of other variables
to a lesser extent. The described mechanism is depicted in Figure 2
to offer further clarity. In Figure 2 each vehicle is represented by an
oval, each with its own B(i, t), depending on the type of vehicle, and
multiple L;; to each other vehicle, as seen in Figure 2a. In Figure 2b-
d, the spread of risk form an initial HDV at t = 0 is shown. In
Figure 2e-f, the same set up is shown, however with the presence of
a single CAYV that is able to block a transmission of risk infection at
t = 1, which in turn results in the prevention of an additional
infection of risk in t = 2, where the immune’ HDV is indicated
in blue in Figure 2f. This additional protection from risk is the herd
immunity multiplier.

Using the presented theoretical description to show how risk can
spread between different types of vehicles, we demonstrate the
general principles of the herd immunity mechanism. For this, we
assume that there are N = 100 vehicles on an arbitrary section of
road that can interact with each other with a probability of L = 0.1
that each vehicle can interact with any other vehicle during a time-
step (this has been intentionally kept uniform here, although in
practice, certain vehicles will be in closer proximity than other at
different points in time). Each vehicle also has a risk of ‘infection’
based on the vehicle time: HDV or CAV, with HDV at 5% and CAV
at {0;0.1;0.2;0.5;1.0;2.0;5.0} depending on the considered sce-
narjo. ‘Infection’ here equates to passing on risk from an initial
incident. This initial incident is applied at ¢ = 1 by denoting a single
HDV as infected. In each time step t, this risk can spread through
the vehicle population to other vehicles.

Figure 3 shows the final number of ‘infected’ vehicles, i.e. that
risk has passed to, at the end of t = 100 for different percentages of
CAV’s and for different levels of CAV transmission probability
rates. If we first observe the line for CAV transmission rate of
0.0%, then we observe that for 0% penetration of CAVs that 41
vehicles have become infected by risk at the end of the scenario. At
50% CAYV penetration, this has already reduced to 26 vehicles, while
if the entire vehicle fleet are CAVs, then no other vehicle, other than
the originally infected vehicle, are infected, which makes sense as
we have set the transmission probability for CAVs to 0%. The main
point to highlight here, is not the reduction in risk infection, but
rather that the trend is non-linear. The function exponentially
decreases with each additional vehicle that is a CAV rather than
HDV, which indicates that there is multiplier effect in regard to the
availability of CAVs to decrease risk with higher levels of
penetration.

In the following section, we give a demonstrative example for
a specific road corridor and traffic example that more explicitly
considers the physical and spatiotemporal aspects of traffic beyond
the mathematical exercise given in this section that has shown the
general principles if the herd immunity mechanism.

While not explicitly including it in the above mechanism for
traffic safety, we do wish to highlight the relevance of the R-number
as a key component of the herd immunity process. In virology, the
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Figure 3. Final number of infected vehicles at the end of 100 time steps, average over seeded runs.

number indicates the increasing (R > 1) or decreasing (R < 1)
spread of a disease. Logically, for the above example, the
R-number in HITS represents the spread of risk in traffic, which
can increase (R > 1) or can decrease (R < 1). An increasing spread of
risk means that risk is passed on to an increasing number of vehicles
in a vehicle fleet, such that these driver-vehicle combinations need
to react to the risk and take evasive actions. In some cases, the risk
may be so high that an accident could occur. In practice, such
situations will often occur in dense traffic, which also aligns with
the virus comparison, as having many people in close proximity
would also increase the R-number. Pile-up accidents involving
many vehicles are clear example of such a situation in which the
R-number has been above 1 for too long and in which drivers have
not been able to compensate sufficiently to mitigate risk. In other
situations, drivers may be able to mitigate risk and avoid an acci-
dent, nevertheless risk has still spread and has been above R > 1 for
a certain time. As also with viruses, it is unsustainable to endlessly
have R > 1 and R < 1 will result after a set time. For viruses this is
often a longer period, while for HITS and risk, this time-scale may
be in the region of seconds up to a minute. The ability of drivers and

vehicle to absorb risk plays an important role in flipping to
a situation in which the R-number drops below 1. As we will see
in the demonstrative cases in the following section, interventions
from CAVs can further improve the ability of traffic to absorb risk
and can mitigate many situations in which risk may have spread
further compared to purely HDV traffic.

