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Recent development in connected vehicle technology or equivalently vehicular ad hoc networks (VANET) has stimulated
tremendous interests among decision makers, practitioners, and researchers due to the potential safety and mobility benefits
provided by these technologies. A primary concern regarding the deployment of connected vehicle technology is the degree of
market penetration required for effectiveness. This paper proposes a methodology to analyze the benefit of highway capacity gained
from connected vehicle technology. To fulfill this purpose, a model incorporating the effects of connected vehicle technology on
car following is formulated, building on which a rough estimate of the resulting capacity gain is derived. A simulation study is
conducted to verify the model, and an illustrative example is provided to show the application of the methodology. This work
provides decision makers and practitioners with a basic tool to understand the mobility benefit obtained from connected vehicle
technology and how such benefit varies as market penetration changes.

1. Introduction

Recent development in connected vehicle technology (CVT),
formally known as IntelliDrive or vehicle infrastructure in-
tegration (VII) in transportation community and as ad hoc
networks (VANET) in wireless network community, has
stimulated tremendous interests among decision makers,
practitioners, and researchers due to the potential safety and
mobility benefits provided by these technologies. Supported
by the dedicated short range communication (DSRC) stand-
ard, connected vehicle technology will enable road vehicles
to communicate with each other as well as to roadside infra-
structure in the future; see an illustration in Figure 1. Thus,
highways and streets will become an environment that
encompasses ubiquitous computing and communication.
Consequently, a new class of applications can be developed to
dramatically increase safety, throughput, and energy efficien-
cy. For example, CVT may serve as an ever-vigilant copilot to
watch for potential hazards such as abrupt braking by a lead-
ing vehicle, a side vehicle in blind spot, and even a collision
from behind. In addition, CVT supports various function-
alities to relieve congestion such as notifying downstream
congestion, alternative routes, and even parking information.

Moreover, CVT opens the door of enroute entertainment
such as downloading music and video, checking e-mails, and
maintaining social connections like Facebook. All of these
possibilities depend on large-scale deployment of connected
vehicle technology. However, a deployment decision has to
take many factors into consideration. Among others, primary
factors are the infrastructure needed for success and the de-
gree of market penetration (i.e., percent of vehicles equipped
with connected vehicle technology) required for effective-
ness.

The above question is very difficult to answer because of
the following: field experiments require a large-scale con-
nected vehicle technology testbed which has yet to be de-
ployed; simulation is unavailable since existing traffic simu-
lation packages are not designed to model traffic enabled by
connected vehicle technology; analytical modeling is prohib-
itive because of the complexity and interdependency involved
in connected vehicle systems. To bypass these difficulties,
this paper carries a humble goal by following a simplified
modeling approach which is complemented by Monte Carlo
simulation. In addition, the focus is to explore a feasible
approach to conduct preliminary estimation of the mobility
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Figure 1: Connected vehicle technology.

benefit of connected vehicle technology, that is, the increase
of highway capacity brought about by connected vehicle
technology and how the result changes as market penetration
varies. There are two building blocks in this approach. The
first is to incorporate the effects of connected vehicle tech-
nology into driving behavior modeling. For such a purpose, a
car-following model was derived based on the classical Gipps’
model [1] by attributing the effects of connected vehicle tech-
nology to the change in the distribution of drivers’ per-
ception-reaction time. Recognizing that connected vehicle
technology may bring other profound changes in traffic op-
erations than merely perception-reaction time, the proposed
model has to be kept as tractable as possible to make the
analysis feasible yet capturing the major effect of connected
vehicle technology. For this reason, some aspects of traffic
flow, such as lane changing and hysteresis, are not modeled.
Based on the proposed model, the second building block is
a probabilistic analysis to provide an estimate of highway
capacity. In this part, the major tools utilized are Wald’s
formula in probability theory and a theorem regarding the
product moment of stopping time. An analytical approxi-
mate formula for capacity is obtained therein. A Monte Carlo
simulation study is conducted to provide an alternative to
verify this estimate since field tests are not possible at this
time. The result obtained in this paper provides decision
makers and practitioners with a basic tool to understand
mobility benefit resulted from connected vehicle technology
and how such a benefit varies as connected vehicle tech-
nology market penetration increases. In addition, using the
methodology proposed in this paper, researchers can fine
tune the assumption about the effects of connected vehicle
technology to further investigate its benefits.

