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Abstract: As an unconventional design to alleviate the conflict between left-turn and through
vehicles, Continuous Flow Intersection (CFI) has obvious advantages in improving the sustainability
of roadway. So far, the design manuals and guidelines for CFI are not enough sufficient, especially
for the displaced left-turn lane length of CFI. And the results of existing research studies are not
operational, making it difficult to put CFI into application. To address this issue, this paper presents a
methodological procedure for determination and evaluation of displaced left-turn lane length based
on the entropy method considering multiple performance measures for sustainable transportation,
including traffic efficiency index, environment effect index and fuel consumption. VISSIM and
the surrogate safety assessment model (SSAM) were used to simulate the operational and safety
performance of CFI. The multi-attribute decision-making method (MADM) based on an entropy
method was adopted to determine the suitability of the CFI schemes under different traffic demand
patterns. Finally, the procedure was applied to a typical congested intersection of the arterial
road with heavy traffic volume and high left-turn ratio in Xi’an, China, the results showed the
methodological procedure is reasonable and practical. According to the results, for the studied
intersection, when the Volume-to-Capacity ratio (V/C) in the westbound and eastbound lanes is
less than 0.5, the length of the displaced left-turn lanes can be selected in the range of 80 to 170 m.
Otherwise, other solutions should be considered to improve the traffic efficiency. The simulation
results of the case showed CFI can significantly improve the traffic efficiency. In the best case,
compared with the conventional intersection, the number of vehicles increases by 13%, delay, travel
time, number of stops, CO emission, and fuel consumption decrease by 41%, 29%, 25%, 17%, and
17%, respectively.

Keywords: CFI; displaced left-turn lanes length; VISSIM; SSAM; sustainable transportation; MADM;
entropy method

1. Introduction

The rapid growth of the number of motor vehicles has brought about serious traffic
congestion. The time costs due to delays, the additional economic costs, and the environ-
mental pollution costs caused by urban traffic congestion seriously affect public life and
restrict economic development [1,2]. Under this circumstance, sustainable roadways and
sustainable transportation, which aim at solving traffic congestion, reducing environmental
pollution and optimizing resource utilization, should be vigorously developed, which is of
great significance to the urban development and transportation.

An intersection is a bottleneck node in an urban road network [3]. Solving the con-
gestion of intersections is the key to settling down the problem of urban traffic congestion,
while the conflict between left-turn and through vehicles is the key factor in increasing
vehicles’ delay and reducing vehicle throughput of intersections [4–6]. Setting a left-turn
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protection phase could alleviate the conflict between left-turn vehicles and through vehi-
cles, but it will increase delay. The solutions to these problems have always been issues
that engineers have devoted themselves to solve. In terms of the algorithm of the traf-
fic signal control, an SFM (Semi-decentralized Feudal Multi-agent)-LSAC (Learned-goal
Soft Actor-Critic) algorithm was proposed for multi-intersection traffic signal control [7].
Another article developed a novel traffic coordination control method to optimize the
coordination parameters of green time plans and offset for all intersections along oversatu-
rated arterial [8]. Besides, considering the settings of left-turn bays, two single-objective
optimization models were developed for paired intersections with uncoordinated and
coordinated signals [9]. A review article analyzed the current method of traffic signal
timing and presented several directions for future research [10]. An unconventional left-
turn waiting area design is also an innovative approach to mitigate traffic congestion at
signalized intersections. Some scholars evaluated the effects of left-turn waiting areas and
exclusive left-turn lanes on capacity and level of service at signalized intersections [11,12].
Another scholar proposed a series of design pattern left-turn waiting areas for different
combinations of spatial and temporal treatments of left-turn movements [13]. In addition,
a procedure for evaluating the impacts of left-turn waiting areas at signalized intersections
considering multiple performance measures was presented, and the implementation of
left-turn waiting areas on both approaches with a dual-lagging left-turn phase was rec-
ommended [14]. A previous study showed the utilization of the left-turn waiting area
significantly improves the discharge rate of the through lane without compromising the
efficiency of left-turning flows [15]. Another paper proposed a dynamic strategy on the
prohibition of left turns [16]. In terms of optimizing traffic control strategies, a paper used a
mathematical model for a traffic equilibrium network to solve the problem of how to select
the most appropriate combination of these strategies in the network [17]. Signalization
and channelization design is also a method to reduce traffic deceleration, delay, and other
problems at intersections [18]. And an exclusive spur dike U-turn lane design (ESUL) can
be used to solve the traffic congestion and conflicts in the U-turn diversions and merge
segments [19].

With the increase in traffic demand, the effects of the above strategies have reached
theoretical limits. Traffic engineers have begun to seek new geometric designs to im-
prove operation efficiency for urban intersections; thus, the unconventional intersection
design emerges.

1.1. Unconventional Intersections

A contraflow left-turn lane (CLL),one of unconventional intersections, provides addi-
tional left-turn capacity at intersections by dynamically using contraflow exit lanes [20–23].
As another unconventional intersection, the U-turn (UT) requires left turning vehicles to
follow through vehicles crossing the intersection and U-turn at the downstream opening
to achieve indirect left turning [24,25]. The UT design reduces the number of phases
but increases the travel time of left-turn vehicles. A parallel flow intersection (PFI) is a
kind of displaced left-turn lane, which releases the through traffic flow of one road and
the left-turn traffic flow of another road simultaneously [26]. The disadvantage of the
PFI is that left-turn vehicles could encounter three signal lights. An upstream signalized
crossover intersection (USC) eliminates the conflict between left-turn vehicles and through
vehicles by allowing left turning vehicles and through vehicles to cross to the left side of
the road upstream of the main intersection, while right turning vehicles remain on the right
side [27]. In addition, an innovative design of roundabouts has been proposed, and some
scholars have evaluated its effect on the reduction of road pollutant emissions [28,29]. The
intersection with special width approach lanes is also an unconventional intersection [30].

1.2. Continuous Flow Intersection

Several unconventional intersections are described above. However, the most widely
recognized and used is the continuous flow intersection (CFI) (also named a displaced left-
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turn intersection, DLT). A CFI redistributes the rights to use the lanes by setting a crossover
intersection and pre-signal at a distance upstream of the main intersection, and guides
the left-turn vehicles at the crossover intersection to the outside of the opposite through
vehicles (the displaced left-turn lane); finally, the left-turn vehicles are released together
with the through vehicles [31]. In this way, the conflict between left-turn vehicles and the
opposite through vehicles is advanced to the crossover intersection, and the vehicles at the
intersections can operate under a two-phase signal [32]. The CFI design includes two types:
full CFI and two-leg CFI. For a full CFI design, the main intersection is located in the center,
and the four crossover intersections are located in the four approaching legs [32]. A two-leg
CFI is an intersection containing displaced left-turn legs in two directions, with the other
two legs having the same geometry as a conventional intersection [31]. The CFI design
not only makes full use of the idle road resources at intersections but also has obvious
advantages in reducing the number of signal phases, reducing the environmental pollution,
shortening the cycle time, and improving the capacity, so that it can be considered as a
sustainable intersection design. Recently, the CFI has attracted an increasing amount of
attention, and a great amount of research has been carried out, focusing on the geometric
layout, traffic signal control, and traffic efficiency.