Demonstrative case
Case description

While the example at the end of the previous section shows how
risk can spread in theory, vehicles adhere to vehicle dynamics in
a spatiotemporal physical domain that is not explicitly considered
in that example. We therefore also offer a demonstrative case in
which we explicitly consider the physical interaction of vehicles on
a road and how risk is transferred in different starting scenario to
demonstrate the potential of Herd Immunity for Traffic Safety. In
this case study, graphically shown in Figure 4, we consider
a situation (Figure 4a) in which vehicles approach a stationary
queue at speed and with an imperfect level of attention. This is

=CAvV,
and protected

m =non-CAV,

and protected

®

not protected

Figure 4. Case depiction: a) the prior situation b) accident situation with HDVs, c) accident avoided situation with CAVs.



a common occurrence on roads, and often leads to rear end colli-
sions, which make up one of the most frequently observed accident
types (Itasca 2015; NHTSA 2003; Watanabe and Ito 2007) with the
causation often due to inappropriately high speeds and driver
inattention (Louw et al. 2015a). Figure 4a shows the situation
prior to an accident, with the resulting conflict demonstrated in
Figure 4b. In Figure 4c we demonstratively show an alternative
outcome with a different traffic compositions, including the pre-
sence of CAVs. In the case that just two of the five considered
vehicle are CAVs, such a situation can be avoided. Assume the
following, the front CAV has already stopped and is stationary. It
sends out a message to surrounding vehicles that there is stationary
traffic up ahead. The second CAV receives this message and starts
to reduce speed before the stationary traffic is evident for the driver.
By reducing its speed (and not emergency braking), following
vehicles also reduce their speeds and potential incident is avoided.
In this example, we see that human error in HDVs is ‘absorbed’ and
the HDV's are given a greater degree of safety due to the presence
and vicinity of CVs and CAVs in the traffic population.

Case setup and scenarios

The above described case is applied in a simple MATLAB
configuration of a road corridor using a vehicle-driver model
to describe the vehicle dynamics. For this, we apply the
Intelligent Driver Model plus (IDM+) (Schakel, Van Arem,
and Netten 2010) in a configuration previously applied to
model driver distraction using the IDM+ (van Lint and
Calvert 2018) through a delayed response to the leading vehicle
and an increase of reaction times, both which are present in
cases of driver inattention. For more details of the applied
human driver-vehicle dynamics, see Calvert, van Arem, and
van Lint (2020) and van Lint and Calvert (2018). Figure 5
shows the trajectories of the vehicles for an arbitrary scenario
(20% CAV penetration rate) in which the sudden braking man-
euver is clearly visible as well as the CAVs in red. Note that the
distribution of the CAVs among HDVs is randomized. The
black box in Figure 5 indicates a location where herd immunity
is achieved in line with the theoretical example in the previous
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section. At this point, a large number of HDV’s have perform-
ing increasingly strong braking maneuvers, which if unchecked
would lead to an incident. Thereafter, a few CAVs are present
in the traffic that allows the decreasing gaps and TTC’s trend to
be broken and the risk to be absorbed. For

Vehicles are let into the corridor with a uniform flow of
900 veh/hour increasing to 1500 veh/hour after an initial
warm-up time, and all with a desired speed of 35 ms™'. At
time t = 120 s, a stationary queue is created through a manual
adjustment of a single vehicle’s desired speed to 0 ms™', which
forces it to perform an emergency stop. The vehicle starts to
move again at t = 240 s. This approach creates the sudden
standing queue as seen in Figure 4a. The level of awareness
and perception of each vehicle is identical and maintained
throughout. A level of inattention is also given to the HDVs
as an extra response reaction time 7. CAVs maintain a perfect
level perception and reaction time with a 7=0.1. Scenarios
using different levels of CAV penetration in the vehicle fleet
are considered for: {0, 10,20, 30,40, 50, 60, 70, 80,90, 100} %. As
well as varying the penetration rate, two different levels of
HDV driver inattention are considered: 7= {1.0;1.5} to
allow different curves to be analyzed. Each combination of
scenarios (penetration rate and inattention value), 30 seeded
runs are performed in which the distribution of the CAV
amongst the HDV is changed. The same seeds, and therefore
CAV distributions, are applied for all scenarios identically,
which means that the same distribution of CAVs is present
for the 10% case, as the 20%, as the 30% and so on.