The remainder of this paper is organized as follows. In
Section 2, relevant studies on this subject are briefly reviewed
to provide a context in which the current paper fits. Next,
in Section 3, the effects of connected vehicle technology
are incorporated into the modeling of driving behavior by
rectifying the Gipps’ model. Following that, Section 4 is the
probabilistic analysis and simulation verification. Section 5
provides an illustrative example to show the application of
the methodology. Finally, the findings and results are sum-
marized at the end.

2. Existing Studies

The idea of studying traffic flow benefits due to advanced
technologies such as adaptive cruise control (ACC) systems
and automated highway systems (AHS) has been addressed
in the past. A great deal of studies have been identified which
provided insights into highway capacity and traffic stability.
A good survey of these studies can be found in [2]. A few
additional references that present the necessary context for
this study are added here. In their early studies on flow ben-
efits of AHS, authors in [3, 4] investigated how ACC affected
traffic flow and found that the improvement in capacity
is small. Also focused on ACC, authors in [5] studied the
impact of ACC on traffic flow stability and found that car
following based on a constant time headway is essentially
unstable.

While traffic operation in a separate lane hosting only
ACC vehicles represents an ideal condition, analyzing mixed
traffic flow consisting of ACC-automated vehicles and manu-
ally operated vehicles poses more challenges. Reference [6]
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presented such a study. Their simulation results related
the capacity trend to mixed ratios of ACC-equipped cars and
their market penetration. They found that the capacity ben-
efit became significant when ACC-equipped cars exceeded
50% market penetration. When all cars were equipped
with the technology, they found a 33% increase in capac-
ity.

In addition to considering mixed traffic, incorporating
inter vehicular communication such as cooperative ACC
(CACC) represents a more realistic scenario. Refernce [7]
used Monte Carlo simulation to estimate lane capacity under
varying proportions of autonomous ACC (AACC) and
CACC. They concluded that AACC could only have a small
impact on highway capacity (at most a 7% increase), while
significant capacity gain could be expected with increased
CACC market penetration (potentially more than doubling
the capacity). Authors in [8] studied similar subject matter
with a focus on the impacts of CACC on a highway-
merging scenario. Based on the traffic flow simulation model
MIXIC, they found improved traffic stability and a slightly
increased capacity compared to the non-AAC-equipped sce-
nario.

In European Union, a simulation study was conducted
on cooperative systems deployment impact assessment
(CODIA). This study reported reduced average speed and
hence increased journey times due to vehicle-infrastructure
cooperation, and such an increase exhibited a quadratic “line
of best fit” as market penetration varies from 0 to 100 percent
[9].

Inspired by these original studies, our work considers a
more general scenario which incorporates three types of
driving modes enabled by connected vehicle technology (de-
noted as CVT thereafter), namely non-CVT, CVT assisted,
and CVT automated. In the non-CVT mode, drivers operate
their vehicles without any assistance from connected vehicle
technology, just as what a regular driver does. In the CVT-
assisted mode, drivers receive connected vehicle technology
assistances such as driver advisories (e.g., downstream con-
gestion) and safety warnings (e.g., emergency brake), but
these drivers still assume full control of their vehicles. The
CVT-automated mode means that a vehicle is operated by
CVT-enabled automatic driving features; however, the driver
may break the loop and take over at any time as the need
arises. In relation to these modes, existing studies empha-
sized the CVT-automated mode since ACC, AACC, and
CACC can be considered as special cases of this mode. This
paper broadens the perspective by also considering the effect
due to CVT-enabled assistance to drivers (such as driver
advisories and warnings). Moreover, this research takes a
probabilistic approach and analytically relates the capacity
benefit to the attributes of these driving modes and their
varying market penetration rates. It is noted that CVT may
result in increased throughput due to reduced accidents and
suppressed congestion, and benefit of this nature is typically
scenario dependent. As a generic approach, this paper ex-
plores the upper bound of such benefit, that is, the increased
capacity, given that accidents and congestion have been pre-
vented.