1.2.1. Geometric Layout of CFI

The geometric layout of CFI has always been one of the focuses of scholars’ research,
which may be attributed to the improvement of CFI capacity and its unique geometric
layout. So far, scholars have done a lot of research studies. A study developed a set of
planning-stage models for the geometry of the CFI design [31]. The geometry physical
model and design principles of the CFI were illustrated in another study [33]. An improved
CFI layout was proposed to ensure the safety of pedestrians and non-motor vehicles and
to eliminate the conflict between left-turn and right-turn vehicles [34]. Some scholars
optimized the design of the intersection, the lane marking, and the length of the displaced
left-turn lane by formulating mixed integer nonlinear programming [35]. VISSIM micro
simulation was used to discuss the distance between the main intersection and the crossover
intersection under different traffic conditions. The results showed that the larger the traffic
volume is, the more distance between the main intersection and the crossover intersection
is needed [36]. A study showed that the length between the main intersection and the
crossover is the most important design variable affecting the operation effect of a CFI [37].
There are also papers arguing that the delay of a CFI is not only related to the traffic
volume but also the length of the shifted left-turn lane, and its length was determined
by identifying the queue hysteresis position [32]. A guide for the displayed left-turn
intersection published by the Federal Highway Administration points out that the distance
between a main intersection and a pre intersection is generally between 100 and 150 m, but
it is not always possible to stay within these ranges [38]. In previous studies, the length of
the displaced left-turn lane was 100 m [39]. A simplified CFI without a sub-intersection,
called CFI-Lite, was proposed to solve the problem in which the geometric conditions
of some intersections do not meet the requirements of setting left-turn waiting areas at
sub-intersections [40]. In addition, relevant papers have also studied the design scheme
of pedestrian crossing facilities at CFIs [39]. The innovative design of a left-turn bicycle
at a CFI has been put forward, which can eliminate the conflict between left-turn bicycles
and opposite through vehicles [3]. In addition, a geometric improvement to the CFI was
analyzed to enhance pedestrian accommodations [41].

1.2.2. Signal Control of CFI

Due to the uniqueness of the geometric layout of CFI, signal optimization for CFI has
been an problem for traffic engineers to solve. Signal optimization models for asymmetric
CFIs based on its unique geometric features were proved by simulation to be effective
in providing signal progress to critical path-flows and preventing the potential queue
spillover on short turning bays [42]. Monte Carlo simulation was used to find the optimal
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signal time to minimize delay [43]. On the basis of the explicitly built modeling of critical
features and key constraints of a CFI, a model for the optimization of signal timings of a
full CFI was presented [31]. In other papers, signal optimization models were presented
for a two-leg asymmetric CFI design when geometric conditions were limited [42–44].
Another paper proved the design methodologies for providing pedestrian access and
related pedestrian signal timings can optimize vehicular traffic performance [35]. In
addition, how an Intelligent Transportation System (ITS) technology, named Transit signal
priority (TSP), affects CFI design was studied [45]. A dynamic optimized method of traffic
signal timing parameters was proposed considering the coordination of traffic signals
between main intersections and crossovers at a CFI [34].

1.2.3. Traffic Efficiency of CFI

From the perspective of traffic efficiency, traffic simulations were used to compare the
operational performance between the CFI and PFI designs, showing that the operational
performance of the PFI and CFI is similar, but the CFI has a higher left-turn capacity
than the PFI [26]. An accessible tool, i.e., the statistical models, was developed to assess
average delay and average queue length for a CFI [46]. The results of comparisons between
seven unconventional aerial intersection designs showed that the CFI design has the best
operation effect on travel time [47], and another study showed that the CFI has the lowest
delay among the four unconventional intersections [48]. In terms of capacity, a full CFI is
better than a partial CFI [35]. In addition, signing and marking, as well as traffic safety
benefits of the CFI, have also been of interest [49,50].

As mentioned above, the existing studies have consistently concluded that the traffic
efficiency of CFIs is better than that of conventional intersections, and some built CFIs
have achieved good results. Nevertheless, many key issues related to CFIs still need to
be further studied, especially the details in the geometric design, especially the length
of the displaced left-turn lane. In fact, it has a great impact on the overall operational
effectiveness of CFIs, which should not be too short or too long. If it is too short, it tends to
cause queue overflow when the intersection traffic is heavy; conversely, if it is too long,
the signal coordination control is less effective. As can be seen from the above, on the one
hand, the description in the relevant manuals is not enough sufficient, only pointing out
that the length is generally within from 100 m to 150 m, and most of the relevant studies
use the queue length to estimate the length of the displaced left-turn lane, so the results are
not operational and difficult to be put into application; on the other hand, different traffic
volumes require different lengths for the displaced left-turn lane. So far, the length of the
displaced left-turn lane under various demand patterns has not been well determined, and
the impact of it on the operation efficiency of the intersection is rarely considered in the
current research. Therefore, it is necessary to find a common and easy-operating method to
determine the length of the displaced left-turn lane for different traffic demand modes.

This paper presents a methodological procedure for evaluation and analysis of dis-
placed left-turn lanes length based on the entropy method, with the aim of guiding the
design and application of CFI. In the methodological procedure, the CFIs with different
displaced left-turn lane lengths were regarded as different schemes. Aiming for sustainable
transportation, six indexes obtained from VISSIM, including number of vehicles, delay,
number of stops, travel time, CO emission, and fuel consumption, were used to evaluate the
operational performance of these schemes. SSAM was used to evaluate the safety of CFIs
schemes, and sensitivity analysis was conducted to analyze the operational performance of
CFI under different traffic volumes. Finally, the methodological procedure was applied to
an intersection of arterial roads in Xi’an, verifying the rationality and practicality of the
methodological procedure.

The rest of the paper is organized as follows: Section 2 introduces the methodological
procedure for determining the length of the displaced left-turn lane. Section 3 details the
case study from Xi’an in China. Section 4 discusses and analyzes the results obtained
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by applying the methodological procedure of the case study. The conclusion is drawn in
Section 5 to summarize the paper.

2. Methodological Procedure
2.1. Field Data Collection

To analyze the traffic flow characteristics of the intersection to be modified and to
achieve the research objective, real traffic data needs to be collected. Data collection should
be carried out in good weather conditions. The criteria in the intersection selection process
are as follows:

(1) The selected intersection should have large amounts of left-turn traffic.
(2) There should be a limited number of pedestrians or cyclists.
(3) There is no construction area near the intersection.

The time of data collection: According to the traffic analysis report of China’s major
cities in the third quarter of 2020 provided by AutoNavi Traffic Big Data, the morning
peak occurs between 7:00 a.m. and 9:00 a.m., the evening peak occurs between 5:00 p.m. and
7:00 p.m., and the valley (excluding late night) appears between 12:00 p.m. and 2:00 p.m. [51].
Therefore, the field data collection could be carried out during peak and valley hours
on weekdays.

The data that need to be collected are as follows:

(1) The traffic volume and turning ratio, including left turns and right turns.
(2) The running speed and types of all vehicles in each lane.
(3) The current signal timing and geometric design parameters of the intersection.

