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Abstract: The concept of signal-free management at road junctions is tailored for Connected and
Automated Vehicles (CAVs), in which the conventional signal control is replaced by various right-ofway assignment policies. First-Come-First-Served (FCFS) is the most commonly used policy. In most
proposed strategies, although the traffic signals are replaced, the organization of vehicle trajectory
remains the same as that of traffic lights. As a naturally signal-free strategy, roundabout has not
received enough attention. A key motivation of this study is to theoretically compare the performance
of signalized intersection (I-Signal), intersection using FCFS policy (I-FCFS), roundabout using the
typical major-minor priority pattern (R-MM), and roundabout adopting FCFS policy (R-FCFS) under
pure CAVs environment. Queueing theory is applied to derive the theoretical formulas of the capacity
and average delay of each strategy. M/G/1 model is used to model the three signal-free strategies,
while M/M/1/setup model is used to capture the red-and-green light switch nature of signal control.
The critical safety time gaps are the main variables and are assumed to be generally distributed in
the theoretical derivation. Analytically, I-Signal has the largest capacity benefiting from the ability to
separate conflict points in groups, but in some cases it will have higher delay. Among the other three
signal-free strategies, R-FCFS has the highest capacity and the least average control delay, indicating
that the optimization of signal-free management of CAVs based on roundabout setting is worthy of
further study.
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1. Introduction
The advanced development of automation and wireless communication technologies
enables the new generation vehicles: Connected and Automated Vehicles (CAVs). CAVs
are poised to reshape transportation and mobility by replacing humans as the driver and
service provider, this transformation provides a valuable opportunity to improve safety,
capacity, energy efficiency and reduce emissions [1], to mitigate challenges of transport
and logistic services [2], thereby contributing to sustainable development. How to prepare
for the opportunities and challenges brought by CAVs has become a popular research
topic [3,4], including the new challenges of the corresponding traffic flow management
under CAVs environment. As the crux of traffic network, the intersection management for
CAVs has been researched [5]. With the ability to communicate with each other and between
infrastructures, CAVs can negotiate the right-of-way at intersections and coordinate their
movements without the indications of signals. Based on these characteristics, Autonomous
Intersection Management (AIM) is customized for CAVs. In AIM [6], the intersection
area is divided into cells, CAVs need to send requirement to reserve the spatial-temporal
occupancy of cells from the Intersection Manager (IM). With collision-free as the primary
principle, the reservations would be accepted or rejected in accordance with right-of-way
assignment policies. There are variant signal-free intersection management policies for
CAVs have been proposed and studied. However, the vast majority of them are based on
the setting that the vehicle trajectories are intersection-organized, while research based on
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circular organization, i.e., roundabout, is far less. The two organizations at a road junction
are depicted in Figure 1.

Intersectional Organization

Circular Organization

Figure 1. Intersectional and circular organizations at a road junction.

For human-driven vehicles (HVs), the respective applicable scenarios and conditions
for roundabouts and intersections have been clearly defined [7–9], and the state of the art
calculation method of capacity can be found in [10,11]. However, when it comes to the
era of CAVs, the situation may be different, and there is a lack of direct comparison of the
performance of intersections and roundabouts in existing literature. This paper intends
to fill this gap and attempts to examine the performance of different traffic management
strategies (with cross intersectional organization and circular organization) for CAVs under
the same traffic demand at the same road junction.
1.1. Related Work
How to leverage the advantages of CAVs to further improve the traffic management
at road junctions has attracted extensive research attention. The most distinctive characteristic of CAVs is that they can exchange information with each other and surroundings
through the Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I) communication
technologies [12], resulting in the much less reaction and response time compared to the
human-driven vehicles. Also benefiting from the connectivity guaranteed by wireless
communications, CAVs are able to keep a smaller headway hc to a predecessor and form
platoons on the road. The system that implements this new car-following behavior is called
Cooperative Adaptive Cruise Control (CACC, shown in Figure 2).
Wireless communication

Vi+1

Vehicle i+1

Headway

Vi

Vehicle i

Headway

Vi-1

Vehicle i-1

Figure 2. Cooperative adaptive cruise control of CAVs.

