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Abstract: The current planning and operational analysis tools utilised by researchers and practitioners for transportation
facilities evaluation purposes are limited in their relevance to evaluate the future impact of connected and automated vehicles
(CAVs). Since CAV technologies are becoming more prevalent on the market, the adaptation of the conventional methodologies
to estimate highway performance is becoming essential to accommodate these technologies. This study tries to fill up this gap
in the literature by formulating capacity analysis model estimate the potential impacts of CAVs on the capacity of highways at
different market penetration (MP) levels of CAVs. The developed analytical model would present itself as a guideline to
transportation agencies while developing CAV-based transportation infrastructure. Later, this study proposes an agent-based
modelling and simulation framework to address the heterogeneity of drivers behaviour and the potential impact of CAVs on
highway traffic performance under different MP levels. Results showed that deploying CAVs in the traffic stream has the
potential to double the capacity of the highway corridor at high MP levels. The results show CAV operation and implementation
readiness for both public agencies as well as state Departments of Transportation or private industries in the future.

1 Introduction
Connected and automated vehicles (CAVs) are expected to be on
U.S. roads very shortly. As the leading edge of technological
evolution, CAVs will upend traditional traffic composition, usher in
new operational models, and change the nature of traffic flow
fundamentals and mobility management [1]. The impact of CAVs
on traffic behaviour in the transition period where conventional,
connected, and automated vehicles (AVs) all interact with each
other in a mixed traffic environment is still a question of interest.
Most likely, there will be three phases of this transition: (i) partial
automation and connectivity of vehicles [i.e. vehicle-to-vehicle
(V2V) and vehicle-to-infrastructure (V2I) communications]; (ii)
highly AVs; and (iii) driverless vehicles in the future. As the
implementation of vehicle communication and detection
technologies is accelerating [2, 3], all three types of vehicles are
expected to be on the road at the same time. Meanwhile,
researchers and public agencies need to be prepared for this next
revolution in predicting the potential impact of CAVs at different
levels of market penetration (MP). Therefore, to help the public
agencies (i.e. state Departments of Transportation) and private
industries better prepare themselves to implement CAV
technologies in their future operation, there is an urgent need to
develop an integrated analysis framework to evaluate the CAVs
impact on the capacity of highways.

There is a reasonably large amount of effort devoted to enlisting
significant factors that affect the highway capacity with traffic
congestion being considered as the primary determinant [4]. The
impact that traffic congestion imposes on environment, economy,
and commuters’ safety, shed lights on the importance of improving
the operational and traffic performance of the traffic networks. The
instability in traffic flow, often seen in the stop-and-go conditions,
as well as the fluctuation in daily traffic demand, are considered as
the main reason behind the traffic congestion resulting in reduced
highway capacity [5, 6]. Research showed that traffic hysteresis
and oscillations could be formed in highway sections, where no
considerable horizontal or vertical alignment is present, due to
lane-changing manoeuvres or car-following behaviour [7–9]. Also,
human factors reflected in the driving behaviour are considered

important factors in determining the traffic flow efficiency [10] and
operational capacity of highways [5]. Further, driver's response
time [11] and minimum inter-vehicular spacing in reaction to
traffic disturbances [11, 12], traffic delays that might trigger
drivers’ aggression [13], to perform lane-changing manoeuvres
[14], can significantly impact the capacity of a certain roadway
segment.

Therefore, the limitations in the capacity of highways can be
attributed to the disturbances and the instability of traffic flow that
result from the driver's behaviour and lack of information. In the
past, congestion problems associated with the lack of existing
operational capacity were solved by adding more base capacity
through increasing the number and size of highways to increase
roadway capacity [5]. However, this type of solution is often not
desired due to several reasons: increasing construction costs, lack
of lands, and environmental impacts [15]. Accordingly, mitigating
the growing traffic congestion through enhancing existing
operational capacity using emerging technologies shall be
considered. Vehicle communication technology, represented by
V2V and V2I communication, is considered as a promising
approach to solve traffic congestion problems [16, 17]. These
technologies represent an important step towards highway
automation due to its potential to double the capacity of a highway
at high MP levels [6, 10, 12, 18].

The primary motivation of establishing V2V communication is
to improve the capacity and throughput of highways through
attenuating the disturbances in traffic flow [19] through reducing
driver–vehicle interaction. Connected vehicle (CV) technologies
utilise wireless network communication systems to exchange
information with the surrounding vehicles and infrastructures [20].
CVs are considered as a potential candidate that will improve
stability, travel time reliability, roadway capacity, and safety of the
traffic flow [21–23]. The exchange of information through V2V
communication enables the vehicles to adjust their speed and
following distance based on down-stream and adjacent-lane traffic.
This has the potential to improve the lane capacity up to double the
existing capacity of traffic network [24, 25]. Further, through the
utilisation of the V2V communication system, the vehicles can
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maintain short time-headways and increase lane capacity under
traffic conditions that require frequent changes in speed [19, 26,
27]. Therefore, studies found that V2V communication technology
has the potential to enhance efficiency, reliability, and operational
performance of the transportation network [4, 25, 26, 28, 29].
Moreover, providing real-time information to the driver is expected
to improve the driver's response time [28, 30] which will positively
impact the existing traffic capacity [11, 26, 27].

The remainder of the research is organised as follows: as the
first section introduced the research, Section 2 presents the
previous work related to CV and CAV impact on highway capacity
performance and the objective of the research. Next, Section 3 will
elaborate on the methodological background, capacity formulation,
agent-based modelling and simulation (ABMS) framework
development and validation, and, conventional vehicles and CAVs
behaviour. In Sections 4 and 5, the results from analytical and
ABMS models are presented and discussed in detail. Finally,
research conclusion and potential future work are presented in
Section 6.

2 Literature review
The exchange of information between the vehicles through V2V as
well as vehicles and infrastructure through V2I technologies will
enable the vehicles to anticipate the forthcoming incidents in the
vehicle surroundings resulting in accident-free and smooth driving
under complex traffic environment [31]. To test the impact of
vehicle communication system on traffic performance, several
studies were conducted to evaluate the potential impact associated
with the deployment of vehicle communication technology on the
performance of different highway scenarios. These analyses can be
categorised into two main types: (i) simulation-based analysis that
focuses on calibrating model parameters to capture the behaviour
of CAVs; and (ii) analytical models to demonstrate the efficacy of
CAV implementation in highway.