2.2. Problem Analysis and Improvement Schemes Design

Analyzing the traffic characteristics of the intersection and selecting the CFI type is
one of the most important parts of this study. So far, the CFI design includes four types [31]:
(1) Full CFI: the main intersection is located in the center, and the four left-turn crossover
intersections are located in the four approaching legs; (2) CFI-T intersection: a T-intersection
that contains one CFI leg; (3) Two-leg CFI (Type A): an intersection containing displaced
left-turn legs in two opposite directions, with the other two legs having the same geometry
as a conventional intersection; and (4) Two-leg CFI (Type B): an intersection containing
displaced left-turn legs in two perpendicular directions, the other two legs having the same
geometry as a conventional intersection.

The CFI type is determined by the traffic characteristics, especially the left-turn ratio.
This is because CFI is suitable for roads with large traffic volume and high left-turn ratio,
setting CFI in the entrance road with low left-turn traffic volume may not bring ideal
improvement effect. After determining the CFI type, to explore the length of the displaced
left-turn lane for the CFI scheme, several CFI schemes with different lengths within the
range suggested by the relevant manual can be regarded as different schemes and their
operational performance should be compared and evaluated. One of the advantages of this
method is that it is easy to apply, and the optimal scheme can be selected quickly without
complicated calculations.

2.3. Development and Application of Simulation Model
2.3.1. Development of Simulation Model

Ideally, traffic data should be collected before and after the CFI application to ver-
ify the effectiveness of CFI schemes. But it is difficult to achieve in practice, especially
when the CFI is not built. Therefore, simulation is an alternative option. As an effective
tool to evaluate traffic engineering design and urban planning, VISSIM has become the
standard of simulation software. Therefore, in this study, VISSIM is used to simulate and
evaluate the schemes. Firstly, the simulation models of existing schemes and CFI schemes
should be established. Secondly, to ensure the accuracy of the simulation, the geometric
parameters (i.e., number of lanes, lane widths), the expected speed, traffic volumes, the
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traffic compositions, and the vehicle paths in the VISSIM simulation model should be
consistent with the actual situation. In addition, conflict areas, reduced speed areas and
signal control machines should be set up to match the actual traffic control methods and
conditions in practice.

2.3.2. Calibration of Simulation Model

VISSIM parameters need to be calibrated and verified with field survey data to ensure
that the simulation is consistent with the actual situation as possible [52,53]. Several
calibration parameters in the VISSIM simulation model are the gap acceptance model, the
car-following model, and the lane-changing model [54,55]. Capacity is mainly used to
calibrate the VISSIM simulation model [56,57]. It can reflect the multiple attributes of the
simulation model, and is very sensitive to the path selection behavior, so capacity is a good
choice for calibration. After inputting the traffic data collected into the simulation model in
VISSIM, if the capacity output from VISSIM simulation is close to the collected capacity,
it can prove that the VISSIM model is accurate. The smaller the difference between the
simulated capacity and the measured capacity, the more accurate the simulation model is.
The mean absolute percentage error(MAPE) is generally used as an indicator to evaluate
the simulation error, which can be calculated by Equation (1):

MAPE =
1
n

n

∑
f=1

∣∣∣∣∣C
f
v − C f

a

C f
a

∣∣∣∣∣, (1)

where n denotes n units of vehicle flow in all directions, C f
v denotes the simulated capacity

in the VISSIM model (veh/h), and C f
a denotes the actual investigated capacity of each flow.

2.3.3. Analysis of the Impact of CFI Applications on Traffic Operations and Environment

After calibration, the VISSIM simulation model need to be run to evaluate the opera-
tional performance and environmental impact of CFI schemes. Various evaluation indexes
can be obtained from VISSIM, including operational efficiency indexes, fuel consumption,
and different types of pollutant emissions. Among them, travel time, delay, and the number
of stops are the most commonly used indexes [56]. With the increasingly serious traffic
congestion and air pollution problems in China in recent years, sustainable development
has become more and more important [58]. Therefore, the sustainable evaluation of con-
struction projects should be carried out [59,60]. And the evaluation index for sustainable
development should include not only the index of traffic conditions but also environmental
protection. In this paper, six sustainable performance indicators: the travel time, delay,
number of stops, number of vehicles, CO emissions, and fuel consumption are used to
evaluate the operational characteristics and sustainability of CFIs.

2.4. Safety Evaluation

A complete traffic evaluation should include not only an operational assessment but
also a safety assessment. The surrogate safety assessment model (SSAM), a simulation
conflict analysis software developed by American scholars, is widely used in the area
of traffic safety assessment [61,62]. The SSAM can analyze the simulation conflict of
microscopic traffic simulation model and obtain the simulation conflict data, so as to replace
the historical accident data and actual conflict data for indirect traffic safety evaluation
of specific traffic facilities [53,63]. It takes the vehicle trajectory file output from the
microscopic traffic simulation model as the research object, calculates various conflict
analysis indicators according to certain algorithms, and uses the built-in statistical analysis
function to identify, classify, and divide the severity of simulation conflicts, which can help
to analyze and design safe traffic facilities. Crossing, rear end, and lane change are the
three types of conflicts it outputs, which can be used to evaluate the safety of the schemes.
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2.5. Sensitivity Analysis of Operational Performance

All the above steps are based on the measured traffic volume, which limits the com-
prehensive evaluation of different schemes in this paper. In order to cover as many traffic
conditions as possible, the operation effects under different situations should be simulated.
Since the objective of this paper is to select the optimal length of displaced left-turn lanes
for different traffic volumes, the sensitivity analysis should mainly analyze the change of
evaluation index with the change of traffic volume.

2.6. MADM Based on Entropy Method

Sustainable transportation not only requires improvement in transportation efficiency
but also pollution reduction [64]. How to choose the optimal length scheme with the best
operation performance and the lowest environmental pollution among several options
by evaluating several separated indexes is the key problem that must be solved. Multi-
attribute decision-making (MADM) is a scientific and effective method of selecting opti-
mal alternatives considering multiple attributes, which is also known as multi-objective
decision-making with limited alternatives. In the context of sustainable development,
MADM is widely used in energy conservation and emission reduction assessment [65,66].
In MADM, it is generally necessary to determine the importance of indicators by calculating
the weights of evaluation indicators.

The entropy method,as an objective weighting method, is widely applied to
evaluate schemes with multiple factors, rather than evaluating several indicators
separately [67–71]. It determines the weight of index according to the information provided
by the observation value. In information theory, entropy is a measure of uncertainty. The
greater the amount of information, the smaller the uncertainty and entropy. According to
the characteristics of entropy, we can judge the dispersion degree of an index by entropy,
and the greater the dispersion degree of an index, the greater the influence of the index on
the comprehensive evaluation. Therefore, according to the variation degree of each index,
the weight of each index can be calculated by information entropy, which provides the
basis for the comprehensive evaluation of multiple indexes. The core of entropy method
can be summarized in two parts: calculating the weights of the indicators and scoring
the solutions.

2.6.1. Calculation of the Weights for the Indicators

Suppose there are a total of z groups of situations, m schemes and n indexes. The
weights were calculated as follows.