The number of accidents, defined as a vehicle physically encroach-
ing another vehicle in the simulation, and the time of the first
accident are recorded as a proxy for the level of safety. Both results
are the averaged over all seeds to limit the stochastic influence of the
CAYV distribution. Also note that the case is calibrated with higher
human levels of inattention in a way that accidents will occur more
readily than in reality to demonstrate the improvement in critical
conflicts using CAVs and the effect of the herd immunity effect."

A further analysis is performed for the mean critical time-to-
collision (TTC) times for all 7=1.0 scenarios, in which
a distinction is made between vehicle types (CAV and HDV). For
this, the critical (lowest) TTC value from all vehicles of the same
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Figure 5. Depiction of vehicle trajectories for the case in Figure 3. Red denotes a CAV. The black box denotes a place where herd-immunity improves safety.
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Figure 6. Results of the demonstrative case depicted in Figure 3

vehicle type is recorded per seed, with the mean of all seeds per
penetration scenario calculated, indicating how close vehicles in
that scenario became to being involved in an accident.

Results

The average time of the first accident after the induced disruption
per scenario is shown in Figure 6 for each penetration rate, as well
as the total percentage of scenarios in which no incident occurred in
the bar plot. Furthermore, a distinction is made between the two
different levels of inattention (r = 1.0 in blue and 7 = 1.5 in red).
For the penetration rates 0-50%, each seeded run resulted even-
tually in an accident, while for a penetration rate of 100% CAVs, no
accidents occurred. It should also be noted that for a lower number
of accidents with the higher CAV penetration rates that the time
value is unfairly influenced due to deviating observations for the
time of an accident and will start to deviate from the expected trend.
This effect is counteracted through the use of the two inattention
scenarios that allow the trend to be extended, such as for 7 = 1.5,
which has the same number of accidents per up to a penetration
rate of 90%.

Due to the setup of the case, the real value of the results is in
the relative differences between the scenario rather than the
absolute values. Figure 6 allows us to draw on two distinct
observations. The first is that with higher CAV penetration
rates fewer accidents occur, which may be expected as there is
an objectively lower level of inattention from human drivers,
which is known to exist in practice and is the focus of this case.
We also logically see that for a higher value of 7 = 1.5, equating
to a greater degree of inattention that a higher number of
accidents occur, even for higher CAV penetration rates com-
pared to the lower level of inattention of 7 = 1.0. The second
observation is of more importance for the proof of herd immu-
nity for traffic safety and lies in the non-linear relationship
between the average time of the first accident and the penetra-
tion rate. For this, we only focus on the scenarios in which all
seeded runs ended in an accident for the sake of fair compar-
ison. For lower penetration rates, we can observe that up to

a penetration rate of 30% for 7 = 1.0 and up to 60% for 7 = 1.5,
the delay in the average time of the first accident is marginal.
For higher penetration rates thereafter, the increase in average
time increases exponentially. These values of 30% and 60%,
respectively, indicate the so-called tipping points at which
a substantial decrease in risk is observed from the herd immu-
nity effect that was described in the previous sections, and
hence offers proof of the existence of the effect and a clear
demonstration that HITS can have a positive effect on traffic
safety. This improved safety goes beyond CAVs themselves, as
they increasingly allow human error to be absorbed with the
higher levels of CAV penetration.

The mean critical TTC values are shown per CAV penetration
scenario (for 7 = 1.0) in Figure 7. For HDV, the lower penetration
rates up to 50% CAV were dominated by HDV collisions and hence
the critical TTC is low, as when an accident occurs, a value of 0 is
assigned. For 50-90%, the trend is increasing as the HDV gained
additional safety from the presence of the CAVs in the simulation.
The results show the level of criticality but not the trend of all
vehicles, as the lowest critical values are considered and not the
mean. Considering the mean proved problematic, as at the time of
an accident a simulation is stopped, which means that each seeded
run would unfairly compare different number of vehicles which
would skew the results rending them invalid. Furthermore, the
standard deviation of the critical TTC values are also shown to
reflect the variation in the conflict severity.