It is demonstrated that traffic flow can be improved in terms of stability, safety and
highway capacity with more vehicles participating in CACC platoons [13–15]. It is also
pointed out that the advanced technologies of CAVs withhold the potential to resolve all
potential challenges and revolutionize highway operations [16]. For the management of
CAVs at road junctions, some researchers have proposed the concept of signal-free intersection management [17], which can be traced back to Autonomous Intersection Management
(AIM). The framework of AIM is proposed by Dresner and Stone [18], in which the right of
crossing the intersection is assigned in a First-Come-First-Served (FCFS) manner. It has
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been demonstrated that AIM using FCFS policy can reduce delay and emission compared
to conventional intersection signal control under certain traffic conditions [19,20].
In order to eliminate collisions and ensure safety, the potential conflict points are the
most critical consideration in any signal-free strategy. In this regard, roundabouts have
higher safety standards, because there are less conflict points compared to intersections [21].
For a typical 6-lane 4-way road junction in cross intersectional organization, there are at least
16 conflict points need to be carefully modelled to avoid the potential conflicts. However,
if the junction is organized as roundabout, the number of conflict points reduces to 4, as
shown in Figure 1 (Diverging conflict points are not counted as the diverging conflicts can
be easily avoided). Fewer conflict points bring the circular organization substantial safety
benefits, which is why the roundabout first policy has been adopted in some States of the
U.S. [22].
In particular, conflict points determine the safety constraints of various optimization
goals of AIM, such as the total travel time minimization in [23], intersection capacity and
throughput maximization in [24,25], energy consumption minimization in [17], etc. More
conflicts imply more constraints and more computational efforts. This is why in [26],
the conflict points within an intersection are aggregated into conflict regions to reduce
the difficulty of modeling and improve computational efficiency. Therefore, from the
perspective of fewer conflict points, in the context of CAVs, intersectional organization may
not necessarily outperform roundabout organization. In [27], roundabout is demonstrated
to have comparable performance as an optimized intersection control system under CAVs
environment called intersection cooperative adaptive cruise control (iCACC). iCACC
system ensures collision-free principle and minimizes the intersection delay. Although the
comparison results in [27] are based on simulations, the potential of roundabouts for CAVs
management is revealed, and theoretical analysis is worthy of study.
However, the research of roundabouts under CAVs environment is rare, and limited
to merging control. Such as, using model predictive control to merge CAVs at roundabouts [28]; optimizing the decision-making process of accessing the potential merging
gaps for CAVs at single-lane roundabouts [29]; applying a cooperative merging control for
CAVs at roundabouts in a mixed-traffic environment [30]. Under the same traffic demand,
the performance comparison of intersectional organization and roundabout at the same
road junction is not investigated.
The reason why roundabouts are not getting enough attention in junction management
research for CAVs may be that the setting of intersections is more common in current urban
roads. With the appropriate signal control, the intersectional management can greatly
improve the actual traffic throughput of the junction and separate conflicting streams, while
roundabouts could reach capacity even with moderate traffic demands [31]. However, it
has been demonstrated that the compact headway travel behavior of CAVs will double
the intersection capacity [32] and so do the roundabouts. It is very likely that with the
special car-following behavior of CAVs, roundabout may no longer suffers in a limitation
of capacity and has comparable performance in terms of average control delay. In order
to verify this conjecture, this study theoretically derives and analyzes the performance of
intersection and roundabout in terms of capacity and delay under the same CAVs flow.
1.2. Contributions
For a road junction under CAVs environment with the same traffic demand, the performances of intersection and roundabout adopting different control policies are compared in
this study. To the best knowledge of the authors, it is the first time the performances of intersection and roundabout in a CAVs environment are directly and theoretically compared.
Based on the characteristics of CAVs, the theoretical formulas to estimate the capacity
and average control delay of different junction management strategies are derived using
queueing theory.
The remainder of this paper is organized as follows. The preliminaries including basic
methods, parameters and assumptions are elaborated in Section 2. The detailed derivations
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of the capacity and delay of each control strategy (as well as the comparison analysis)
are given separately in Sections 3 and 4. Section 5 concludes the paper and discusses the
direction of future work.
2. Preliminaries
Main parameters and variables applied hereafter are summarized in Table 1.
Table 1. Notations.

Set

Description

L
Gi
Ci
E

set of lanes (streams)
set of non-conflicting streams of stream i
set of conflicting streams of stream i
set of entry approaches

Variable
C
D
Tc
Tl
Tg
va
hc
hz
s0
λi
λg
λm
g
λm
λM
µ
X
W

Description
capacity of a control strategy
average control delay
signal cycle time (s)
total loss time in signal control (s)
total green time in signal control (s)
an arbitrary CAV
headway of CACC (s)
safety time gap between two vehicles from conflicting streams (s)
base/saturation flow rate of a stream (veh/s)
vehicle arrival rate of stream i (veh/s)
the sum of the arrival rate in stream group g
the maximum arrival rate in stream group g
the sum of λm
g
the sum of λi
service rate of a queueing system
service time
mean waiting time of a queueing system