Step 1: As mentioned above, each scheme has n indexes, and each index has z val-
ues. We combined the simulation results and converted them into m matrices with z*n
columns Mk:

Mk = [Vk,t, Dk,t, Sk,t, Tk,t, Ck,t, Fk,t], (2)

where k denotes the design scheme, k = 1tom; t denotes the traffic volume combinations,
t = 1 to z; V, D, S, T, C, and F denote the number of vehicles, delay, number of stops, travel
time, CO emissions, and fuel consumption, respectively.

In the matrix Mk,
Vk,t = [Vk,1, Vk,2, Vk,3, · · · , Vk,z]

T . (3)

Step 2: In order to compare the simulation results of the seven schemes for each traffic
volume combination, the m matrices M1 to Mm were split and reorganized. For each traffic
volume combination, the simulation results of the m schemes are combined into matrix Xt:

Xt =


M1(t, ·)
M2(t, ·)
M3(t, ·)

...
Mm(t, ·)

, (4)
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where M1(t, ·) represents the t-th row of M1, representing the value of six indexes under the
t-th traffic volume combination of Scheme 1. Thus, Xt consists of m rows and n columns.

Xt =


V1,t D1,t S1,t T1,t C1,t F1,t
V2,t D2,t S2,t T2,t C2,t F2,t
V3,t D3,t S3,t T3,t C3,t F3,t

...
...

...
...

...
...

Vm,t Dm,t Sm,t Tm,t Cm,t Fm,t

. (5)

The weights of the n indexes under different traffic volume combinations are different,
so z situations correspond to z sets of weights. The procedure for calculating the weights
of the n indexes using the entropy method is as follows.

(1) Denote each element of the matrix Xt as yij, while Xt is denoted as Y, as shown in
the following.

Y =


y11 y12 y13 · · · y1n
y21 y22 y23 · · · y2n
y31 y32 y33 · · · y3n

...
...

...
. . .

...
ym1 ym2 ym3 · · · ymn

. (6)

Denote each column of the matrix Y by yj:

yj =
[

y1j y2j y3j · · · ymj
]T , (7)

where m denotes the total number of schemes; n represents the total number of indexes; j
denotes the j-th index.

In this way, the matrix Y can be converted into the following form:

Y =
[

y1 y2 · · · yj · · · yn
]
. (8)

Among the selected six evaluation indexes, for the number of vehicles, the higher the
value, the greater the capacity of the scheme, while, for the other five indexes, the lower the
value, the better the scheme. In order to unify the evaluation method, the six indexes need
to be processed forward or backward. We selected forward processing for the six indexes,
so that a higher value represents a better result. The formula for forward processing is
as follows.

y′1j =

{
max

{
y1j, y2j · · · ymj

}
− y1j, j 6= 1

y11, j = 1
. (9)

We denote yj as y′j after forward processing:

y′j =
[

y′1j y′2j · · · y′mj

]T
. (10)

In this way, Y can be expressed as Y′ after forward processing.

Y′ =
[

y′1 y′2 · · · y′ j · · · y′n
]
. (11)

(2) Standardization of indicators: homogenization of heterogeneous indicators. Since
the units of measurement of each index are not uniform, we should first standardize them,
that is, convert the absolute value of the index to the relative value, so as to solve the
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homogenization problem of different index values. The formula of standardization is
as follows:

y′′kj =
y′kj −min

{
y′1j, · · · , y′mj

}
max

{
y′1j, · · · , y′mj

}
−min

{
y′1j, · · · , y′mj

} k = 1, 2, · · ·m; j = 1, 2 · · · n. (12)

After normalization, a new matrix Y′′ is generated:

Y′′ =
[

y′′1 y′′2 · · · y′′ j · · · y′′n
]
. (13)

(3) Calculate the proportion of scheme k in index j:

pkj =
y′′kj
m
∑

k=1
yij

. (14)

Calculate the entropy of index j:

ej = −λ
m

∑
k=1

pkj ln(pkj), (15)

where λ = 1/ ln(m), and ei ≥ 0.
Calculate the difference coefficient of index j.

dj = 1− ej. (16)

The weight of each index can be calculated by the following formula:

wj =
dj

n
∑

j=1
dj

. (17)

The weights of all indicators under the t-th traffic volume combination are calculated
and put into the matrix Ws.

Ws =
[

ws,1 ws,2 · · · ws,n
]
. (18)

The z sets of weights corresponding to z situations form the matrix W.

W =
[

W1 W2 · · · Ws · · · Wz
]
. (19)

2.6.2. Evaluation and Selection of Schemes

Based on the weights of the six indexes obtained above, the scores of the seven schemes
under each traffic volume combination can be calculated to find the scheme with the best
performance. The specific scoring process is as follows.

(1) The weight of scheme k under indicator is calculated above. Multiply it with the
weight of indicator to obtain the score of index j in scheme k.

qkj = wsj × pjk, j = 1 : n; k = 1 : m. (20)

(2) The total score of scheme k can be calculated as follows:

qk =
n

∑
j=1

qkj. (21)
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(3) The scores of all schemes under traffic combination t can be expressed as a matrix
Zs, as shown in Equation (22).

Qt =
[

q1 q2 · · · qm
]T . (22)

(4) The scores of all schemes under z situations form the matrix Q:

Q =
[

Q1 Q2 · · · Qt · · · Qz
]T . (23)

In this way, the optimal scheme can be selected under each traffic volume combination.

A =


k, i f qk = max Q1
k, i f qk = max Q2

...
k, i f qk = max Qz

, k = 1 : m. (24)

Matrix A contains z scheme numbers, representing the optimal scheme for each traffic
volume combination. In this way, the optimal length of a CFI’s displaced left-turn lane for
different traffic volumes can be obtained.

The methodological procedure discussed above can be summarized, as in Figure 1,
as follows.

Figure 1. Methodological procedure for studying the length of the displaced left-turn lanes of
Continuous Flow Intersection (CFI).

3. Case Study
3.1. Case Description

Xi’an, the capital of Shaanxi Province, has 41.7% of the high delay operation time of
the road network in 2019, ranking first among the 50 major cities in China [51]. Alleviating
intersection congestion in Xi’an has important implications to other cities. An intersection
in the Yanta district, Xi’an, located at the junction of Dianzi 1 Road, Keji 2 Road, and Taibai
South Road, is one of the typical congested intersection. It is located in the southwest
of Xi’an, as shown in Figure 2, and the actual situation of the intersection is shown in
Figure 3. There are many left-turning vehicles at this intersection, especially in the east–
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west direction. The reason for this is, as the arterial road, Taibai South Road crosses
through the Gaoxin district and serves as a daily route for commuters. A large number of
vehicles from Dianzi 1 Road and Keji 2 Road merge into Taibai South Road during the peak
commuting hours on weekdays. In addition, under conventional four-phase signal control,
left-turning vehicles take up a portion of the green time to pass the intersection during a
signal cycle, which makes the green time available for the through and left-turn vehicles of
each phase very limited, so traffic congestion, traffic chaos, or even traffic paralysis always
occurs in the morning and evening peak hours, which seriously affects the traffic efficiency
of the intersection.