To illustrate simulation-based analysis, Vander Werf et al. [18]
used Monte Carlo simulations to quantify the impact of different
MP levels CV on the highway traffic flow capacity. The study
simulated a single lane highway with on- and off-ramp considering
no interaction between the mainstream and the entering and exiting
vehicles. Research findings showed that dedicating a special lane
for CVs could significantly boost the capacity of highways. There
has also been the use of commercial simulation packages to
evaluate the advantage of CAVs. For example, Shladover et al. [32]
tested the utilisation of the CV technology using microsimulation
platform, AIMSUN [32]. The adopted system adopts car-following
time-gaps on values chosen by drivers in field tests. The system
resulted in an increased lane capacity of the highway from 2200 to
4000 vphpl at 100% CV MP level. Further, the authors in [33, 34]
explored the effect of CV technologies, in the form of CACC, on a
multi-lane freeway. Results showed that CVs positively impacted
traffic capacity [33] and traffic flow dynamics [34], especially in
high traffic densities. In general, results showed the ability of V2V
communication to improve traffic performance and reduce traffic
congestion. It is worth mentioning that studies mentioned above
focused on the longitudinal interaction between vehicles through
conventional and cooperative ACC systems. Moreover, Talebpour
and Mahmassani [35] developed a modelling framework to
simulate different types of vehicles, including CAVs. The study
showed that vehicle automation is efficient in preventing
shockwave formation, imposing string stability, and increasing the
traffic throughput at specific MP scenarios under the model
assumptions. Later, Olia et al. [36] evaluated the impact of AVs
and CAVs on the capacity of highway systems. The proposed
model considered a combination of vehicles with different levels of
MP. Result indicated a potential improvement in the maximum lane
capacity of 300% at full MP level of CAVs. Result also showed
that achievable capacity are insensitive to MP levels. In contrast,
an empirical study was conducted where an enhanced V2V
communication system was designed, developed, and tested for its
impact on traffic performance [25]. The system was implemented
on four Infinity M56s vehicles. The designed system showed an
improvement in the response time and string stability of the traffic,

showing a potential to mitigate the traffic disturbance, improve
highway capacity and traffic flow stability.

Literature review shows that there have been a few research
studies that focus on developing an analytical model formulation to
capture the impact of CAVs on the capacity improvement of the
traffic network. To illustrate, Levin and Boyles [37] developed a
multiclass cell transmission model to estimate the benefits
associated with autonomous driving on a signalised intersection.
Research showed that AV could significantly enhance the
performance of signalised traffic intersections. Moreover, Lioris et
al. [38] assessed the potential benefits of CV platooning on
intersection capacity. Results showed that the intersection capacity
could be increased by a factor of two or three at full CV MP level.
Li et al. [39] formulated a two-step centralised optimisation
problem to evaluate the proposed CV-based approach to improve
the traffic throughput at a signalised intersection. Research findings
showed that CV technology has the ability to increase the traffic
throughput and reduce delay. Fernandes and Nunes [40] studied the
impact of platooning of inter-vehicle communication-enabled AV
of the traffic capacity. The study showed that vehicle platooning
can significantly increase the capacity or a certain roadway
segment up to 500%. On the other hand, Brownell [41] evaluated
the impact of shared autonomous taxi networks on traffic
congestion. The study estimated an increase in highway capacity of
more than 250 and 180% increase in the capacity of urban network.
Also, Meissner et al. [42] presented a collision-free approach to
organise the lane-changing and diverging behaviour of AVs from
highways. Results showed that traffic flow could be increased by
500% by coordinating the behaviour of vehicles while ensuring
100% success rate of collision-free diverging behaviour. Further,
another study proposed a freeway lane-management model in
mixed traffic flow environment to determine the optimal number of
CAV dedicated lanes under different MP rates [43]. The research
findings showed that less specific allocated lanes are needed as
shorter time-headway is adopted by the CAVs.

On the other hand, Tientrakool et al. [44] evaluated the impact
of V2V communication technology of partially AVs on the
capacity of highway section using a formal numerical analysis
approach. The analysis was made based on the collision-avoidance
inter-vehicular distance between two consecutive vehicles. The
study showed that, at full MP level, this technology has the
potential to increase the capacity of over 273%. Besides, Ghiasi et
al. [45] proposed an analytical capacity model for mixed traffic
flow. The developed model bases its analysis on a Markov chain
representation of heterogeneous and stochastic headways. A
compact lane management model was developed to determine the
optimal number of CAV exclusive lanes to maximise the capacity
for different levels of traffic demand, CAV platooning, and MP
levels. Moreover, a two-lane cellular automaton (CA) model based
on a proposed two-state safe-speed model was developed to
investigate the impact of CAVs in a heterogeneous traffic-flow
condition [46]. The developed model numerically simulated and
analysed the impact of CAVs with different characteristics at
different levels of MP. Results showed an insignificant increase in
the capacity at an MP level below 30%. However, for MP level
exceeds 30%, the increase in the highway capacity is highly
dependent on the characteristics of the CAV. On the other hand,
Chen et al. [13] developed an operational capacity formulation of
heterogeneous traffic condition under equilibrium state. The
developed function takes into consideration AV penetration rate,
platoon size, inter-vehicular spacing, and lane policies to
accommodate conventional and AVs. A summary table of the most
relevant literature is presented in Table 1. 

In summary, the literature is replete with analysis of the impact
of CAVs on the capacity of enhancement of highways. However,
most of the existing analysis and simulation tools used for
transportation facilities planning, operation, and evaluation,
including the Highway Capacity Manual [47], mainly focused on
either simulation [36] or analytical framework [46]. In addition,
other similar studies did not simultaneously consider microscopic
traffic flow dynamics (i.e. traffic flow instabilities and lane
changing behaviour) that have a significant impact on the capacity
performance of highways [45], autonomous merging and lane-
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changing behaviour [13, 32–34, 44]. Our proposed framework is an
integrated approach where all the above features are fused in a
single framework.