The application of queueing theory to model and analyze traffic flow at intersections
can be traced back to 1960s [33]. Arrival process (arrival rate λ) and service mechanism
(service rate µ) are the core of a queuing situation. The service rate determines the capacity
of the system:
1
C=
(1)
µ
And Little’s Law connects the capacity of a queueing system, the average time spent
in the system, and the average arrival rate into the system without knowing any other
features of the queue [34]:
E[ N ]
E[W ] =
(2)
λ
where E[W ] is the average waiting time in the system, λ is the arriving rate and E[ N ] is
the mean number of waiting customers, i.e, the mean number of queueing vehicles in this
study. E[ N ] is determined by the arrival rate and the service rate, for example, in M/M/1
Queue, where the arrival process and service process of the 1 system server are Markov
chain processes,
λ
E[ N ] =
(3)
µ−λ
The Little’s law, of great generality, holds irrespective of the form of inter-arrival and
service time distributions and discrepancy that may be within the system [35], that is the
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relationship is not influenced by the arrival process distribution, the service distribution,
or the service order [36]. It is widely accepted to calculate and analyse the performance of
intersection traffic management [37,38].
In this study, queueing theory is applied to derive the theoretical formulas of the
capacity and average delay of each strategy. M/G/1 model, where service process is
general, is used to model the three signal-free strategies, while M/M/1/setup model is
used to capture the red-and-green light switch nature of signal control. From Equation (1), the
average service rate of each strategy is the key to derive the capacity, details are elaborated
in Section 3. Once we get the capacity, average control delay can be further derived
according to the Little’s Law, details are presented in Section 4.
The major concern of this study is whether roundabout has comparable performance
to intersection under CAVs environment for the same road junction. A typical urban
road junction configuration is focused, as depicted in Figure 3, in which only motorized
traffic is considered. The road junction consists of 8 in-coming traffic streams, and leftturning streams are not considered as they have no conflicts with other motorized lanes.
To be conservative, the single-lane type roundabout is analyzed considering the limited
geometric resources. Note that if there is enough space to set up a multi-lane roundabout,
the performance should be better than the analyzed single-lane roundabout.

8

8

7

7
1

1

Merging
Zone

2

2
6

1
8

2 3
7

6

4

Diverging
Zone

5

6

5

5

3

4

3

Intersectional Organization

4

Circular Organization

Figure 3. The situation analyzed in this paper.

All the possible conflict types in Figure 3 are elaborated in Figure 4. The safety time
gap refers to the time required for vehicles to consecutively and safely pass a conflict point.

Safety time gap---hs

Safety time gap---hd

Safety time gap---ht

Safety time gap---hm

CACC headway---hc

Figure 4. Illustration of conflict types of a typical intersection or roundabout.

Since CAVs are not around the corner yet, it is difficult to know the specific distribution
of the safety gaps, but they can be easily divided into two categories: the safety time gap
(hs , hd , ht , hm ) for two vehicles from conflicting streams and the safety time gap (hc ) for two
vehicles from the non-conflicting streams. With this categorization, the research in this
paper is based on the following assumptions:
•
•

The communication capabilities of CAVs are perfectly operated, without any malfunctions.
Lane changing is not allowed within the junction area, and vehicles strictly follow the
traffic rules determined by the organization of the junction.
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•
•

•

The arrival process of vehicles on each stream i ∈ L is a Poison process with parameter
λi and independent of each other.
The difference between hs , hd , ht , hm is not distinguished in this paper and a general
distribution f (hz ) with expectation E(hz ) for hs , hd , ht , hm is assumed. The distribution
f (hc ) of hc is determined by the CACC policies with expectation E(hc ). Empirically,
E(hc ) < E(hz ).
Gap acceptance of CAVs is determined by the advanced control systems.

3. Capacity
Capacity refers to the maximum sustainable hourly flow rate at which persons or
vehicles reasonably can be expected to traverse a point or an uniform section of a lane or
roadway during a given time period under predefined conditions. The capacity of the
strategies are derived and compared in the following subsections.
3.1. Signalized Intersection (I-Signal)
The capacity of an intersection using signal control can be calculated as:
I
Csignal
=

Gg

∑ Sg Tc

(4)

g

G

where Tc is the cycle time; Gg is the effective green time of lane group g; Tcg is the rate at
which vehicles in lane group g can pass through the intersection; Sg is the saturation flow
rate of lane group g, and Sg = N · s0 · f , where N is the number of lanes in group g, s0 is the
saturation rate per lane, and f is an adjustment factor for the road geometry ( f is set to be
one for the ease of comparison).
The base rate s0 is the maximum discharge rate for an infinitely long queue of vehicles
facing a permanently green signal [9]. For CAVs, the base rate s0 can be considered as the
reciprocal of the CACC headway:
1
s0 =
(5)
E(hc )
In signal control, the cycle time equals total duration of green time plus total loss time:
G

Tc = Tg + Tl , leading to ∑ g Tcg < 1. For the intersection depicted in Figure 3 (left), it can
be verified that no matter how the lanes are grouped, at most two lanes can be released
I
simultaneously in order to separate the potential conflicts, resulting in Csignal
< E(2h ) . Let
c

I
Cd = E(2h ) − Csignal
. Considering the nature of signal control, the difference Cd is due to
c
the inevitable existence of the loss time Tl , which normally consists of start-up loss time
and the clearance loss time. The total loss time is less than the duration of green light:
Tl < Tg , therefore, it can be obtained:

1
2
I
< Csignal
<
E(hc )
E(hc )

(6)

3.2. Intersection Using FCFS Policy (I-FCFS)
For an arbitrary CAV v a under FCFS policy, there are two situations for its preceding
vehicle. One situation (denoted as event S1 ) is that its preceding vehicle comes from the
same stream or comes from the non-conflicting streams. These streams are grouped in the
set Gi ⊂ L. The service time of vehicle v a is denoted by X1 . Another situation (denoted as
event S2 ) is that its preceding vehicle comes from the conflicting streams, which are in the
set Ci ⊂ L. The service time of event S2 is represented as X2 . Therefore, the service time X
of a CAV under FCFS policy can be estimated as:
X If c f s = P(S1I ) X1 + P(S2I ) X2