3. Incorporating Connected Vehicle
Technology Effects

3.1. Assumptions and Simplifications. Connected vehicle
technology can bring about many fundamental changes to
transportation systems such as ubiquitous situational aware-
ness, more efficient system control, more advanced safety
features and. However, one thing remains the same: drivers
will still have full control even though it may be delegated
to CVT-enabled systems. Hence, it is reasonable to begin
with driver modeling in order to predict the operations
of CVT-enabled transportation systems. Among others, the
major effects of connected vehicle technology on drivers are
changes in the way that information is acquired, processed,
and applied. For example, on-board radar can tell the subject
driver exactly how far the leading and/or trailing vehicle is
and how fast the gap closes, and wireless communication can
warn the subject driver of an abrupt braking by the leading
vehicle or the approaching of a fast vehicle behind. Given
the mix of CVT-enabled and regular vehicles in the traffic,
it is likely that rear ends might be resulted due to sudden
and unexpected “automated” braking. Hopefully, CVT is
able to monitor such hazard and warn the subject driver in
advance. On-board computer can synthesize these sources
of information and present the subject driver with driver
advisories which allow CVT-assisted drivers to have a better
understanding of their local and global contexts than drivers
without such assistance. As such, assisted drivers may need
less time to look out for information (e.g., accident ahead)
and could plan accordingly in advance. Thus, they could
focus more on understanding the information (e.g., expect
emergency brake) and make control decisions. In addition,
if a vehicle is so equipped, the information can also be pro-
cessed before the result is delivered (e.g., a warning to slow
down). These assistances may significantly reduce drivers’
perception time, and they only need to concentrate on
executing decisions which is related to reaction time. More-
over, the reaction time needed to execute decisions can be
further shortened if a vehicle is running in the CVT-auto-
mated mode.

Therefore, central to driver modeling in CVT-enabled
transportation systems is the modeling of driver perception-
reaction time. This modeling strategy is further supported
by the following two considerations. First, the perception-
reaction time is a very, if not the most, significant parameter
governing drivers’ car-following behavior which directly
affects traffic density and highway capacity. Such a parameter
is very sensitive to stimuli from drivers’ local context (such as
in-vehicle assistance systems). This is also evident in various
microscopic traffic models, in particular, the Gipps-type
model [1] which follows a “safe-distance” argument. Other
aspects of driving, such as vehicle handling, are intrinsic
characteristics of drivers and less influenced by exter-
nal information brought by connected vehicle technology.
Secondly, connected vehicle technology provides real-time
information to drivers. Though field experiments have yet
to be conducted to verify this postulation, evidence in psy-
chology literature such as in [10] indicates that perception-
reaction time strongly depends on the type and intensity of
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stimulus. Since CVT-enabled systems constitute a new type
of stimulus with high intensity, such systems would shorten
drivers’ perception-reaction time, according to the literature.

Hence, it seems plausible to attribute the effects of
connected vehicle technology to the distribution of drivers’
perception-reaction time. For example, in the non-CVT
mode, a driver typically needs to go through the full percep-
tion-reaction process and thus may necessitate a relatively
long perception-reaction time (perhaps, a few seconds) on
average. In addition, drivers without any assistance have less
situational awareness which results in more uncertainty in
their responses. This may give rise to a larger variance in their
perception-reaction time. In the CVT-automated mode, the
perception process is taken care of by connected vehicle tech-
nology, and the reaction process is handled by the automatic
driving system. Thus, the resulting perception-reaction time
can be minimal. Also, human drivers are not involved in the
driving loop; therefore, the variance of perception-reaction
time may be close to zero. In the CVT assisted mode, a
wide range of possibilities may occur to the distribution.
On one hand, it seems intuitive that CVT assistances such
as advisories and warnings can greatly reduce drivers’ per-
ception time. On the other hand, such a new service may
demand more attention to understand and familiarize and
thus require a longer perception time, which is particularly
true during confidence-building process. Before experimen-
tal data become available, the above discussion on percep-
tion-reaction time and their distributions remain open to
debate. Nevertheless, it is reasonable to assume that the per-
ception-reaction time of non-CVT, CVT-assisted, and CVT-
automated drivers follow different distributions. Figure 2 is
provided only for illustration purpose. Note that no as-
sumption is made here regarding the actual distributions nor
their relation. In particular, one should not take the figure
as an implication that CVT-assisted and CVT-automated
drivers have shorter perception-reaction times than non-
CVT drivers. This treatment keeps the subsequent formu-
lation generic and flexible for analysts to customize their
models. For example, analysts can plug in suitable percep-
tion-reaction time distributions based on their own under-
standing or experiments in the field or on driving simula-
tors. Remarkably, systems such INRETS MSIS [11], which
integrated a driving simulator and a behavioral traffic sim-
ulation, can be a reasonable surrogate to field experiments
in order to characterize the impacts of connected vehicle
technology on drivers before its large-scale deployment. It is
important to clarify at the beginning that the purpose of this
paper is to formulate a methodology in generic terms to esti-
mate the capacity benefit attainable from wide deployment of
CVT, so that researchers, planners, and decision makers have
a tool that can be tailored to their specific applications. It is
recognized that the distributions of perception-reaction time
under different driving modes are important inputs to the
methodology. However, it is not the main focus of this paper
to quantify these distributions which will be kept generic in
subsequent discussion.