This research formulated an analytical capacity estimation
model to quantify the potential future impacts of CAVs under
different MP levels that is later incorporated into an agent-based
modelling platform to demonstrate its applicability. This research
(i) bridges the microscopic car-following behaviour, represented in
the utilised Intelligent Driver Model (IDM) car-following model,
and the macroscopic traffic flow under varying MP levels of CAVs;
(ii) formulated an analytical IDM-based capacity estimation model
to quantify the potential future impacts of CAVs under different
MP levels; (iii) developed an advanced and flexible microscopic
ABMS framework that simulates and captures the stochasticity in
the driving behaviour; (iv) considers the microscopic traffic flow
dynamics (i.e. car-following, merging, and lane-changing
behaviours) for conventional and CAVs as explained in further
detail in Section 3. Therefore, the results obtained from this
research could serve as a foundation for the analysis and planning
tools to incorporate the emerging CAV technologies for the future.
The developed analytical and simulation frameworks are expected
to serve as a foundation for the transportation organisations and
federal agencies to evaluate the future impacts of CAV
technologies while developing infrastructures that accommodate
this specific type of technological evolution.

3 Methodology: model development and capacity
analysis
3.1 Agent-based model development

The flexibility provided by the ABMS promotes this approach to
be an effective tool to simulate real-life situations. ABMS provides
a platform that enables modelling the coordination between agents’
tasks and actions where individual objectives are balanced in
comparison to those in multi-agent systems. Within the
transportation realm, ABMS is useful to model the systems where
decision making and action are crucial factors [48]. Parunak et al.
[49] promoted the ABMS due to its ability to define the interaction
space where the agents are able to distantly interact through
electronic or any other defined mean of communication. With the
aforementioned flexibility benefits, ABMS is considered as a

powerful modelling approach to model conventional and
unconventional vehicles [50]. ABMS is able to mimic individual
agents’ behaviour based on the assessed surrounding environment
where the agents in the system behave autonomously according to
their behavioural characteristics, in addition, the interactions
between the agents are complex, agents’ position varies with time,
and the agents’ interactions is heterogeneous [51].

3.1.1 CAV agents communication and behaviour: To establish
V2V and V2I communication, Dedicated Short Range
Communication (DSRC) is utilised. DSRC provides
communication range of 3000 ft in diameter with the ability to
extend the communication range through multiple transmitters
[52]. Transmission extension can be carried out through CAVs
where they act as transmitters. CAVs will receive information from
the leading vehicle within the range of 3000 ft. The information
includes the vehicle's physical location, speed, acceleration, and
deceleration of the preceding CAV. The CAV will establish
communication and react to the information received from the
surrounding vehicles if it lies within 500 ft range.

On the other hand, CAVs will establish V2I communication
with a proposed roadside unit. The roadside unit will provide the
vehicle with information related to any upcoming incident,
recommended speed, an upcoming on-ramp to perform advanced
lane-change if necessary. In free-flow condition, CAVs will follow
the speed limit of the roadway section provided through the V2I
communication. Traffic is considered in a free-flow condition when
there are no constraints that impact the vehicles’ longitudinal and
lane-changing behaviour. Furthermore, when the traffic density
imposes constraints on the vehicles’ manoeuvre, traffic is no more
considered in a free-flow condition. The established V2V and V2I
communication allow the CAVs to maintain short following time-
headway between two consecutive CAVs in addition to low
reaction time. The reaction-time was assumed to be 0.1 s to
account for communication latency. On the contrary, if the
preceding vehicle is conventional, the CAV will not be able to
establish a communication with the preceding vehicle and short
following time-headway cannot be maintained. However, low
reaction-time of CAVs is maintained due to the radar detection
systems that the CAV is equipped with.

3.1.2 Vehicles behaviour in heterogeneous traffic flow: This
section describes the underlying modelling assumptions and
parameters used for the analytical capacity formulation, and ABMS
model in terms of car-following, and lane-changing behaviour of
CAVs and conventional vehicles for heterogeneous traffic flow.

Car-following behaviour and capacity formulation: The
developed ABMS platform incorporates the IDM car-following
model developed by [53] to simulate the behaviour of CAVs and
conventional vehicles, or non-CAVs, since this model is a widely
explored car-following model [31, 54, 55]. The IDM assumes the
acceleration behaviour to be a continuous function of the speed vi,
gap si, and speed differential Δvi with the preceding vehicle [53].
Equation (1) presents the generic form of the proposed IDM model

v̇i(t) = amax, i 1 − vi(t)
V

δ
− S(vi(t), Δvi(t))

Si

2

(1)

where amax, i is the maximum comfortable acceleration; vi(t) is the
speed of the vehicle i, V is the desired velocity; δ is the acceleration
exponent; Si is the actual gap between the leading vehicle i − 1 and
the following vehicle i (i.e. Si = xi − 1 − xi) and
Δvi(t) = vi(t) − vi − 1(t) is the removal rate of the vehicle i to its
preceding vehicle i − 1; S(vi(t), Δvi(t)) is the minimum desired gap
defined by the following equation:

S(vi(t), Δvi(t)) = so + max Tvi(t) + vi(t) ⋅ Δvi(t)
2 amax, ibmax, i

, 0 (2)

Table 1 Summary of existing relevant studies
Study Focus and application Approach
VanderWerf et al.
(2002)

CV impacts on traffic
flow capacity

Monte-Carlo
simulation

Tientrakool et al.
(2011)

partially AV impact on
highway capacity

numerical
simulation

Fernandez et al.
(2012)

CAV platooning capacity
implications

traffic simulator
(SUMO)

Shladover et al. (2012) CV impact on highway
capacity

traffic simulator
(AIMSUN)