(7)

where P(S1 ) and P(S2 ) denote the probabilities of occurrence of events S1 and S2 , respectively.
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As the arriving process of vehicles are assumed to be the Poisson distribution [33], the
time gap hi between two consecutive vehicle in the stream i is exponentially distributed,
i.e., hi ∼ exp(λi ) and E(hi ) = 1/λi . The probability that the nth vehicle comes from stream
i, can be calculated as follows:

Pin = P(hi < h j , j 6= i; j ∈ L)
=

Z ∞
0

=

Z ∞
0

=

Z ∞
0

=

P(hi < h j , j 6= i; j ∈ L | hi = ∆t)λi e−λi ∆t d(∆t)
(Π j6=i;j∈ L e−λ j ∆t )λi e−λi ∆t d(∆t)
(8)

λi e− ∑ j∈ L λ j ∆t d(∆t)

λi

∑ j∈ L λ j
λ
= i
λM
With Equation (8), the probabilities of occurrence of event S2 can be calculated as:

P(S2 ) =

λ ∑ j∈Ci λ j
λM

∑ ∑ Pin Pnj −1 = ∑ λ Mi

i ∈ L j∈Ci

i∈ L

For the sake of simplicity, we denote ∑i∈ L

λi ∑ j∈Ci λ j
λM λM

(9)

as P fI c f s . Correspondingly,

P(S1 ) = 1 − P(S2 ) = 1 − P fI c f s

(10)

The service time X1 and X2 are determined by the categorization of safety gaps,
corresponding to hc and hz , we have:

E( X1 ) =
E( X2 ) =

Z

Z

hc f (hc )d(hc ) = E(hc )

(11)

hz f (hz )d(hz ) = E(hz )

(12)

Capacity is equivalent to the service rate in queueing theory [39]. The intersection
capacity under FCFS policy for CAVs can be estimated as:
C If c f s =

1
1
=
I
E( X f c f s )
E(hc ) + (E(hz ) − E(hc ))P fI c f s

(13)

Table 2 shows the conflicting streams of a stream i within the analyzed intersection.
Table 2. The conflicting streams of a stream i within the intersection.

Stream i
1
2
3
4
5
6
7
8

Conflicting Stream Set Ci
3
3
1
2
2
1
1
1

6
4
2
5
3
4
4
2

7
5
5
6
4
7
5
3

8
8
8
7
7
8
6
6
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3.3. Roundabout Using FCFS Policy (R-FCFS)
The capacity of roundabout under FCFS policy can be determined by applying the
same logic that derives C If c f s . The difference lies in the potential collision mechanism due
to the different organization of the trajectories, i.e., the probabilities of occurrence of events
S1 and S2 under circular organization are different.
At roundabout, an entry stream e only conflicts with the circulating stream ce . The
stream structure of roundabout is further elaborated in Figure 5. Take the eastward
approach as an example, the entry stream e1 is made up of the vehicles on lane 1 and
lane 2, conflicting with the circulating stream c1 made up of the vehicles from lane 3,
lane 4 and lane 6. The general arriving process of vehicles on each circulating flow is
simplified as a superimposed Poisson process with parameter λce , Table 3 summarizes
all the superimpositions depicted in Figure 5. It is demonstrated that the simplification
has little effect on the accuracy of the calculation [40]. Note that this superimposition
of k independent Poisson processes with rates λ1 , . . . , λk is also a Poisson process with
rate ∑ik λi .

8

7

Lane
3,6

Lane
1,2,4

1

Merging
Zone

Lane
2,7,8

Diverging
Zone

Lane
3,4,6

2

Lane
1,4

Lane
5,8

6
5

Lane
5,6,8

Circulating stream

Lane
2,7
Entry stream

3

4

Figure 5. Stream structure of roundabout.
Table 3. The circulating stream of an entry stream e within the single-lane roundabout.

Entry Stream
superimposed of stream
superimposed of stream
superimposed of stream
superimposed of stream

1
3
5
7

Circulating Stream

2
4
6
8

3
5
2
1

4
6
7
2

6
8
8
4

With the distribution of the conflicting streams, the capacity of the roundabout under
FCFS policy can be given by:
C Rfc f s =

1
1
=
R
E( X f c f s )
E(hc ) + (E(hz ) − E(hc ))P fRc f s

where,

P fRc f s =

∑ ∑

e∈ E ce ∈Ce

Pne Pnce−1 =

∑

e∈ E

λe ∑ce ∈Ce λce
λM
λM

(14)

(15)
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3.4. Roundabout Using Major-Minor Policy (R-MM)
Typically, roundabout is controlled by the major-minor priority strategy, in which
each entry stream e has the minor priority and has to find the proper gap between two
consecutive circulating vehicles to merge into the circulating stream ce . Vehicles on the
circulating stream has the major priority. That is, the incoming streams need to overcome
the impedance effect of the circulating flow. Under major-minor priority strategy, the
expectation of service time of vehicles can be estimated as:
e

R
E( Xmm
)=

∑

e∈ E

λe E[eλc hz ] − 1
λM
λec

(16)