In addition, it is assumed that CVT-automated and CVT-
assisted modes are always able to reap the benefits of VANET,
that is, such vehicles are always assumed to be in a vehicular
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Figure 2: Perception-reaction time under different driving modes.

ad hoc network. It is recognized that such an assumption is
not very true, especially under low CVT market penetration
rates. Fortunately, this assumption is acceptable considering
the following. First, it tends to overestimate highway capacity
when there are not many CVT-equipped vehicles. Though
not desirable, such an estimate does provide an upper bound
of the capacity gained by connected vehicle technology.
Second and perhaps more importantly, the validity of such
an assumption increases when the deployment of connected
vehicle technology is relatively significant, a scenario at
which connected vehicle technology aims and under which
connected vehicle technology makes the most sense. In order
to fully account for this limitation, one must consider the
dynamics of and interdependence between vehicular ad hoc
networks and vehicular traffic. If this complication was to be
taken into account, an analytical approach would no longer
be adequate. Therefore, the goal of this research is to conduct
a preliminary estimation of capacity benefit. Considering
that field data are rare and the actual effects of connected
vehicle technology are still subject to discussion, an easily
understood and tractable approach seems more desirable to
fulfill the purpose.

It is further assumed that CVT market penetration rate
(i.e., the percent of total vehicles operating in each of the
three modes) is known. With the above setup, it is straight-
forward to derive a car-following model with perception-
reaction time as a parameter. Compared with the original
[1] model, the new model rectifies the perception-reaction
time which considers CVT-enabled driving modes and incor-
porates their market penetration rates. This model is then
used to derive an equilibrium flow-density relationship, from
which maximum flow rate (i.e., the capacity) can be derived.
Considering the random nature of the perception-reaction
time, a probabilistic analysis is performed to investigate the
properties of the capacity, and a Monte Carlo simulation is
used to verify the results obtained above.

3.2. Model Formulation. Perception-reaction time plays a
significant role in car following and traffic operations. Gipps’
model [1] stipulates that, at any moment, a vehicle should
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leave enough room in front of it in order to be able to stop
safely behind its leading vehicle in the event that the leading
vehicle applies emergency brake. Figure 3 shows two vehicles
in car following. The leading vehicle with ID i − 1 is at
position xi−1 with speed ẋi−1 and acceleration ẍi−1. The sub-
ject vehicle i is at position xi with speed ẋi and acceleration ẍi.
The minimum safe distance should allow the subject vehicle
to stop behind the leading vehicle after a perception-reaction
time τi and a deceleration process at a comfortable level
bi = ẍi < 0. To be specific, the stopped position of the leading
vehicle if it applies an emergency brake at time t is

x∗i−1 = xi−1(t)− ẋ2
i−1(t)
2Bi−1

, (1)

where Bi−1 is the maximum deceleration (ẍmax
i−1 < 0) applied

by the leading vehicle. The stopped position of the subject
vehicle is

x∗i = xi(t) + ẋiτi − ẋ2
i (t)
2bi

. (2)