Figure 2. The location of the investigated intersection in Xi’an. The geographical background of the
map can be obtained from https://alvarcarto.com/phone-background/generator/?lat=41.3942&
lng=2.1708&zoom=12&mapStyle=bg-darkgray&header=Barcelona (accessed on 8 May 2021).

Figure 3. The current situation of the investigated intersection in Xi’an. Dianzi 1 Road is in the east
and Keji 2 road is in the west. The north–south road is Taibai South Road. This graphic was taken by
a drone at a height of 150 m. Coordinates: 108.907889474, 34.219308643.

3.2. Data Collection

The field data collection was carried out during peak and valley hours on 23 October
2020. The congestion delay index of Xi’an on 23 October 2020 is shown in Figure 4.

https://alvarcarto.com/phone-background/generator/?lat=41.3942&lng=2.1708&zoom=12&mapStyle=bg-darkgray&header=Barcelona
https://alvarcarto.com/phone-background/generator/?lat=41.3942&lng=2.1708&zoom=12&mapStyle=bg-darkgray&header=Barcelona
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Figure 4. The congestion index in Xi’an on 23 October 2020. The real-time congestion index can be
gathered from the Autonavi Company at https://report.amap.com/detail.do?city=610100 (accessed
on 8 May 2021).

A drone, a smartphone, and two radars were used to collect data, with the former two
used for the vehicle count and the latter for collecting the operating speeds of vehicles. The
collected traffic volume is listed in Table 1.

Table 1. Collected data during investigation.

Item Morning Peak Hour Noon Valley Hour Evening Peak Hour

Traffic volume (veh/h) 7935 7857 6335

Traffic volume in the morning peak hour is highest, so it is selected as the representa-
tive traffic volume, the detailed data of which is listed in Table 2.

Table 2. Collected data during the morning peak hour.

Item Flow Flow Car Bus Truck Average Speed Max.Speed Min.Speed
Number (km/h) (km/h) (km/h)

Westbound
Left-turn 1 390 7 0

31.68 70.56 0Through 2 570 36 0
Right-turn 3 79 22 0

Eastbound
Left-turn 4 346 0 0

22.32 63.72 0Through 5 714 36 0
Right-turn 6 115 0 0

Southbound
Left-turn 7 137 7 7

15.48 54 0Through 8 2085 79 22
Right-turn 9 455 29 0

Northbound
Left-turn 10 87 0 0

9.0 29.88 0Through 11 2330 43 7
Right-turn 12 332 0 0

In this table, 0 km/h means the stops of vehicle, which would occur in the following two situations: (1) The traffic lights in the direction for
the vehicle are red, so the vehicle needs to stop and wait; (2) The congestion is too severe to move for vehicles, so even the traffic lights in
the direction for the vehicle are green.

The collected data show the following characteristics:

(1) The left-turn ratio of vehicles traveling westbound and eastbound is higher than that
of vehicles traveling southbound and northbound.

(2) The vehicles’ running speed varies greatly, and the average running speed of vehicles
in four directions is far below the speed limit (60 km/h).

https://report.amap.com/detail.do?city=610100
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(3) Cars account for most of the vehicles.

3.3. Design Scheme Description and Geometry Layout
3.3.1. Design Scheme Description

The collected data shows there are fewer left-turning vehicles in the northbound
and southbound directions, so the geometric layout of CFI for this intersection in these
two directions is kept unchanged, and only the geometric layout in the eastbound and
westbound directions is redesigned. This kind of CFI is called a two-leg CFI (Figure 5b).

(a) Illustration of the existing design. (b) Illustration of the two-leg CFI scheme.

Figure 5. Illustration of the existing design and the two-leg CFI scheme.

Figure 5a is an illustration of the current situation of the intersection, with two left-turn
lanes at the west and east approach, and the width of each lane in all approaches is 3 m.
A widening transition section with a length of 65 m exists in the west entrance. Figure 5b
shows the redesigned two-leg CFI scheme based on the existing road conditions and space
resources, and it redistributes the right to use existing lanes without adding additional
left-turn lanes. In order to control the variables, in the two-leg CFI scheme, the number
of lanes in each direction is consistent with the existing scheme. It is not possible that
the length of a displaced left-turn lane is always in the range of 100∼150 m [38], so we
extended the range to 50∼200 m and considered six lengths, creating six different schemes,
to determine which length of the displaced left-turn lane for the two-leg CFI scheme is most
applicable to the above intersection. The length ranges from 50 to 200 m, with intervals
of 30 m. The six schemes are denoted as Scheme 2 to Scheme 7. Scheme 1 is the existing
design as a benchmark for comparison.

Figure 6 shows the paths of vehicles in the two-leg CFI, taking the westbound direction
as an example. The flows f = 2 and f = 5 are the through traffic in the East to West (EW)
and West to East (WE) lanes, respectively, which are the main traffic flow with relatively
heavy traffic, and the flows f = 1 and f = 4 are left-turn traffic in the East to South
(ES) and North to East (NE) lanes, respectively. The main difference between CFI and
conventional intersection lies in the path of left-turn and through vehicles. For through
vehicles, they need to pass through two intersections: the main intersection and the pre-
intersection. After arriving at the main intersection, if the main signal light for through
is green, the through vehicles directly pass through the main intersection and arrive at
the pre-intersection. At this time, the pre-signal for through is also green after the signal
coordination control, so the through vehicles can pass through the main intersection and
pre-intersection continuously.
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Figure 6. The paths of vehicles in the two-leg CFI. In the figure, W, E, N, and S are abbreviations of
West, East, North, and South, respectively, and the arrows with different colors show six different
flows. For example, ES denotes east to west traffic flow.

It is more complex for left-turn traffic flow to complete left-turn at CFI, and the whole
process can be divided into two steps. Step 1: The vehicles in flow f = 1 drive to the
left-turn stop line before the pre-intersection; if the pre-signal for left-turn is green, they
will pass through the pre-intersection and enter the displaced left-turn lanes and arrive
at the main intersection. If the signal light at pre-intersection is red, wait. Step 2: When
the left-turn vehicles arrive at the main intersection, if the through light is turning on, they
will leave the main intersection. The right turning flows f = 3 and f = 6 operate in the
same way as conventional intersections. Compared with the existing scheme, the two-leg
CFI schemes eliminate the special phases for left turning in the eastbound and westbound
directions, turning the four-phase control of the main intersection into a three-phase control.

3.3.2. Geometry Layout

The geometrical parameters of the two-leg CFI are shown in Figure 6 and Table 3,
taking the design of the eastbound lanes as an example. Section AB widens a left-turn lane
by compressing the green belt, and Section BC stores the left-turn vehicles arriving in a
pre-signal period. The vehicles cross the CD section and reach the displaced left-turn lane
during the through vehicles crossing the intersection in the south and north directions. The
ED segment is used to store the vehicles passing when the signal light for a left turn at the
pre-intersection is green.

Table 3. Geometric parameters of the two-leg CFI.

Item Description

LAB 30 m. Length for widening a left-turn lane.
LBC 100 m. The queue length of left-turn vehicles during the period when the pre-signal light for left turns is red.
LCD 45 m. Length of left-turn vehicles crossing from the BC segment to the displaced left-turn lane DE.