1
R )
E( Xmm

(17)

Correspondingly,
R
Cmm
=

where, λec = ∑ce ∈Ce λce .
e,n
The derivation of Equation (16) is elaborated as follows [41]. Let Xmm
denote the inter
departure time between the (n − 1)th and nth vehicles from stream e, and let Qen denote
the number of vehicles in the queue on the stream e when the nth vehicle from stream e
merges into the stream ce . The queue Qen can be written as:
(
e,n
), Qen−1 ≥ 1
Qen−1 − 1 + A( Xmm
Qen =
(18)
e,n
A( Xmm ),
Qen−1 = 0
where A(·) is the Poisson arrival process of stream e.
It can be verified that the process { Qen , n = 1, 2, . . .} has the dynamics of an M/G/1
e,n
queue length process at departures where Xmm
corresponds to the nth service time of the
vehicles on stream e under major-minor priority policy. Every CAV on the stream e needs a
critical headway T for the mth attempt to merge into stream ce (m = 1, 2, . . .). Every CAV
sticks to the same critical headway, but different CAVs have different values of critical
headway due to different control systems. The probability for the mth attempt of a CAV
e
being successful is: P(τ c > T ) = e−λc T , where τ c is the gap of vehicles on the circulating
stream, and is an exponential random variable with mean 1/λec . The distribution function
e,n
of random variable Xmm
can be defined as:
k

B( x ) , [ ∏ P(τ c < Tm )]P( Tk+1 ≤ τ c ), k ∈ N

(19)

m =1

e,n
Since random variable Xmm
is generally distributed, we apply the Laplace transform
e
of B( x ) as E[e−sXmm ], which follows from:
e

E[e−sXmm ] =

∞

k

c

∑ { ∏ E[e−sτ P(τ c < Tm )]}E[e−sTk+1 P(Tk+1 ≤ τ c )]

(20)

k =0 m =1
c

E[e−sτ P(τ c < Tm )] = E[
= E[

Z Tm
0

c

e c

e−sτ λec e−λc τ dτ c ]

e
λec
(1 − e−(s+λc )Tm )]
s + λec

E[e−sTk+1 P( Tk+1 ≤ τ c )] = E[e−sTk+1 P(τ c ≥ Tk+1 )]
e

= E[e−(s+λc )Tk+1 ]

(21)

(22)
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Substituting Equations (21) and (22) into Equation (20), we get:
∞

e

E[e−sXmm ] = E[ ∑ (
k =0

e
λec k −(s+λec )Tk+1 k
) e
∏ (1 − e−(s+λc )Tm )]
s + λec
m =1

(23)

For one CAV, gap acceptance is determined by its control system, leading to T1 =
T2 = . . . = Tk+1 = T, Equation (23) is the sum of a geometric sequence,
e

e

E[e−sXmm ] = E[

(s + λec )e−(s+λc )T
]
e
s + λec e−(s+λc )T

(24)

For a stream, T is distributed the same as hz . Using the moment generating function,
the mean service time of vehicles on stream e can be obtained:
e

e
E[ Xmm
]

e

dE[e−sXmm ]
E[eλc hz ] − 1
= (−1)
| s =0 =
ds
λec

(25)

Thus, Equation (16) can be obtained.
3.5. Capacity Comparison
By comparing Equations (14) and (17), it can be easily concluded that R-FCFS policy
outperforms major-minor policy in terms of capacity. The brief derivation is as follows:
R
R
E( X Rfc f s ) − E( Xmm
) = E(hc ) × P(S1R ) + E(hz ) × P(S2R ) − E( Xmm
)

=

∑

λc
λe ∑ ge ∈Ge λ ge
∑
R
[
E(hc ) + ce ∈Ce e E(hz )] − E( Xmm
)
λM
λM
λM

∑

λe
λe E[eλc hz ] − 1
E(hz ) − ∑
λM
λ
λec
e∈ E M

∑

λe λec E(hz ) − E[eλc hz ] + 1
}
{
λM
λec

∑

λe λec E(hz ) − eλc E(hz ) + 1
}
{
λM
λec

∑

λe λec E(hz ) − λec E(hz ) − 1 + 1
}
{
λM
λec

e∈ E

e

<

e∈ E

e

<

e∈ E

(26)

e

≤

e∈ E

<

e∈ E

<0
e

e

R )
In the above derivation, E[eλc hz ] ≥ eλc E(hz ) > 1 + λec E(hz ) is applied. E( X Rfc f s ) < E( Xmm
R . This result is in line with expectations. Using the communication
leads to C Rfc f s > Cmm
technologies of CAVs, FCFS policy can assign the junction temporal-spatial resources more
efficiently. If the major-minor priority pattern is still defaulted at roundabouts in the case
of CAVs environment, the advantages of CAVs are wasted. The main purpose of this study
is to explore whether the roundabout may replace the intersection settings at urban roads
in the environment of CAVs. Since R-FCFS has been confirmed to be superior to R-MM,
R-FCFS is used as the representative of roundabout management and is compared with
intersection strategies. The performance of R-MM is no longer compared below.
The relationship between C If c f s and C Rfc f s depends on the traffic demand pattern,

and the difference lies in P fI c f s and P fRc f s , for the junction analyzed in this paper, we can
verify that:
λ ∑ j∈Ci λ j
λe ∑ce ∈Ce λce
P fI c f s − P fRc f s = ∑ i
−∑
≥0
(27)
λ
λ
λ
λM
M
e∈ E M
i∈ L M
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That is E( X If c f s ) ≥ E( X Rfc f s ), resulting in:
C Rfc f s ≥ C If c f s