To ensure safety, the following relationship must hold:

x∗i−1 − li−1 ≥ x∗i , (3)

where li−1 is the length of the leading vehicle. Putting the
above together, the safe distance for the subject vehicle can
be expressed as

Di(t) = xi−1(t)− li−1 − xi(t) ≥ ẋiτi − ẋ2
i (t)
2bi

+
ẋ2
i−1(t)
2Bi−1

,

(4)

which corresponds to a spacing of

Si(t) = xi−1(t)− xi(t) ≥ li−1 + ẋiτi − ẋ2
i (t)
2bi

+
ẋ2
i−1(t)
2Bi−1

.

(5)

Under equilibrium conditions, vehicles tend to behave uni-
formly and thus lose their identities. After suppressing time
t, the spacing becomes

S ≥ l + ẋτ − ẋ2

2b
+

ẋ2

2B
=
(

1
2B
− 1

2b

)
ẋ2 + τẋ + l. (6)

Following Gipps’ argument, an additional delay θ to τ offers
extra protection for the subject vehicle, so the above inequal-
ity is turned into

S = l + ẋ(τ + θ)− ẋ2

2b
+

ẋ2

2B
=
(

1
2B
− 1

2b

)
ẋ2 + (τ + θ)ẋ + l.

(7)

Thus, the safe car-following distance, or equivalently the
safe spacing, is explicitly expressed as a function of speed
v ≡ ẋ (under equilibrium conditions, it is also the traffic
speed) with parameters τ, θ, B, b, and l. Among all the
parameters, τ and θ characterize the behavior of drivers and
are independent of speed v and spacing S · B, b, and l are
vehicle properties and can be assumed as constants. Since we
also know that density k is related to spacing S,

k = 1
S

, (8)

the flow q is obtained by substituting k and v into the funda-
mental relation

q = kv = v

Gv2 + τ′v + l
, (9)

where τ′ = τ + θ and G = (1/2B)− (1/2b). In this relation, v
can be viewed as the primary input. v and τ′ are independent
variables. The maximum attainable q is of interest. To find
the maximum q (denoted qm), we solve the equation

dq

dv

∣∣∣∣
vm
= − G− (l/v2

)
(Gv + τ′ + (l/v))2

∣∣∣∣∣
vm

= 0. (10)

We get the root

vm =
√

l

G
, (11)

and correspondingly,

qm = 1

2
√
Gl + τ′

. (12)

To verify that qm is indeed a maximum as v varies, one may
simply check the second derivative of q at vm. It turns out
that this is true.

4. Probabilistic Analysis

4.1. The Stopping Time Formulation with Random τ. Note
that the above discussion does not incorporate the random
nature of perception-reaction time τ nor its distributions
under different driving modes. To begin with, the above
equation allows the calculation of capacity qm given per-
ception-reaction time τ if it is uniform across the entire
driver population. Such a case is simple but unrealistic.
A step forward would be to assume uniform perception-
reaction time under each driving mode. Combined with
market penetration (analogous to the probability of each
driving mode), these perception-reaction times can be used
to estimate the average (i.e., mathematical expectation) ca-
pacity as the result of the entire driver population. This
subsection deals with a more realistic scenario which assumes
different distributions of perception-reaction time under
different driving modes, and the estimation of capacity is to
compute the mathematical expectation of qm based on these
underlying distributions and their market penetration rates.

Denote fno(t) the probability density of perception-
reaction time of drivers under the non-CVT with mean τno
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and variance Var(τno). Similarly, the probability density of
the CVT-assisted mode is fas(t) with mean τas and variance
Var(τas); the probability density of the CVT-automated mode
is fau(t) with mean τau and variance Var(τau). In addition,
market penetration rates of road vehicles operating in non-
CVT, CVT-assisted, and CVT-automated modes are denoted
as pno, pas, and pau respectively. They satisfy the following
relationships: 0 ≤ pno, pas, pau ≤ 1, and pno + pas + pau =
1. Therefore, the perception-reaction time of an individual
driver i, τi, is a random variable which can be modeled
by drawing first from the percent/probability of market
penetration to determine which driving mode this driver
uses and then from the distribution of perception-reaction
time of that particular mode.