LDE
50 m/80 m/110 m/140 m/170 m/200 m in Scheme 2 to Scheme 7, respectively.
Wait area length in case of flow needing to wait to turn left.

The lengths of all the sections described above are based the ‘Policy on Geometric
Design of Highways and Streets’ [72]. The lengths of all sections were input into the
VISSIM simulation model to evaluate the performance of the CFI design at a design speed
of 60 km/h.
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3.4. VISSIM Calibration and Calculation of Operational Measures
3.4.1. Calibration Results

Based on the VISSIM calibration method proposed above, we calibrated the established
model with the collected data. The calibration results and calculated MAPEs are shown in
Table 4.

Table 4. VISSIM simulation calibration results.

Direction Westbound Eastbound Northbound Southbound

Flow LT TH RT LT TH RT LT TH RT LT TH RT
Investigated capacity (veh/h) 397 606 101 346 750 115 87 2381 332 152 2186 483
Simulated capacity (veh/h) 400 632 107 370 749 117 78 2004 331 146 2063 486

Individual MAPE (%) 0.76 4.29 5.94 6.94 −0.13 1.74 −10.34 −15.83 −0.30 −3.95 −5.63 0.62
MAPE (%) 4.71

In this table, ‘LT’, ‘TH’, and ‘RL’ denote ‘Left-Turn’, ‘Through’, and ‘Right-Turn’ vehicles, respectively.

The error between the capacity in the VISSIM simulation model and the actual capacity
is 4.71%, which shows that the calibrated VISSIM simulation model provides a reasonable
capacity estimation. The estimated error is considered acceptable in a practical engineering
application [57,73].

3.4.2. Simulation Results

A total of 7 simulations were carried out: the existing scheme and the six two-leg CFI
schemes. The collected data listed in Table 3 were input into the VISSIM simulation model.
The simulation results were used to evaluate the operation effect of six two-leg CFI designs,
as shown in Table 5.

Table 5. Operational performance of seven schemes with morning peak hour data.

Scheme Item
Number Delay Number Travel Time CO Fuel

of Vehicles of Stops Emissions Consumption
(Veh/h) (s) (Times/Veh) (s) (Grams/h) (Gallons/h)

1 Result 7472 55.515 0.783 108.079 19061.405 272.695

2 Result 8017 34.078 0.678 76.078 17756.766 254.031
Rate 7.29% −38.61% −13.51% −29.61% −6.84% −6.84%

3 Result 8037 34.306 0.685 76.657 17853.019 255.408
Rate 7.56% −38.20% −12.54% −29.07% −6.34% −6.34%

4 Result 8037 34.157 0.688 76.148 17853.545 255.415
Rate 7.56% −38.47% −12.22% −29.54% −6.34% −6.34%

5 Result 8037 33.879 0.684 75.935 17811.231 254.81
Rate 7.56% −38.97% −12.64% −29.74% −6.56% −6.56%

6 Result 8076 33.809 0.684 77.701 18288.07 261.632
Rate 8.08% −39.10% −12.71% −28.11% −4.06% −4.06%

7 Result 8037 33.655 0.684 75.749 17786.818 254.461
Rate 7.56% −39.38% −12.64% −29.91% −6.69% −6.69%

In this table, rate indicates (two-leg CFI scheme-existing scheme)/existing scheme×100%, and a positive value indicates an increase in the
value of the evaluation index, while a negative value indicates a decrease in the value of the evaluation index.

According to the simulation results, the number of vehicles of the six schemes sim-
ulated with the measured traffic data is greater than that of the existing scheme, which
indicates that two-leg CFIs with different lengths of displaced left-turn lane can improve
the capacity of the intersection, but the improvement degree between the six schemes
has no significant change. Among the six indexes, the improvement in delay is the most
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significant, followed by travel time. The delay and travel time of the six schemes were
reduced by at least 38% and 29%, respectively, and the improvement rate of Scheme 6 is the
highest. This shows that the two-leg CFIs have a good performance in improving traffic
efficiency. All six schemes can reduce the number of stops at intersections, but they have
similar degrees of improvement, with a maximum improvement rate of 13.51% obtained in
Scheme 2. In each scheme, CO emissions and fuel consumption showed the same improve-
ment ratio. Compared with Scheme 1, all six schemes can reduce CO emissions and fuel
consumption with a maximum improvement ratio of 6.84%. Although the improvement
rate is not high, it still shows that the CFI has an optimization effect on the environment.
The above analysis shows that CFI schemes with different displaced left-turn lane lengths
not only have considerable potential to improve intersection efficiency but also to reduce
environmental pollution caused by vehicle emissions to a certain extent.

3.5. Safety Evaluation

Based on the safety evaluation method described above, we imported the “.trj” file
output from VISSIM into SSAM software and obtained the conflict simulation results of
the the existing scheme and six two-leg CFI schemes. The results are shown in Table 6.

Table 6. Safety analysis of seven simulations by the surrogate safety assessment model (SSAM).

Scheme Number Item Crossing Rear End Lane Change Total

1 existing scheme 19 35 33 86
2 two-leg CFI 50 m 9 56 24 89
3 two-leg CFI 80 m 2 49 24 75
4 two-leg CFI 110 m 2 49 24 75
5 two-leg CFI 140 m 2 46 22 70
6 two-leg CFI 170 m 2 45 23 71
7 two-leg CFI 200 m 2 45 25 73

The results show that the two-leg CFI design schemes significantly reduce “crossing”
and “lane change” compared to the existing conventional scheme, especially “crossing”.
Specifically, crossings occur 19 times in the existing scheme, but they generally occur only
twice in the two-leg CFI schemes, which can be attributed to the pre-intersections and
pre-signals alleviate the conflicts between left-turning vehicles and through vehicles at
the main intersections. The “lane change’ in the two-leg CFI schemes is reduced by 28%
compared with the existing scheme. In terms of rear end, on average, the conflict frequency
of the “rear end” two-leg CFI scheme is 38% greater than that of the existing scheme,
indicating that a two-leg CFI may increase the likelihood of “rear end”. In general, the
total number of conflicts of the two-leg CFI scheme is less than that of the existing scheme,
indicating that the two-leg CFI shows a greater advantage in safety assessment.

Combining the above operational effectiveness and safety analysis results, the six
two-leg CFI schemes exhibit different optimization effects. Overall, the longer the length of
the shifted left-turn lanes, the higher the optimization effect, but this conclusion is obtained
using the collected traffic data and it cannot represent all cases, which limits the evaluation
of the operation effects of the different two-leg CFI schemes. In order to cover as many
traffic conditions as possible, the operation effects under different situations should be
simulated and compared with the existing scheme to make a comprehensive evaluation of
the two-leg CFI schemes.