Milanes et al. (2013) CV impact on traffic flow
stability

empirical study

Arnaout et al. (2014) V2V impact agent-based
simulation

Hussain et al. (2016) CAV freeway lane
management

mathematical
formulation

Talebpour et al. (2016) CAV impact on
shockwave formation

integrated
simulation
framework

Chen et al. (2017) AV impact on operational
capacity

mathematical
formulation

Ghiasi et al. (2017) CAV impact on highway
capacity

Markov-chain
analysis

Ye and Yamamoto
(2018)

CAV impact on traffic
flow condition

numerical
simulation

Olia et al. (2018) AV and CAV impact on
highway capacity

traffic simulator
(Paramics)

 

1134 IET Intell. Transp. Syst., 2020, Vol. 14 Iss. 9, pp. 1132-1141
© The Institution of Engineering and Technology 2020

 17519578, 2020, 9, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/iet-its.2019.0285 by H

IN
A

R
I-L

E
B

A
N

O
N

, W
iley O

nline L
ibrary on [23/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



where so is the inter-vehicular distance at standstill; T is the safe
following time-headway; and bmax, i is the desired deceleration of
the vehicle i.

In (1), the acceleration behaviour of vehicles is superposition of
free flow and car-following acceleration forms. Under free-flow
condition, the influence of vehicles is negligible due to the increase
in gap between the consecutive vehicles. The free-flow
acceleration behaviour of the ith vehicle is described as

v̇i(t)freeflow = amax, i 1 − vi
V

δ
(3)

According to (3), as the speed of the vehicle i reaches the speed
limit V, the acceleration of the vehicle reaches the value of zero.
Correspondingly, the acceleration of the vehicle changes to
maintain the speed limit V. On the other hand, on the congested
traffic condition, when the current speed of the vehicle vi decreases
and the second part of (1) becomes significant, the acceleration
behaviour of the ith vehicle could be described in the following
equation:

v̇i(t)carfollowing = amax, i 1 − S(vi(t), Δvi(t))
Sa

2

(4)

Since the original IDM considered a homogeneous traffic condition
where all the vehicles are non-CAVs, the model needs to be
modified to account for heterogeneous traffic flow where both non-
CAVs and CAVs interact with each other in the traffic stream. The
ABMS provides the flexibility to set variable driving speed,
reaction time, and time headway vary in the case of non-CAVs in
contrast to other multi-agent simulation platforms. For instance, the
driving speed of vehicles was considered to be normally distributed
with μ = speed-limit, and σ = 5 mph and the drivers reaction-time
range between 1.0 and 1.5 s [56]. On the other hand, the
established V2V and V2I communication allow the CAVs to
maintain short following time-headway between two consecutive
CAVs in addition to a low reaction time. The reaction-time for
CAVs was assumed to be 0.1 s to account for communication
latency. On the contrary, if the preceding vehicle is a conventional
vehicle, the CAV will not be able to establish a communication
with the preceding vehicle and short following time-headway
cannot be maintained. However, low reaction-time of CAVs is
maintained due to the detection systems that the CAV is equipped
with. In this study, four types of vehicle-following combinations, η,
were considered to simulate different scenarios of CAV-non-CAV
heterogeneous traffic flow: (i) non-CAV following another non-
CAV (RR), (ii) non-CAV following CAV (RC), (iii) CAV following
another non-CAV (CR), and (iv) CAV following a CAV (CC).
Accordingly, the proposed heterogeneous IDM formulates the four-
different CAV-non-CAV car-following combinations as follows:

v̇i(t) = amax, i 1 − vi(t)
Vi

δ
− Si

Rt(vi(t), Δvi(t))
Δxi(t) − l

2

Si
Rt(vi

Rt(t), Δvi
Rt(t)) = si, o + max Tivi

Rt(t)

+ vi
Rt(t) ⋅ Δvi

Rt(t)
2 amax, ibmax, i

, 0

(5)

where l is the leading vehicle length; superscript Rt refers to the
reaction-time of ith vehicle. Correspondingly, all the parameters
amax, i, Vi, Rt, so, i, Ti and bmax, i vary among the different types of
vehicles. The parameters as mentioned above are generated in the
simulation framework through Monte-Carlo simulation to account
for heterogeneity in the characteristics of non-CAV in the traffic
stream. The characteristics of heterogeneous and homogeneous
traffic flow could be described as follows: homogeneous traffic
flow assumes that drivers at the equilibrium state tend to maintain
zero acceleration, fixed space headway, and velocity (i.e. Δvi = 0,
v̇i = 0); on the other hand, in heterogeneous traffic flow, drivers

tend to maintain zero acceleration and stable velocity while space
headways vary among the vehicles (i.e. ha = hi

e), where hi
e is the

corresponding equilibrium headway of the vehicle i, and it varies
among the vehicles. Considering the characteristics above, the
heterogeneous IDM presented in (5) could be simplified as follows:

1 − ve

Vo

δ
− (s^(ve, 0))

(hn
e − l)

2

= 0

S^(ve, 0) = se + Tve

(6)

where ve and he refer to the equilibrium velocity and space
headway, respectively. As aforementioned, in this study, four
different car-following combinations were considered. However,
two types of inter-vehicular time-headways were introduced in this
study. The CAV-non-CAV heterogeneous traffic flow with regard
to the car-following time-headway can be presented as follows: (i)
RC and RR car-following combination utilised the safe following
time-headway proposed by IDM where T = 1.6 s; (ii) with the CR
car-following combination the CAV utilised the same safe time-
headway utilised by non-CAVs since the preceding vehicle is not a
CAV and there is no information transferability between the two
vehicles; (iii) if the car-following combination is CC, and with the
aid of V2V communication technology, a car-following time-
headway of γT = 0.5 s was utilised, where γ refers to the partial
time-headway utilised by CAV in comparison to conventional
vehicles. Since the following time-headway is one of the major
factors that differentiate the behaviour of non-CAVs from CAVs,
and to show that difference in the IDM formula, (6) can be
rearranged into the following form:

he = so + Tnve

1 − (ve/Vo)δ
+ l (7)