Henceforth, we will investigate the properties of q and qm
as τ takes on random values. Usually, the first-order second
moment analysis (FOSM) is sufficient to fulfill this purpose.
However, since FOSM is based on the Taylor expansion of
functions, the accuracy of approximation relies heavily on
the convergence rate of the Taylor series in the neighborhood
of the expansion. For the higher-order moment, this is es-
pecially true. In this situation, it is unfortunate that the ex-
pression of qm is ill posed to adopt the FOSM. This is because
qm, written in the form of f (x) = 1/(a + bx), corresponds to
a slowly converging expansion series when |a + bx| ∼ 0, a
result of comparable values of a and b.

Thus, we tackle the problem in a different way. In partic-
ular, we introduce the stopping time concept such that the
expansion-based analysis like FOSM is avoided. The proce-
dure is as follows. First, we redefine the flow as

q = kv = N

L
v, (13)

where v is the traffic speed, L is the length of a segment of
highway in consideration, and N is the number of vehicles
within the length. Flow q can be written as N/(L/v) and
interpreted as the number of vehicles occupying a certain
length of road divided by the time they take to traverse the
road. Under equilibrium conditions, this definition is equiv-
alent to the original definition. Then we can adopt the
concept of random walk. It is easy to see that N is actually
the stopping time (stopping time, a standard concept in
probability theory, can be roughly regarded as a “random
time” whose value depends on current and historical values
of a stochastic process). A rigorous definition is found in [12]
where a random walk

∑n
i=1Si with positive drift E(Si) has

N = inf
n

⎧⎨
⎩n :

n∑
i=1

Si > L

⎫⎬
⎭, (14)

where inf indicates the infinium of a set,

Si = Gv2 + τ′v + l, (15)

then

μq ≡ E
(
q
) = v

L
E(N). (16)

Moreover,

E(N) = L

E(Si)
= L

Gv2 + μτ′v + l
, (17)

where the first equality is due to Wald’s equation, with its
form and derivation given in [12]. Application of this equa-
tion requires E(Si) < ∞, which is obviously true from a
realistic point of view. Thus, we obtain the approximation
of expected capacity when speed is v,

μq ≡ E
(
q
) ∼ v

Gv2 + μτ′v + l
, (18)

where μτ′ = E(τ′). Plugging in the optimal speed v = vm =√
l/G, we obtain the maximum value of approximation of

expected capacity,

μq,m ≡ E
(
qm
) ∼ 1

2
√
Gl + μτ′

. (19)

To obtain the variance of q and qm, we need to utilize a
formula regarding the variance of stopping time given in
[13]. In the current scenario, it is

Var(N) = μ−3σ2L + μ−2K + o(1), (20)

where K is a constant independent of L,

μ = E(Si) = Gv2 + μτ′v + l,

σ2 = Var(Si) = σ2
τ′v

2.
(21)

By substituting them into the definition of q, by letting L be
large enough, and by only keeping the dominating term, we
get the variance of flow in the general case

σ2
q ≡ Var

(
q
) ∼ σ2

τ′v
4

(
Gv2 + μτ′v + l

)3
L
. (22)

Plugging in the optimal speed v = vm =
√
l/G, we obtain the

approximate variance of the maximum flow, that is, capacity,

σ2
q,m ≡ Var

(
qm
) ∼ σ2

τ′ l
2

(
2l + μτ′

√
l/G

)3
G2L

= σ2
τ′Gl(

2Gl + μτ′
√
Gl
)3

l

L
.

(23)

We see that two quantities,
√
Gl and l/L, together with

characteristics of perception-reaction time τ′ determine the
variance. It is notable that the involved quantities are all easily
measured, indicating the advantage of our estimate formula
in terms of calibration.

4.2. Simulation Verification. To verify the creditability of the
above approximation formulas, it is necessary to device an
independent approach, preferably simulation since large-
scale field experiments are infeasible. Considering that a traf-
fic simulation package that is capable of capturing the effects
of connected vehicle technology is not available, this study
employs a Monte Carlo simulation which repeatedly samples
a traffic system by drawing from underlying distributions.
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Figure 4: The comparison of simulated and approximate expectation of flow μq (in passenger cars per hour per lane or pcphpl) ((a)
simulated value; (b) approximate value).
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Figure 5: The comparison of simulated and approximate standard deviation of flow σq (in pcphpl) ((a) simulated value; (b) approximate
value).