3.6. Sensitivity Analysis of Operational Performance

Sensitivity analysis mainly analyzes the change in the six indicators for evaluation,
such as the number of vehicles, delay, travel time, number of stops, CO emissions, and
fuel consumption, along with the traffic volume. In the sensitivity analysis, the traffic
parameters collected in the morning peak were used in all simulations. Only the traffic
volume was changing, which was determined by Volume-to-Capacity ratio(V/C), the ratio
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of flow rate to capacity for a system element. The basic numbers of lanes in the westbound,
eastbound, northbound, and southbound directions of the intersection are four, two, four,
and five, respectively. When the design speed is 60 km/h, according to the “Highway
Capacity Manual” [74], the maximum capacity for two lanes, four lanes, and five lanes,
corresponding to the service level E in the city, is 1780 veh/h, 3560 veh/h, and 4450 veh/h,
respectively. The V/C for traffic volume ranges from 0.2 to 1.0 in the westbound and
eastbound directions and changes within a V/C from 0.5 to 0.9 in the northbound and
southbound directions simultaneously with an increase of 0.1 V/C in all directions. All the
traffic parameters in VISSIM are shown in Table 7. The signal timing for the existing scheme
and two-leg CFI schemes under 45 volume combinations were calculated by synchro7.

Table 7. Parameters input into sensitivity analysis in VISSIM.

Item Value

Car/Bus/Truck ratio 1039:65:0(WB)/1176:35:0(EB)/2750:43:7(NB)/2677:115:29(SB)
Left-turn/Through/Right-turn ratio 397:606:101(WB)/346:750:115(EB)/87:2381:332(NB)/152:2186:483(SB)

Eastbound volume (veh/h) 356/534/712/890/1068/1246/1424/1602/1780
Westbound volume (veh/h) 712/1068/1424/1780/2136/2492/2848/3204/3560
Southbound volume (veh/h) 2225/2670/3115/3560/4005
Northbound volume (veh/h) 1780/2136/2492/2848/3204

The southbound(SB) and northbound(NB) traffic volume changes simultaneously, and the eastbound(EB) and westbound(WB) traffic
volume changes simultaneously, too. In this paper, t denotes t-th traffic volume combination, which takes values from 1 to 45. For example,
t = 1 denotes 356 veh/h (EB volume) × 712 veh/h (WB volume) × 2225 veh/h (SB volume) × 1780 veh/h (NB volume).

Sensitivity analysis can reflect the improvement ratio of two-leg CFI schemes com-
pared to the present scheme. The six indexes mentioned above are still selected as indexes
for evaluation. Take Scheme 2 as an example, where the improvement ratio is calculated by
ratio = (Scheme 2− Scheme 1)/Scheme 1 ∗ 100% or ratio = (Scheme 1− Scheme 2)/Scheme
1 ∗ 100%. The former is used to calculate the improvement ratio of the number of vehicles,
and the latter is used to calculate the other indicators. A positive value in the sensitivity
analysis indicates that the CFI schemes improves the traffic operation, while a negative
value indicates the opposite.

Figure 7 shows the improvement ratio of the number of vehicles in six two-leg CFI
schemes compared with Scheme 1 (present scheme). Overall, the improvement ratio for
the number of vehicles in the six schemes shows the same trend: It increases with the
increase of the traffic volume, and, when the traffic volume is low (V/C in eastbound
and westbound is less than 0.5), the improvement for the number of vehicles is negative
optimization and irregular. In addition, the improvement degree of the number of vehicles
is between −3% and 18%, and it can be found that, when the traffic volume is the heaviest,
the maximum improvement proportion appears in Scheme 5 and Scheme 7, with the value
of 18%.

Figure 8 shows the improvement ratio of the delay of six two-leg CFI schemes com-
pared with Scheme 1 (present scheme). In general, under any combination of traffic volume,
the improvement rate for delay in all two-leg schemes is more than 10%, and greater than
25% in most cases, indicating that the CFI schemes have a significant advantage in reducing
delay compared to existing schemes. As with the number of vehicles, the improvement
ratio of delay increases with the increase of traffic volume in any scheme, with a maximum
reduction in delay of 45% in the best case.
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Figure 7. Improvement ratio of the number of vehicles. (a) Scheme 2, (b) Scheme 3, (c) Scheme 4,
(d) Scheme 5, (e) Scheme 6, (f) Scheme 7. In the figure, EB, WB, NB, SB and V/C denote Eastbound,
Westbound, Northbound, Southbound and Volume-to-Capacity ratio, respectively.

Figure 9 shows the improvement ratio for the number of stops of six two-leg CFI
schemes compared with Scheme 1 (present scheme) and the improvement ratio of all
schemes has several common characteristics: (1) The improvement ratio fluctuates between
−28% and 25%, indicating that, in some cases, the number of stops in two-leg CFI schemes is
more than that in existing schemes. (2) On the whole, in all schemes, the improvement ratio
increases with the increase of traffic volume in the northbound and southbound direction.
(3) When V/C in eastbound, westbound, southbound, and northbound are greater than
0.7, the improvement ratio drops sharply from positive value to negative value.

Figure 10 shows the improvement ratio for the travel time of six two-leg CFI schemes
compared with Scheme 1 (present scheme). As with the delay, the improvement for travel
time in each scheme is positively optimized under any combination of traffic volume,
ranging from 14% to 35%, and the heavier the traffic volume is, the higher the improvement
ratio of travel time is. In addition, from the range of improvement degree of each scheme,
the minimum and maximum values of travel time improvement ratio improve as the length
of the displaced-left turn lanes increases.
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Figure 8. Improvement ratio of the delay. (a) Scheme 2, (b) Scheme 3, (c) Scheme 4, (d) Scheme 5,
(e) Scheme 6, (f) Scheme 7. In the figure, EB, WB, NB, SB and V/C denote Eastbound, Westbound,
Northbound, Southbound and Volume-to-Capacity ratio, respectively.

-30%

-20%

-10%

0.9

0%

10%

Im
pr

ov
em

en
t r

at
io

20%

0.8
V/C in NB and SB

0.7
10.6 0.9

V/C in EB and WB

0.80.70.60.50.40.5 0.30.2

-25%

-15%

-5%

5%

15%

(a)

-30%

-20%

-10%

0.9

0%

10%

Im
pr

ov
em

en
t r

at
io

20%

0.8
V/C in NB and SB

0.7
10.6 0.9

V/C in EB and WB

0.80.70.60.50.40.5 0.30.2

-20%

-10%

0%

10%

20%

(b)

-20%

-10%

0%

0.9

10%

20%

Im
pr

ov
em

en
t r

at
io

30%

0.8
V/C in NB and SB

0.7
10.6 0.9

V/C in EB and WB

0.80.70.60.50.40.5 0.30.2

-25%

-15%

-5%

5%

15%

25%

(c)

-20%

-10%

0%

0.9

10%

20%

Im
pr

ov
em

en
t r

at
io

30%

0.8
V/C in NB and SB

0.7
10.6 0.9

V/C in EB and WB

0.80.70.60.50.40.5 0.30.2

-20%

-10%

0%

10%

20%

(d)

Figure 9. Cont.