As CAVs tend to maintain lower reaction-time and shorter
following time-headway due to the V2V communication ability,
traffic string instability might result. Accordingly, velocity-
dependent spacing policy based on the desired-distance was
implemented to alleviate the instability in traffic stream that
accompanies the short time-headway implementation. The
fundamental relations of the heterogeneous IDM for the
equilibrium state can then be derived based on (7). For the
heterogeneous traffic flow on a single lane containing N vehicles,
the length of the entire traffic flow (Ltotal) in the equilibrium state
can be defined as

Ltotal = ∑
i = 1

N
hi

e = γho(NCR + NCC) + ho(NRC + NRR) (8)

where NCR, NCC, NRC, and NRR are the numbers of the CR, CC,
RC, and RR combinations in the CAVs-non-CAVs heterogeneous
traffic flow. Hence, the density of traffic flow (ρ) can be calculated
as

ρ = N /[γho(NCR + NCC) + ho(NRC + NRR)] (9)

Equation (9) can be rewritten in the following form:

ρ = 1/[γho(PCR + PCC) + ho(PRC + PRR)] (10)

where PCR, PCC, PRC, and PRR are the proportions of the CR, CC,
RC, and RR combinations. Correspondingly, the capacity of a
single-lane traffic consisting of non-CAVs and CAVs was
formulated in the following form: (see (11)) , where q is the flow
rate of the CAVs-non-CAVs heterogeneous traffic flow in space.
As previously stated, γ < 1 is expected with the increase in the
CAV penetration; (11) implies that such condition will result in an
increase roadway throughput.

Lane-changing behaviour in mixed traffic environment: The
second major component in vehicles behaviour in traffic stream, in
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addition to the car-following behaviour, is lane-changing
behaviour. The lane-changing behaviour in both CAVs and non-
CAVs follows the gap-acceptance model for lane-change with
integrated target lane choice [57]. This model was developed based
on detailed vehicle trajectory data to simulate integrated lane-
changing behaviour, mandatory and discretionary, for both CAVs
and RVs. Since the model was developed based on detailed vehicle
trajectory data, it considered an individual-specific latent variable,
vn, that accounts for the time-invariant characteristics such as
aggressiveness, level of driving skills, and vehicles speed and
acceleration capabilities. However, CAVs will have additional
constraint to maintain traffic stability based on the desired
following distance. Equations (12) and (13) represent the critical
lead and lag gap formulas, developed by Toledo et al. [57], adopted
by non-CAVs in the developed simulation were below the critical
calculated values, no lane-change manoeuvre will be executed

Gi
lead TL, cr(t) = exp

1.353 − 2.700 max [0, ΔVi
lead, TL(t)]

−0.231 min [0, ΔVi
lead, TL(t)]

−1.270vi + ϵi
lead(t)

(12)

Gi
lag TL, cr(t) = exp

1.429 − 0.471 max [0, ΔVi
lag, TL(t)]

+0.131vi + ϵi
lag(t)

(13)

where ΔVi
leadTL and ΔVi

lagTL are the relative speeds of the lead and
lag vehicles in the direction of change, respectively; ϵit

lead

N(0, 1.1122); and ϵit
lag N(0, 0.7422). This model was used to

simulate vehicles over-passing, as discretionary lane-changing
behaviour, and on-ramp merging, as a mandatory lane-changing
behaviour, in the proposed highway scenarios.

As V2V and V2I communication technologies allow vehicles to
exchange their speed, location, and acceleration information with
the surrounding vehicles and road side unit [58], merging CAVs
need to maintain the required gaps with the lead and lag vehicles to
avoid shock-wave propagation that can be induced into the main
traffic stream due to the lane-changing or merging behaviour. In
this study, CAVs will utilise the surrounding vehicles information
to calculate, and evaluate the available gaps and respond
accordingly taking into consideration the low reaction-time and
short time-headway. In this study, the CAVs perceive, analyse, and
respond autonomously to the surrounding environment. Therefore,

additional logical constraints were added to the gap-acceptance
model as described below:

GCAV, i
lead = max (γho, i, Gi

lead TL, cr) (14)

GCAV, i
lag = max (γho, i + 1, Gi

lag TL, cr) (15)

where γho is the critical time-headway for the ith vehicle; Gi
lead TL, cr

is the lead gap calculated from (12); γho, i + 1 is the critical time-
headway of the i + 1 vehicle if the vehicle is a CAV; Gi

lag TL, cr is
the critical lag gap calculated from (13). The gap-acceptance
behaviour described in (14) and (15), CAVs will maintain the
desired lane-changing gaps required to mitigate shock-wave
propagation resulting from undesired critical gaps that can impact
the traffic flow and stability.

3.2 Simulation framework and setting

This research developed an ABMS framework to explore the
impact of CAVs at different MP levels on two highway scenarios.
While the first scenario, a two-lane undivided highway corridor
was developed with a speed limit of 55 mph to simulate a suburban
highway segment approaching a town or a residential area. The
second scenario presents a four-lane divided highway (two-lanes
each direction) with an on-ramp. The presented scenarios are
developed to simulate real highway settings and explore the impact
of CAVs on improving their capacity under the defined conditions.
The ABMS framework considered a three miles highway segment
to test the impact of CAVs under varying MP levels on the capacity
of the highway. Fig. 1 presents the proposed scenarios and their
settings in the study. 

In the presented scenarios, three detectors, per each lane, were
set, as one detector per mile, to calculate the speed, flow, and
density of the passing vehicles in the roadway section. The
simulation framework is divided into three phases as described in
[22, 23]. While the first phase consists of basic simulation and
roadway configuration and settings where the number of lanes,
speed limits, and MP levels are defined; the second phase, consist
of non-CAV and CAV behaviour models that includes the car-
following and lane-changing behaviour models, in addition to the
logical constraints that simulates the vehicle communication
behaviour; finally, the third phase consists of the simulation
execution, data acquisition, and results extraction. The simulation
data was collected from 300 simulation minutes for each MP level
with varying traffic flow rate to study the impact of CAVs on the
highway capacity of the hypothesised scenario.