(28)

Specifically,

E( X f c f s ) = P(S1 ) × E(hc ) + P(S2 ) × E(hz )
= (1 − P(S2 )) × E(hc ) + P(S2 ) × E(hz )
< (1 − P(S2 )) × E(hz ) + P(S2 ) × E(hz )
< E(hz )

(29)

And,

E( X f c f s ) = P(S1 ) × E(hc ) + P(S2 ) × E(hz )
= (1 − P(S2 )) × E(hc ) + P(S2 ) × E(hz )
> (1 − P(S2 )) × E(hc ) + P(S2 ) × E(hc )
> E(hc )
It can be obtained that:

(30)

1
1
< Cfcfs <
E(hz )
E(hc )

(31)

1
1
< C If c f s ≤ C Rfc f s <
E(hz )
E(hc )

(32)

In summary:

As can be seen from the previous derivation and comparison that the reason for the
low capacity of I-FCFS is the impedance of more conflict points than that of R-FCFS.
Furthermore, with Equation (6), we can summarize as follows:
1
1
2
I
< C If c f s ≤ C Rfc f s <
< Csignal
<
E(hz )
E(hc )
E(hc )

(33)

It can be seen that intersection using signal control has the highest capacity benefiting
from the separating of conflict points, because the safety gaps that CAVs need to maintain
in signal control is mainly the CACC headways hc .
However, it is still unclear which strategy is better when the traffic demand does not
reach the maximum capacity. Therefore, average control delay of each strategy is used as
another performance measurement and is derived and compared in the following.
4. Delay
In addition to capacity, efficiency is also an indicator that traffic management attaches
great importance to. Average control delay of each strategy is derived and analyzed in
this section.
4.1. Delay Formulation
Derived from Little’s law, for M/G/1 queue, the average waiting time by PollaczekKhinchin mean formula is:
λE( X 2 )
E[W ] =
(34)
2(1 − λE( X ))
It should be noted that Equation (34) is only applicable when the system is stable,
meaning 1 − λE( X ) > 0. The predication of capacities and performance analysis under
heavy flow conditions is beyond the scope of this study.
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R
The service time X If c f s and X FCFS
have the similar formulation (i.e., X = P(S1 )hc +

P(S2 )hz ). Since hc and hz are independent variables, E( X 2 ) can be calculated as:
E( X 2 ) = D( X ) + E2 ( X )
= P2 (S1 )D(hc ) + P2 (S2 )D(hz ) + (P(S1 )E(hc ) + P(S2 )E(hz ))2

(35)

Calculating the corresponding values of E( X 2 ) and E( X ) and substituting them into
Equation (34), the delay of I-FCFS and R-FCFS can be obtained:
D If c f s =
D Rfc f s

=

λ M E[( X If c f s )2 ]
2{1 − λ M [E(hc ) + (E(hz ) − E(hc ))P fI c f s ]}
λ M E[( X Rfc f s )2 ]
2{1 − λ M [E(hc ) + (E(hz ) − E(hc ))P fRc f s ]}

(36)

(37)

The average control delay of I-Signal are derived as follows. In order to capture the
nature of signal control, M/M/1/setup model is used. An M/M/1/setup system can be
generalized by a renewal cycle diagram, shown in Figure 6.
λi

λi

(0, 0)

(0, 1)

µi

λi

(0, 2)

λi

αi

αi
λi

(1, 1)

···

(0, 3)
αi
λi

(1, 2)

λi

···

(1, 3)

µi

µi

µi

Figure 6. Markov chain for the M/M/1/setup.

Each state is denoted by the pair (n, m), where n is the number of on servers, and
m is the number of vehicles in the system. When the vehicles on lane i are waiting for
the right-of-way to pass through the junction (red signal), then the service is on setup
phase (n = 0), and when the vehicles are passing the junction, the service is on (n = 1)
(green signal). λi is the vehicle arrival rate of stream i, and µi is the service rate. αi in
M/M/1/setup system is called the setup rate, applied to capture the red-and-green light
switch nature of signal control. The closed-form expression of the average queue length
E( N ) in an M/M/1/setup system is derived by Gandhi et al. [42]:
E( N ) =

λi
λi
+
αi
µi − λi

(38)

The service rate µi of a particular stream i is the rate at which vehicles queueing in
lane i can potentially be served by the junction, which is related to the saturation flow rate
and the effective green ratio of the lane group which movement i belongs to. Similar to
Equation (4), µi can be calculated as (using notation from Table 1):
µ i = s0

λm
gi
λm

=

λm
gi
λm E(hc )

(39)

For a stream i, the setup rate αi is equal to the service rate of other group streams that
are on service. Similar to Equation (39), αi can be calculated as:
αi =