Discussion and research outlook
Developing HITS and tipping points

The concept of Herd Immunity for Traffic Safety (HITS) is
a direct consequence of the knock-on-effect of absorbed risk
by CAVs that prevent or reduce the transmission of risk and in
doing so lead to an overall reduction in risk and unsafety well
beyond the safety that the CAVs themselves experience. This
principle has been demonstrated in this paper with the non-
linear relationship in risk proportional to the CAV penetration
rate as evidence of this. An important aspect of HITS is the
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Figure 7. Mean critical TTC and standard deviation for the demonstrative case depicted in Figure 3.

hypothesized existence of so-called tipping points at which
sufficient levels of CAV penetration are present and at which
a substantial increase in safety levels can be expected. These
tipping points will be at the tangent of the non-linear function
between risk and CAV penetration rate and may be considered
as a future target for CAV penetration to vastly improve road
traffic safety. To a certain extent, the tipping points can already
be seen from the cases shown in this paper, however this was
merely given a proof of concept. To find the tipping points that
may be expected in practice, one needs to ensure that simula-
tions, or even real-life pilots, closely replicate as many vehicle
dynamics and vehicle and driver characteristics as possible.
Tipping points for HITS are not likely to be a single value but
rather will be situation specific. This is due to the large variety
of different accident types, driver behavioral characteristics and
different types and level of vehicle connectivity and automation.
Each combination of the above has the potential to lead to
a different tipping point. This still requires much research and
thus this is given as an important recommendation for future
research. Before that can be generically achieved, some further
developments are required on the modeling side. Therefore,
while HITS has been shown here in theory, demonstrating the
same in simulation and in more elaborate cases will serve to
strengthen the proposition and allow more deliberate design of
vehicles and infrastructure to improve traffic safety in the
future. We also wish to highlight that we chose to make use
of a car-following model (IDM+) adjusted with the HITS
mechanism to demonstrate the principle. For this approach,
we did not explicitly consider vehicle tactical maneuvering as
a variable. Other modeling approaches may also be worth con-
sidering in the context of HITS to allow a more fluent tactical
decision-making process. One example is the use of game the-
ory to model decision making in vehicle interactions. An
increasing body of research is present considering the interac-
tions between CAVs and HDVs using game theory (Albaba and
Yildiz 2021; Di and Shi 2021). This has been used for, amongst
others, safe vehicle spacing and lane changing (Talebpour,
Mahmassani, and Hamdar 2015; Yoo and Langari 2020),

efficiency and safety trade-off (Huang et al. 2020; Wang et al.
2015), and collision avoidance (Albaba and Yildiz 2021). In the
context of human error and risk absorption, such an approach
may be worth considering as a valuable extension to also expli-
citly model the decision-making process of both HDVs and
CAVs.

A number of assumptions and simplifications that were
made in this research will need to be readdressed. Examples
of assumptions that were made are with regard to heteroge-
neity of driver-vehicle dynamics in HDVs, homogeneity of
CAV technology levels and dynamics, and limited to no risk
transmission of CAVs. Traffic is heterogeneous and this in
itself has important impacts on vehicle dynamics and safety.
Incorporating real variation amongst HDV is imperative to
allow the real risk and dynamics to be properly included.
Even the inclusion of Gaussian noise to create heterogeneity
in driving behavior falls short of what is required. CAVs can
also expected to be heterogeneous in regard to the types of
connected and automated technology and AV-levels they har-
bor. Moreover, even two identical pieces of technology, but
from two different car manufacturers, can behave in different
ways. And that’s even before one starts to consider the per-
sonal setup by driver choice that may exist, such as desired
speed or following distance settings. Furthermore, different
systems and levels of automation will also require different
levels of human involvement. This in itself, connected to
human factors elements, also throws up additional variation
that should be considered in future research. Finally, we
assumed that CAVs have an extremely low level of risk trans-
mission. On the face of it, this is a valid assumption, however
one that still requires solid evidence and distinction between
circumstances. It is highly feasible that CAVs will avoid many
driver-error related conflicts, however there may be other
aspects of CAV driving that could lead to higher unsafety
and risk under specific circumstances. Being able to derive
and apply an accurate estimation of their level of risk trans-
mission and under the correct circumstances is complex but
can also allow a greatly improved and accurate estimate of
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real HITS to be made with accurate tipping point analysis.

Traffic safety assessment indictors

Risk is a term that considers the probability of an unsafe outcome.
A major challenge with probability-related concepts is that for small
probabilities, large sets of data are required for potentially unknown
or difficult to prove outcomes. The use of accidents as a proxy for
risk is well accepted and used in this paper. However, to do this, we
included higher levels of risk than would normally be the case in
practice. Analysis of risk on complete road sections with multiple
vehicles over a longer time span is challenging premise that is not
easily captured with many existing road traffic safety metrics. In
recent years, increased research has been performed in the area of
safety fields as a metric that is capable of capturing risk as
a probability in multiple dimensions in spatiotemporal traffic
(Mullakkal-Babu et al. 2020; Wang, Wu, and Li 2015). We argue
that in this group of metrics lies an improved ability to capture
objective risk and safety in a way that would be relevant and
appropriate for applications with the concept of HITS. The devel-
opment and use of metrics, such as safety fields, does not only allow
risk to be determined in a spatiotemporal field but also allows the
degree of potential conflict severity to be determined. This entails
also considering the consequence of various risk values as well as
the probability of occurrence. Further research is required to
further mature the current state of the art in regard to safety fields
in road traffic safety analysis, such that a generally applicable and
valid description thereof can be applied in future research on HITS.