3.3 Simulation algorithm and Monte-Carlo simulation

The algorithm followed by the developed model can be
summarised in the following pseudocode where NL is number of
lanes; ẋlimit is the roadway speed limits; CF is the car-following
behaviour adopted by the vehicles; CAVMP is CAVs level of MP;
IDMCAV is modified IDM to accommodate for CAVs behaviour;
IDMnon − CAV is IDM model for conventional vehicles; ∓σẋlimit is the
variance in the driving speed which equals to 5 mph; Gnt

lead d, cr is
the leading gap calculated based on the gap-acceptance model
developed by Toledo et al. [57]; LC is the current lane of vehicle;
LT is the target lane for the vehicle (Fig. 2). 

Due to the stochastic nature of traffic flow, and to capture this
stochasticity in the developed model, Monte-Carlo simulation was
integrated with R and NetLogo using ‘RNetLogo’ package in R.

q = ve/[γho(PCR + PCC) + ho(PRC + PRR)]

= ve/[γhom~ + hon~]

m~ = 1, if the preceding vehicle is CV;
0, otherwise
n~ = 1, if the preceding vehicle is non − CAV;
0, otherwise

(11)

Fig. 1  Schematic diagrams for the proposed highway scenarios
(a) Two-lane undivided highway, (b) Four-lane divided highway with on-ramp
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The incorporated Monte-Carlo simulation provides the ability to
generate the random variables for each agent in the simulation. For
instance, conventional vehicles where the automation level is zero,
vehicles are fully controlled by the driver. Each driver has
characteristics that play a crucial role in defining his driving
behaviour. Aggressiveness in driving, reaction-time, driving speed,
acceleration, and deceleration behaviour are examples. All the
aforementioned characteristics vary among the drivers population.
As described in Section 2.2.1, each driver-vehicle unit (agent)
created will be assigned different acceleration, amax, i, vehicle
speed, Vi, reaction-time, Rt, safe-following distance, so, i, time-
headway, Ti, and deceleration, bmax, i. Accordingly, utilising Monte-
Carlo simulation will help capture the stochasticity in the drivers
behaviour resulting in less biased results.

3.4 ABMS model validation

For the purpose of model validation, a comparison between the
data extracted from the simulation with empirical data acquired
from Georgia State Route 400, GA400 dataset in Atlanta, Georgia
was performed. The data were collected from 78 detector stations
of the highway over one year period of observation. Each station
provides average speed, density, and flow values data at
aggregation level of 20 s. Further, data acquired from the
simulation model were aggregated at aggregation level of 10 s for
the model validation purposes. Visualisation of the simulation
behaviour is considered an efficient technique for model validation
purposes [59]. To validate the simulation behaviour, empirical and
simulation data were used to generate speed-density and flow
density relationships. Fig. 3 presents the speed, flow, and density
data of conventional vehicles extracted from the developed ABMS
model, and GA400 dataset. The datasets were presented in speed/
flow-density diagrams where the empirical data were plotted

against the data acquired from the ABMS model for visual
validation purposes.

Fig. 3 shows that the ABMS data follows the fundamental
speed-density and flow-density relationship trends acquired from
the empirical data where speed decrease with increase of traffic
density. In addition, and to assess the model's efficiency, a
statistical analysis was performed to measure the goodness of fit
(R2) value. Results show that the developed model achieved an R2

value of 0.72 which represents the effectiveness of the model in
capturing the state of the traffic along with the empirical data for
0% MP level. Also, the capacity acquired from developed model
comply with the estimated design capacity of the Highway
Capacity Manual [47] where the capacity is expected to range
between 2250 and 2400 veh/h/lane according to the free flow speed
of the highway segment.

4 Results
The improvement in highway capacity performance associated
with the deployment of vehicle communication technology is an
essential element to assess the impact of CAVs on enhancing the
traffic flow performance. This section investigates the impact of
varying MP levels on the traffic fundamental relationship, capacity
and critical density estimations of the proposed highway segments.
The presented results describe and compare the ABMS and
theoretical-based points of view. The numbers presented in the
results are meant to provide an insight on the potential benefits
associated with the deployment of CAVs on the capacity of
highways in a quantitative way, not to define threshold values that
are sensitive to any possible variation in parameters and settings.

4.1 Impact of CAV on traffic fundamental relationship

As aforementioned, the capacity benefits are primarily dependent
on the level of MP in the traffic stream. To acquire a full picture of
MP level impact on the corridor's capacity, different traffic flow
rates were applied for each highway scenario to generate full traffic
fundamental diagrams. Flow-density relationship is used to
describe the impact of CAVs on the capacity of highway. While
Fig. 4 presents the impact of CAVs on the flow-density relationship
for the two-lane undivided highway scenario, Fig. 5 illustrates the
fundamental relationship for the four-lane divided highway with
on-ramp. 

The presented measurements were extracted from the
simulation framework through three traffic detectors, set as one
detector per mile per lane, to calculate the instant speed, flow, and
density of the passing vehicles through that specific segment. The
data extracted from the simulation model were aggregated at 10 s
aggregation level for the purposes of data analysis.

The figures present the impact of CAV on flow-density
relationship for varying MP levels ranging from 0 to 100% to shed
lights on potential changes that accompany the deployment of CAV
on the traffic fundamental relationships. The inconsistency in the
axis values in the shown figures is meant for presentation purposes.
The ABMS data presented in Figs. 4 and 5 show that at different
MP levels, the flow-density relationship persists its fundamental
shape regardless of the MP level. Figures show that highway
capacity, in both scenarios, increases with the increase in MP level.
However, it is noticed that the introduction of CAVs at low MP
level, below 40%, does not significantly impact the capacity.

The interpretation is that the emergence of the CAV in the
traffic network and their behaviour did not reshape the traffic flow
fundamentals, but the information exchange between the CAVs is
essential in reducing the time-headway, reaction-time, and induce
traffic stability which were reflected in enhanced highway capacity.
To quantify the impact of CAV technology on highway capacity,
further investigation was carried out to estimate the maximum
capacity, Qmax, and critical density, kc, based on the data acquired
from the developed ABMS model for the proposed highway
scenarios. Detailed quantitative capacity and density analysis is
presented in the following sections.