(λm − λm
gi )
λm E(hc )

(40)
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Further, applying Little’s law, the average delay of a vehicle in stream i is:
i
Dsignal
=

E( N )
1
1
=
+
λi
αi
µi − λi

(41)

With Equation (41), the delay expectation of the whole intersection using signal control
can be estimated as:
I
Dsignal
=

λ

λm E(hc )

1

i
+
= ∑{ i [
]}
∑ Pin Dsignal
λ M ( λ m − λ m ) µi − λi

i∈ L

i∈ L

(42)

gi

The classical Webster’s signal method [43] is used to verify the M/M/1/setup model.
A comparison of the delays calculated by the two methods under randomly generated
traffic scenario is shown in Figure 7. The result indicates that the used M/M/1/setup
model is capable of capturing signal control.

Average control delay (s)

100
80

I-Signal-Webster
I-Signal-Queueing

60
40
20
0

500

1000 1500 2000 2500 3000 3500 4000
Junction traffic arriving flow (veh/h)

Figure 7. The performance of Webster signal control and M/M/1/setup model.

4.2. Delay Comparison
To compare the delay performance of different control policies according to the theoretical formulas, the specific distributions of hc and hz of CAVs need to be known. For
conventional human-driven vehicles, the safety time gaps are more relevant to human
factors such as individual response time and reaction time. For CAVs, the safety time gaps
are determined by the control policies applied. In literature, the headway hc is normally
assumed as uniformly distributed with the parameter in range of [0.5 s, 2.0 s] [44], and this
uniform distribution of hc is applied to calculate the values of delay. The random variable
hz is estimated as 2hc in the calculation.
4.2.1. Signal vs. Signal-Free Strategies
I
According to the derived formulas, the relationships between Dsignal
and D If c f s or

D Rfc f s depend not only on the value of E(hc ), E(hz ), but also on the traffic demand λ. Four
cases with hc = 0.5 s, 1.0 s, 1.5 s and 2.0 s, respectively representing the CAVs behavior
being aggressive, less aggressive, neutral and conservative, are analyzed under the random
traffic demand pattern, in which the traffic arriving rate of each stream is randomly generated
rather than some specific demand combination. The corresponding comparison of average
delay is shown in Figures 8 and 9.
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Figure 8. Delay comparison under random demand scenario with (a) hc = 0.5 s, hz = 1.0 s and
(b) hc = 1.0 s, hz = 2.0 s.
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Figure 9. Delay comparison under random demand scenario with (a) hc = 1.5 s, hz = 3.0 s and
(b) hc = 2.0 s, hz = 4.0 s.

It can be seen that, under CAVs environment, signal control does not always dominate,
FCFS policy outperforms signal when the traffic demand is relatively lower. It is consistent
with the results illustrated in [45]: FCFS based AIM can reduce travel delay compared to
signal control under light traffic; and in [46]: FCFS policy may result in more delay than
signal under heavy traffic.
To some extent, signal-free strategies are more compatible with the advanced features
of CAVs, and the performance of the two signal-free strategies is compared in the following.
4.2.2. R-FCFS vs. I-FCFS
It is obtained that E( X If c f s ) ≥ E( X Rfc f s ) and P fI c f s ≥ P fRc f s , with the same traffic
arriving rate, comparing the theoretical formulas Equations (36) and (37), got:
D If c f s ≥ D Rfc f s

(43)

In general, under CAVs environment, for the same road junction, we can see that roundabout
using FCFS policy outperforms I-FCFS in capacity and efficiency, see Equations (32) and (43). It
is worth mentioning that this conclusion holds for any distribution of hc and hz , because they are
assumed to be generally distributed in the derivation.
In order to more intuitively reflect the performance of I-FCFS and R-FCFS, delays
are compared under two representative traffic demand patterns according to the derived
equations, as shown in Figure 10. Symmetrical traffic flow scenario refers to the case where
the traffic demand of each stream is the same, i.e., λ1 = λ2 = . . . = λ8 = λ. Note that
although the arrival rates are the same, the real traffic dynamics are not the same and
independent of each other. The asymmetrical traffic flow scenario reflects the major-minor
traffic pattern in which λ1 = 3λ; λ2 = . . . = λ8 = λ. Better performance of R-FCFS
is verified.

Sustainability 2021, 13, 9482

45
40
35
30
25
20
15
10
5
0

I-FCFS
R-FCFS
Average control delay (s)

Average control delay (s)

15 of 18

I = 1920 veh/h
Cfcfs
R = 2094 veh/h
Cfcfs

Symmetrical traffic flow scenario

0

500
1000
1500
Junction traffic arriving flow (veh/h)

2000

45
40
35
30
25
20
15
10
5
0

I-FCFS
R-FCFS
I = 1945 veh/h
Cfcfs
R = 2150 veh/h
Cfcfs

Asymmetrical traffic flow scenario

0

500
1000
1500
Junction traffic arriving flow (veh/h)

2000

Figure 10. Delay comparison under (a) symmetrical traffic flow scenario and (b) asymmetrical traffic
flow scenario.