The number of trials depends on the precision required with
one trial as follows:

(1) select road length in consideration, denoted L, and
initialize L0 = 0,

(2) randomly sample the perception-reaction time τ and
calculate the cumulative length, which is defined as
Lj+1 = Lj + S,

(3) if Lj > L, denote N = max j, calculate q = vN/L, and
else return to (2).

Each trial in the simulation mimics the instantaneous
vehicle spatial distribution on the road, such that the count
of vehicles N at each moment is obtained. In the simulation,
we assume that the random perception-reaction time has a
density of the following form:

fτ(t) = pau fau(t) + pas fas(t) + pno fno(t), (24)

where
∑

ipi = 1 and i ∈ {au, as, no}. Here, fi(·)’s represents
the density of the perception-reaction time distribution

of the ith group, and pi’s are interpreted as the market
penetration of the corresponding groups. For the purpose
of illustration, we consider an ideal and simplified case.
We assume that the fi’s are the density of uniform random
variables. The function fi is of the form

fi(t) = 1
ui − li

I(t ∈ [li,ui]). (25)

It is easy to see that a random variable with the above density
fi has an expectation μi = (ui + li)/2 and a variance σi =
(ui − li)

2/12. We then have

μτ =
3∑
i=1

piμi,

στ =

√√√√√
3∑
i=1

piμi,2 − μ2
T =

√√√√√
3∑
i=1

pi
(
σ2
i + μ2

i

)− μ2
T .

(26)
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Figure 6: The comparison of simulated and approximate expecta-
tion of maximum flow μq,m (distance L, m; flow q, pcphpl; dots:
simulated values; solid line: approximate values).

Let the first, second, and third terms in expression of fT
represent the CVT-automated, CVT-assisted, and non-CVT
groups, respectively, then we assume that

μau = 0.5, μas = 1.0, μno = 1.5,

σau = 0, σas = 0.2, σno = 0.5,

pau = 0.2, pas = 0.5, pno = 0.3.

(27)

Moreover, we fix B = −4 m/sec2, b = −2 m/sec2, l =
4.5 m (15 feet), and τ′ = 1.5 τ (then there is μτ′ = 1.5μτ and
στ′ = 1.5 στ). The number of iterations in each loop is 1000.
The lengths of the segments on the one-lane highway vary
from 5 km to 125 km, with a step of 5 km. The traffic speed
varies from vopt−10.5 km/hr to vopt +10.5 km/hr, with a step
of 3.5 km/hr. The vm is the optimal speed defined above.

Observation of the simulation results and the conclu-
sions drawn are as follows. First, in the case under considera-
tion, the approximate expectation μq and standard deviation
σq of the flow are close to the simulation results, as shown
in Figures 4 and 5. Second, in particular, the comparison of
μq,m and σq,m with the simulation is shown in Figures 6 and
7. The relative error of μq,m is very small, around 1%. For
the standard deviation σq,m, we see the fit of approximation
to simulation is also near perfect, especially as the distance
L gets larger. To summarize, the simulation of the case
when τ takes a specific distribution numerically justifies the
approximations obtained by probabilistic analysis, and it
intuitively illustrates the quality of these approximations.

5. An Illustrative Example

The simulation study in the above section is able to provide
an estimate of the capacity gain in absolute terms. Such
a result, however, is lower than the typical capacity under
ideal conditions, that is, 2400 pcphpl for a basic freeway
section. This is due to the conservative nature of the Gipps
model, which is less capable of capturing the close-following

Distance L

0
0

20 40 60 80 100 120 140

15

20

25

St
an

da
rd

 d
ev

ia
ti

on
 o

f 
fl

ow
 q

5

10

Figure 7: The comparison of simulated and approximate standard
deviation of maximum flow σq,m (distance L, m; flow q, pcphpl;
dots: simulated values; solid line: approximate values).

behavior in reality. Developing a more realistic model may
resolve the problem, but the mathematical tractability may
be lost as well. Therefore, it is reasonable to describe the
capacity benefit in relative terms, as discussed below.