Scope and context of HITS

While the focus in this paper has been on presenting and demon-
strating the concept of HITS using clear and straightforward exam-
ples, the scope and context of the concept reaches much further. We
foresee the HITS concept to be applicable for traffic safety analysis
wherever CAVs and human interact, which includes on motorways,
junctions, urban roads with intersections and in shared spaces. This
also includes interactions with HDV, bicycles, and pedestrians, as
these modes of transport can also benefit from the secondary safety
that CAVs can offer through the absorption of risk in traffic opera-
tions. Also other scenarios can be considered for the effectiveness of
the HITS concept in traffic. This includes different traffic circum-
stances, such as in dense traffic, merging traffic, crossing traffic, or
in case of accidents for the prevention of secondary accident. Also
other environmental circumstances, such as adverse weather con-
siders, are valid cases I which HITS may be applicable, and maybe
moreso than under ideal circumstances. For example, if we consider
a case of dense mist, we would expect a CAYV to still be able to detect
its surroundings, while humans in HDVs would be more suspect to
error (which has been extensively proven in literature). An error
from a HDV could be equally absorbed by the CAVs to provide
a greater degree of safety to other vehicles.

In this research, it was assumed that CAVs would not malfunc-
tion, however even in the case of technical malfunction by a CAV,
an analysis can be performed to what extent traffic safety is affected.
In such case, we hypothesize that the tipping point would shift
toward a higher penetration rate of CAVs at which point it would
still result in improved safety. For example, a malfunctioning CAV
may be seen as a vehicle that is performing an erroneous action, just
as we have seen in the other examples in the paper where humans
were at fault. In a similar way, other correctly functioning CAVs
can still offer secondary protection to other vehicles by performing
evasive maneuvers. A main difference is that a technical malfunc-
tion by a CAV may lead to other types of events, however there is no

reason to believe that these events cannot also be addressed by other
CAVs. This is a topic that will be researcher further in the HITS
research program.

A final issue not considered in this study is the economic balance
of CAV implementation costs versus the benefits. Such an analysis
could be executed in a Cost Benefit Analysis to indicate the eco-
nomic value of CAV implementation when HITS is considered.
There could be an argument that CAV's will be present in the future
in any case, however if a positive CBA case would occur, this may
give way to increased enabling actions from government and reg-
ulators to hasted the implementation of CAVs and facilitate their
introduction. This topic is given as one for further research.

Conclusions

The concept of Herd Immunity for Traffic Safety (HITS) builds on
years of experience and research in both medical domains as well
engineering domains and offers a narrative and focus to improve
road traffic safety with the introduction of Connected and/or
Automated Vehicles (CAV) in the future. In this paper, we have
presented the concept derived from virology with a strong and valid
application to traffic safety. The underlying mechanisms of HITS
have been derived and described with a first effort to also mathe-
matically capture the mechanism, which is demonstrated in
a generic abstract case and also in a further specific spatiotemporal
traffic scenario case. In both cases, it was shown that traffic safety
increases nonlinearly as the CAV penetration rate grows and hence
an increased level of traffic safety is gained beyond just the safety of
CAVs themselves. This was performed through analysis of the
transmission of risk between vehicles. This additional safety is the
result of non-CAVs gaining protection (‘immunity’) through the
absorption of risk by CAVs and therefore resulting in increased
reduction of risk transmission and therefore increased safety. As the
first paper to present the concept, there are also recommendations
that are made. These focus on expansion of the concept to include
driver-vehicle and CAV heterogeneity, which in itself is difficult to
derive never mind apply. Also further efforts to obtain improved
metrics of traffic safety for spatiotemporal and multi-vehicle traffic
are recommended with a strong avocation for the application of
traffic safety fields over accident detection.

Notes

1. It would require millions of runs to prove the same principle if a more
realistic perception error would be applied.
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