As we emphasized, the derived delay function is only applicable when the capacity of
each strategy is not reached. Therefore, traffic simulations are conducted to corroborate the
theoretical conclusions and to demonstrate the delay of each strategy when the junction
traffic arriving rate exceeds the capacity.
SUMO traffic simulator is used to build the road junction, and TraCI interface is used
to customize the FCFS policy to SUMO [47]. Cooperative adaptive cruise control (CACC) is
adopted to simulate the car-following behavior of CAVs [48], in which the platoon headway
hc = 1 s, the critical inter-arrival between consecutive platoons is set as 2.5 s [49], and
the driver imperfection is set to σ = 0 as perfect CAV behavior is expected. The situation
shown in Figure 3 under symmetrical traffic flow scenario is simulated. The comparison of
the average vehicle delay caused by each control strategy is shown in Figure 11. For each
simulated scenario, each control has the same incoming traffic flow, thus the difference in
delay only comes from the different junction organizations and control strategies.
250

Average delay (s/veh)

200

I-FCFS
R-FCFS
R-MM

150
100
50
0

800

1200

1600

2000
2400
2800
3200
Junction traffic arriving rate (veh/h)

3600

4000

Figure 11. Delay comparison of simulation results.

As can be seen from Figure 11, under the same traffic flow situation, roundabout
adopting FCFS policy always has the best performance among the three strategies. In
addition, when the traffic flow is approaching the capacity, the control delay of each
strategy increases greatly, which is very close to the theoretically derived value. The results
of theoretical derivation are supported. The specific values for delays in Figure 11 can be
found in Table 4.
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Table 4. The average delay (s) of simulations.

Junction Traffic Arriving Rate

I-FCFS

R-FCFS

R-MM

800 veh/h
1200 veh/h
1600 veh/h
2000 veh/h
2400 veh/h
2800 veh/h
3200 veh/h
3600 veh/h
4000 veh/h

8.55
11.53
18.01
28.34
59.70
82.59
83.11
132.01
250.92

5.13
8.75
8.94
16.86
50.29
51.84
78.87
128.06
201.00

7.16
11.32
13.54
30.9
62.21
70.12
93.17
130.33
208.92

It is worth noting that the three strategies comparatively analyzed in this paper,
especially I-FCFS and R-FCFS, are very sensitive to the real-time traffic dynamics, since
the assignment of road rights in FCFS is directly related to the arrival-time of vehicles. In
other words, the randomness of traffic flow has a great influence on the performance of
these strategies [50]. As a predetermined control policy, FCFS has its limitations. This is the
reason why many optimization approaches are proposed for AIM on the basis of FCFS in
order to further improve traffic [51]. However, as mentioned in the literature review, most
of the research on signal-free junction management for CAVs, including the optimization of
AIM, are based on the intersectional organization, circular organization is rarely considered.
Through the comparison in this study, under the same circumstances, R-FCFS has a better
performance than I-FCFS, which makes it reasonable to believe that the optimization based
on R-FCFS may perform better than the optimization based on I-FCFS.
5. Conclusions
The paper sets out to compare the performance of intersection and roundabout in
terms of capacity and delay in pure CAVs environment. The same in-coming traffic demand
is guaranteed. Four management strategies are analyzed: Intersection using signal control
(I-Signal), intersection using FCFS policy (I-FCFS), roundabout adopting FCFS policy (RFCFS) and roundabout using the typical major-minor priority pattern (R-MM). Accounting
for the characteristics of CAVs, queueing theory is applied to derive the formulas based on
the general distribution of safety gaps rather than some specific distributions, which makes
the formulas more applicable. The capacity of each strategy is inversely related to safety
gaps, the smaller hc and hz , the larger the capacity. Under the same circumstances, I-Signal
has the largest theoretical capacity, while R-FCFS has the largest capacity among the three
signal-free strategies. Average delay is used as another measurement of the performance
when the capacity of each strategy is not reached. Typical demand situations are analyzed.
In terms of delay, signal-free policies outperform signal control under lower traffic demand
situations, benefiting from the advanced CAVs characteristics.
The comparison results reveal an important point that the optimal management of
CAVs based on circular trajectory organization, i.e., roundabout, could have at least the
comparable performance as the optimal policy based on the intersectional organization.
Roundabout should be given more attention in the signal-free management for CAVs. Thus,
for the same incoming traffic demand under CAVs environment, with the same optimization goals, comparing the performance of intersection and roundabout is one of our future
work. In addition, in order to facilitate the derivation of the formulas and the comparison
of performances, some necessary assumptions are used. In the future, when the exact
distributions of CAVs safety gaps are known, using the real data of junction traffic demand,
the applicable scenarios and conditions of each strategy can be further distinguished using
the proposed methods. This paper stems from the curiosity about whether roundabout
has comparable performance to intersection under the pure CAVs environment. However,
CAVs will coexist with conventional vehicles for a foreseeable transitional stage, as the
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full penetration of CAV technology still requires long-term development and evolution,
which makes the mixed traffic composed of CAVs and conventional vehicles inevitable.
The analysis of mixed traffic is of great significance, and is one of our future works.
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