To answer the question at the beginning of this paper
(i.e., degree of market penetration required for effectiveness),
we provide the following illustrative example. This example
consists of four cases, and in each case, the ratio pau/pas is
assumed to be constant. In addition, we define the relative
change in capacity as

r

(
pau

pas
, pno

)
= qm

(
pau, pas, pno

)
qm(0, 0, 1)

= qm
((

1− pno
)((

pau/pas
)
/
(
pau/pas + 1

))
qm(0, 0, 1)

,

(
1− pno

)(
1/
(
pau/pas + 1

))
, pno

)
qm(0, 0, 1)

,

(28)

where qm(·, ·, ·) is the capacity corresponding to market
penetration (pau, pas, pno), and the second equality is pau +
pas + pno = 1. This formula could be interpreted as the
ratio of increased capacity over the original capacity (i.e.,
pno = 100%). By employing this definition, we will hopefully
overcome the lower estimate by the Gipps’ model. We obtain
the values of r in four cases, that is, when pau/pas =
0.1, 1, 10, 100. The results are as shown in Figure 8. It is
found that the increase of capacity ranges between 20% and
50% when connected vehicle technology is fully deployed
(i.e., pno = 0), with the former case corresponding to
pau/pas = 0.1 and the latter case pau/pas = 100. The re-
sult seems to suggest that the change of the pau/pas ratio from
1 to 10 has much stronger effect than that from 10 to 100.
A plausible interpretation is that, with high percentage
of CVT-assisted vehicles in the traffic, drivers have more
chances to negotiate and hence more room of improvement.
As the traffic is dominated by CVT-automated vehicles, they
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Figure 8: The relative benefits of CVT as function of market penetration of CVT in different cases (x-axis: market penetration of nonassisted
vehicles; y-axis: ratio of increased capacity to the original capacity).

move like a train whose already optimized performance al-
lows little room for improvement. Note that the above ex-
ample is only a rough estimate under some assumptions and
simplifications. Nevertheless, the example does indicate that
the benefit from employing connected vehicle technology
could be quite significant even when the market penetration
of CVT-automated vehicles is small (given full CVT deploy-
ment). As more accurate information regarding the involved
parameters becomes available, the estimate can be fine-
tuned, and more accurate results are expected. The outcomes
can be used to help make the decision on connected vehicle
technology deployment in future.

6. Concluding Remarks

The purpose of this study was to provide a methodology to
estimate the capacity benefit obtained from CVT deploy-
ment. To fulfill this purpose, the classical Gipps’ model was
modified to incorporate the effects of CVT, and a prob-
abilistic approach was presented to analyze the impact of
such effects on highway capacity. In particular, approximate
formulas of expectation and variance of the capacity were
derived in a random setting. A simulation study was con-
ducted to numerically verify the creditability of these formu-
las. Also included was an illustrative example that applied
the proposed methodology. Under some assumptions and
simplifications, the example showed that the increase of
capacity ranges between 20% and 50% when CVT is fully
deployed. Note that the lower bound, which corresponds

to a relatively small market penetration of CVT-automated
vehicles, may still yield quite significant capacity gain.
Findings of this study, in general, agree with previous studies
[6–8] on related subject, but this paper provides more in-
depth information such as the curve of capacity gain as
market penetration changes and the methodology to esti-
mate such curve.

Though the proposed methodology was motivated by
capturing the effects of CVT (i.e., its impacts on three driving
modes), such a methodology is readily applicable to a traffic
system involving multiple classes of drivers (e.g., teenagers,
middle-aged, and senior drivers whose perception-reaction
times may follow different distributions). Meanwhile, the
study may be further extended to more complicated and
realistic scenarios (e.g., nonequilibrium flow and nonhomo-
geneous types of vehicles) where more involved simulation
is expected before field experiments in a large-scale testbed
become feasible. Since the distributions of perception-
reaction time under different driving modes are critical to
estimation results, further studies particularly those of hu-
man factors are necessary to quantify these distributions.
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