Fig. 2  Algorithm: ABMS framework
 

Fig. 3  Traffic flow fundamental diagrams represented by
(a) Speed-density relationship, (b) Flow-density relationship. Figures are plotted by
the data acquired from the developed ABMS model and GA400 dataset as a mean of
visual validation of the model
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4.2 Capacity and critical density estimation

To analyse the relationship between speed, density, and traffic flow,
different mathematical relationships were driven beginning with
Greenshields model [60]. Different single and multi-regime models
were derived to model the traffic fundamental relationships [61–
68]. Van Aerde and Rakha [69] proposed a multivariate procedure
to perform an automated curve fitting of speed-flow relationship
for different roadway settings. The four-parameter traffic stream
model that was proposed by the authors of [69, 70] is presented as

s = c1 + c3v + c2

v f − v (16)

where s is the spacing and distance headway (mi); v is the speed of
the vehicle (mi/h); v f  is the facility free-flow speed (mi/h); c1 is a
fixed distance headway constant (mi); c2 is a variable headway
constant (mi2/h); and c3 is a variable distance headway constant (h–

1). This combination provides a linear increase in vehicle speed as
the distance headway increases with a smooth transition from the
congested to the uncongested regime. Specifically, Van Aerde's
model fuses the Greenshields and Pipes car-following models [71,
72].

Equation (16) reverts to Greenshields’ linear model when both
the speed and density at maximum flow are set equal to half of free
speed and jam density, respectively (i.e. vm = v f /2, km = k j/2);
alternatively, setting vc = v f  results in the linear Pipes model [73].
Demarchi [71] demonstrates c1, c2, and c3 parameters as

c1 = 2vm − v f

k jvm
2 ,

c2 = v f

k jvm
2 (v f − vm)2,

c3 = 1
Qmax

− v f

k jvm
2

where Qmax is the maximum flow (veh/h/lane), vm is the speed at
maximum flow (mi/h), k j is the jam density (veh/mi). Ignoring the
differences in vehicle speeds and spacing within a traffic stream
and considering the relationship of traffic stream density and traffic
spacing, the speed-density relationship is formulated as follows:

k = 1
c1 + c3v + (c2/(v f − v)) (17)

Furthermore, the speed-flow relationship based on Van Aerde's
traffic stream model can be depicted as

q = v
c1 + c3v + (c2/(v f − v)) (18)

The presented model demonstrated flexibility in representing the
fundamental relationship for different roadway types. While this
model is a single-regime model, it over-performed other single-
regimes models in terms of fitting different data types. Since all the
models considered conventional vehicles, and developing a model
that accounts for CAVs is not within the scope of this research, Van
Aerde's model was implemented to estimate the impact of CAVs on
the Qmax and kc based on the simulation output for the proposed
highway scenarios. Results presented in Fig. 6 show the ABMS
simulation-based Van Aerde's flow-density relationship for each
level of MP of each highway scenario. It is clear from the plots that
the maximum capacity Qmax and critical density kc values are
directly proportional with MP level. In other words, the system is
able to achieve higher density and higher traffic flow rate (free
flow phase) before the curve starts to descend (congested phase).

Further, to test the assumptions made earlier, and to quantify the
impact of CAVs MP level on the capacity improvement of both
highway scenarios, numerical simulation was performed on the
capacity formulation derived from the IDM model presented in

Fig. 4  Flow-density relationship with varying CAVs MP levels for two-
lane divided highway scenario
(a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80%, (f) 100%

 

Fig. 5  Flow-density relationship with varying CAVs MP levels for four-
lane divided highway with on-ramp scenario
(a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80%, (f) 100%

 

Fig. 6  ABMS-based Van Aerde's model for flow-density diagrams for
capacity estimation at different MP levels for
(a) Two-lane undivided highway, (b) Four-lane divided highway with on-ramp
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(11). The performed numerical simulation utilised a distribution of
values that corresponds to the range that is utilised within the
simulation platform to compare the results acquired from the
ABMS platform with the numerical simulation results. However,
this simulation does not consider the agents-related behaviour such
as acceleration, deceleration, reaction-time, over-passing
behaviour, traffic disturbances or shock-wave propagation
generated from the merging or diverging behaviour of the vehicles
in the traffic stream. Fig. 7 presents the capacity estimation results
acquired from the ABMS platform versus the estimation acquired
from the numerical simulation. 

Simulation outcomes presented in Fig. 7 show the conformity
of ABMS and numerical simulation-based results. Based on the
modelling assumptions, results acquired from the analyses show
that CAVs have the potential to significantly enhance the capacity
of highways in different settings. Moreover, numerical simulation-
based results follow the same trend acquired from the ABMS
framework where CAV technology will have no significant impact
under MP level of 30%. However, there is a high potential to
increase the capacity of highways under higher level of MP.

Moreover, based on the results acquired from the developed
ABMS framework, capacity adjustment factor, Qmax, adj, was
acquired based on relationship between Qmax and MP level of
CAVs. Fig. 8 shows the curve fitted for the simulation-based
results with respect to MP level. In addition, prediction boundaries
were fitted showing that the acquired data points lies within the
90% prediction interval of the fitted curve.

From the results presented in Figs. 4–8, it is clear that there is
high correlation between capacity enhancement and MP levels.
Moreover, it was noticed that the relationship acquired is non-
linear. For instance, results show that for MP level less than or
equal to 30%, the enhancement in the capacity for both, two-lane
and four-lane highway scenarios is not significant. Capacity starts
to show substantial improvement after 40% of MP level. Since the
CAV communication technology proposed in this research utilise
short following time-headway only between two consecutive

CAVs, the benefits will start to significantly enhance the capacity
of the highway section at high level of MP.

Research findings also present that, the capacity of both
scenarios follow similar trend for the first 50% of MP level. It is
anticipated that the two-lane undivided highway possess a
relatively lower capacity at early stages of MP due to the lower
speed limits proposed in the section which in return, impact the
capacity of the section. The results presented in Fig. 8 comply with
the capacity formula presented in (11). As presented in Section 3,
there will be four car-following combinations, three combinations
will utilise a time-headway of 1.6 s and the fourth combination,
which is CC, will utilise a time-headway of 0.5 s. However, for CR
and CC combination, the fixed time-headway policy is
implemented to attenuate the string instability that could
accompany the deployment of CAVs. Moreover, since all CAVs
will try to maintain a fixed driving speed, shorter time-headway,
and low reaction-time, the increment in the capacity of the roadway
segment anticipated. Tying the aforementioned characteristics with
(11), and the results acquired from the developed ABMS platform
presented in Fig. 8, the capacity was increased by 250% at full
CAV MP level for both scenarios. Since all car-following models
are derived based on two consecutive vehicles interaction, and no
weaving or merging scenarios is considered, the capacity in the
four-lane divided highway with on-ramp was found to be similar to
the two-lane undivided highway even at higher speed limits. The
lower capacity values are attributed to the weaving and lane-
changing behaviour of the vehicles that can impact the traffic flow
and the capacity performance of the explored highway segment.

On the other hand, another important measure to quantify the
impact of CAVs on fundamental traffic flow behaviour is the
critical density, kc. kc is defined as the maximum density achieved
under free flow condition. Fig. 9 presents the kc versus CAVs MP
level for both two-lanes and four-lanes with on-ramp scenarios. 
Results show a high correlation between the kc and the level of MP.

The plots presented in Fig. 9 follow a similar trend to the plots
presented in Fig. 8. It is clear that for MP level under 30%, there
was no significant improvement in the kc values, however, the
benefits started to surface, in both scenarios, after 50% of MP. As
discussed previously, these results are anticipated due to the fact
that shorter time-headway is not utilised only in case of CC car-
following combination which means that, it requires a high MP
level till the benefits start to be noticed in the results. In
conclusion, the research findings presented above illustrates the
CAVs impact on the traffic fundamental relationship, in terms of
flow-density relationship, do not improve the capacity of the
roadways only, but they enhance the kc values.

Eventually, the presented research findings show the ability of
ABMS framework to efficiently quantify the potential capacity
improvements associated with vehicle communication technology
deployment under varying MP levels.

5 Discussion of results
In Section 4, the impact of deployment of CAVs in different levels
of MP on the traffic fundamental relationship, in terms of flow-
density relationship, was presented. For the presented scenarios,
the CAVs demonstrated their potential to enhance the capacity of
the highway segments. The utilisation of V2V and V2I
communication technology enabled the CAVs to introduce a
shorter following time-headway, and attenuate the traffic
disturbances through the low reaction-time, in comparison with
non-CAVs [19, 21, 26]. While CAVs tend to maintain the speed-
limit of the roadway section, they tend to promote more stable
traffic flow through implementing a fixed-time headway policy
based on the desired distance for all CAVs. The improvement in the
capacity is associated with the MP level. Results showed that, the
capacity benefits will show no improvement below MP level of
30%. These results comply with the research outcome presented by
Ye and Yamamoto [46]. Since the short following time-headway is
not utilised unless the following combination is CC, the benefits
associated with CAV start to surface at MP level greater than or
equal to 50%. Eventually, at full MP level, the results acquired
from the developed ABMS framework showed that CAVs have the

Fig. 7  Numerical and ABMS simulation capacity estimation under varying
MP levels
(a) Two-lane undivided highway, (b) Four-lane divided highway with on-ramp

 

Fig. 8  Capacity adjustment factor with varying CAVs MP levels
(a) Two-lane undivided highway, (b) Four-lane divided highway with on-ramp

 

Fig. 9  Critical density with varying CAVs MP levels
(a) Two-lane undivided highway, (b) Four-lane divided highway with on-ramp
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potential to increase the highway capacity in the two-lane
undivided highway where no merging or over-passing is
considered and the four-lane divided highway with on-ramp where
over-passing and merging manoeuvre is considered in the model.
The acquired results comply with results from similar studies
discussed in Section 2 where the V2V communication technology
significantly improved the capacity of highways [44], however,
none of the explored studies quantified the impact of CAVs on the
traffic fundamental relationship.

6 Conclusion and future work
This research developed an ABMS framework to quantify the
potential capacity benefits associated with the deployment of CAVs
in a mixed traffic environment. In this study, ABMS platform was
developed to explore the potential capacity benefits associated with
the deployment of CAVs in a mixed traffic environment for a two-
lane undivided highway and four-lane divided highway with on-
ramp. The platform generated the traffic fundamental relationship,
in terms of speed-density diagram, for varying CAVs levels of MP.
Further, since there is no model developed to quantify the traffic
fundamental parameters in a mixed traffic environment, [69] model
was used to quantify the maximum capacity, Qmax and critical
density, kc, for each MP level for the developed scenarios. Results
showed that (i) the benefits associated with CAVs deployment, in
terms of Qmax and kc are dependent on MP level; (ii) CAV benefits
are not significant under 30% MP level; (iii) the benefits will show
substantial enhancement at 50% MP level, where these results are
attributed to the short car-following distance that is used only
between two consecutive CAVs; (iv) the CAVs has the potential to
significantly enhance the capacity of the highways in both
scenarios by over 250%. However, two-lane undivided highway
acquired a higher capacity value at full CAV MP level than the
other scenario due to the over-passing and weaving behaviour of
vehicles in the second section.

This study aims to cover the research gap presented in Section 2
by developing ABMS platform and quantifying the impact of
CAVs on capacity in different highway scenarios. Quantifying the
CAVs impact, in terms of V2V and V2I communication, on the
capacity is an important approach to be utilised to evaluate the
alternatives to boost the capacity of highways. The economic
impact that accompanies the enhancement in roadway capacity will
help federal agencies and decision makers to select within the
alternative solutions to be used to boost highways’ capacity. The
impact of CAVs on capacity does not stop here; the benefits are
extended to include emissions, fuel consumption and enhancing the
safety performance of highways.

For future work, the impact of CAVs on capacity on larger scale
network capacity could be considered. In addition, a mathematical
formulation of CAV MP level impact on highway capacity for CVs
could be developed.
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