Sustainability 2021, 13, 6917 20 of 27

-10%

-5%

0%

0.9

5%

10%

15%

Im
pr

ov
em

en
t r

at
io

20%

25%

0.8
V/C in NB and SB

0.7
10.6 0.9

V/C in EB and WB

0.80.70.60.50.40.5 0.30.2

-10%

-5%

0%

5%

10%

15%

20%

25%

(e)

-10%

-5%

0%

0.9

5%

10%

15%

Im
pr

ov
em

en
t r

at
io

20%

25%

0.8
V/C in NB and SB

0.7
10.6 0.9

V/C in EB and WB

0.80.70.60.50.40.5 0.30.2

-10%

-5%

0%

5%

10%

15%

20%

25%

(f)

Figure 9. Improvement ratio of the number of stops. (a) Scheme 2, (b) Scheme 3, (c) Scheme 4,
(d) Scheme 5, (e) Scheme 6, (f) Scheme 7. In the figure, EB, WB, NB, SB and V/C denote Eastbound,
Westbound, Northbound, Southbound and Volume-to-Capacity ratio, respectively.
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Figure 10. Improvement ratio of the travel time. (a) Scheme 2, (b) Scheme 3, (c) Scheme 4, (d) Scheme
5, (e) Scheme 6, (f) Scheme 7. In the figure, EB, WB, NB, SB and V/C denote Eastbound, Westbound,
Northbound, Southbound and Volume-to-Capacity ratio, respectively.

Figure 11 shows the improvement ratio for the CO emissions and fuel consumption
of six two-leg CFI schemes compared with Scheme 1 (present scheme). The trend of
improvement ratio for CO emissions and fuel consumption in different schemes shows
the same characteristics: (1) The improvement ratio increases with the increase of V/C in
the northbound and southbound directions. (2) In most cases, the improvement degree
of CO emissions and fuel consumption is positive; only in a small number of cases is the
improvement ratio of CO emissions and fuel consumption less than 0, with the maximum
negative optimization of 5% under the worst case, indicating that two-leg CFI schemes can
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reduce emissions and fuel consumption while increasing the number of vehicles, further
reflecting the superiority of CFI scheme in improving traffic efficiency.

In summary, the results of sensitivity analysis showed the following characteristics:

(1) The two-leg CFI designs can improve the six indexes to varying degrees, with the
highest percentage of improvement in delay, up to 45%, followed by travel time. The
number of vehicles, the number of stops, the CO emissions, and fuel consumption of
the two-leg CFI schemes are better than those of the existing scheme for most traffic
volume combinations, indicating the two-leg CFI schemes not only have high traffic
benefits but also considerable potential in environmental benefits.

(2) In general, the degree of improvement of the six indicators increases with the in-
crease in traffic volume, meaning the two-leg CFI has higher benefits under a high
traffic demand.

(3) All the six indicators are independent, and they may achieve the maximum im-
provement ratio in different scenarios under the same traffic volume combination,
respectively, so it is difficult to obtain the optimal solution for each traffic volume
combination directly from the sensitivity analysis. Therefore, it is necessary to use
MADM to make decisions.
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Figure 11. Improvement ratio of the CO Emissions and Fuel Consumption. (a) Scheme 2, (b) Scheme
3, (c) Scheme 4, (d) Scheme 5, (e) Scheme 6, (f) Scheme 7. In the figure, EB, WB, NB, SB and V/C
denote Eastbound, Westbound, Northbound, Southbound and Volume-to-Capacity ratio, respectively.

4. Results and Discussion

According to the sensitivity analysis and MADM based on the entropy method, we
obtained the two-leg scheme corresponding to the optimal length of displaced left-turn
lanes under different traffic volume combinations. In order to present the results in a way



Sustainability 2021, 13, 6917 22 of 27

corresponding to the way the traffic volume combinations change, we convert matrix A into
a 9× 5 matrix, with each color representing one scheme, and the number 1 represents the
existing scheme, and 2, 3, 4, 5, 6, and 7 represent the six two-leg CFI schemes, respectively.
The results are displayed in Figure 12.

Figure 12. The optimal scheme for 45 traffic volume combinations. The numbers in the figure
represent the scheme with the best performance among the six schemes for one volume combination.

It can be found that Scheme 1, the existing scheme, does not appear under any situation
in Figure 12, meaning all six two-leg CFI schemes perform better than the existing scheme.

Scheme 2 occupies only one block, indicating the two-leg CFI scheme with a 50 m
displaced left-turn lanes performs poorly overall.

Scheme 3 and Scheme 4 are mainly distributed in the lower left of Figure 12, occupying
only seven blocks in total. And they are concentrated in the area where the V/C in
westbound and eastbound lanes is less than 0.4. This indicates Scheme 3 and Scheme 4 are
suitable for low traffic volume.

In the whole scale, Scheme 5, the one mainly distributed in the lower left corner of
the figure, occupies 6 blocks, and it is the recommended scheme for these 6 traffic volume
combinations.

Scheme 6 is distributed in the left and center of the figure, but it occupies only 2 blocks
and occurs when the V/C in northbound and southbound lanes is 0.7.

Scheme 7, which is the one with a displaced left-turn lane of 200 m, occupies most
of the area of the figure where the V/C in westbound and eastbound lanes exceeds 0.5,
implying that Scheme 7 seems to be the optimal solution in these cases, but it cannot be
denied that the two-leg CFI with a longer displaced left-turn lanes length would perform
better under these conditions for the studied intersection, indicating that the results of
the scheme selection matrix are no longer of high guiding significance in the choice of
the displaced left-turn lane length when the V/C in westbound and eastbound lanes is
greater than 0.5. However, it is uneconomical and unrealistic to increase the length of
the displaced left-turn lanes blindly. Through the investigation, most of the urban road
intersection spacing ranges from 400 m to 500 m, or even shorter. The displaced left-turn
lanes of 200 m is close to half of the urban road intersection spacing, which is obviously
unreasonable. In this case, other methods should be sought to improve the efficiency of the
intersection, such as widening the road, increasing the left-turn lanes, and other solutions.

In general, the heavier the traffic volume is, the longer the length of the displaced
left-turn lanes is required. For the studied intersection, when the V/C in westbound and
eastbound lanes is less than 0.5, a displaced left-turn lanes length of 80∼170 m is applicable,
and it can be selected in the scheme selection matrix according to the road resources and
traffic volume; meanwhile, when the V/C in westbound and eastbound lanes exceeds 0.5,
the improvement effect of traffic efficiency can no longer rely on increasing the displaced
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left-turn lanes, which may be the result of an overly high proportion of left-turn vehicles in
the eastbound and westbound lanes of this intersection.

According to the above results, the entropy method-based MADM can provide a
sustainability assessment method for the achievement of sustainability objectives for CFI
schemes with different displaced left-turn lanes lengths, and its results are reliable, because
six sustainable performance indicators from three aspects were chosen to evaluate the
sustainability of CFI schemes and the optimal CFI schemes with the selected displaced left-
turn lanes could balance the traffic efficiency and environmental pollution to the maximum
extent. In addition, this methodological procedure achieves the goal of improving the
sustainability of transportation infrastructure in the design and planning stage, especially
for roads and unconventional intersections, and through the schemes evaluation, the green
design that can maximize traffic efficiency and reduce carbon emissions while making
rational use of land resources can be obtained.

As a sustainability improvement method to alleviate traffic congestion and environ-
mental pollution at urban intersections, CFIs can make full use of existing lane configu-
ration, improve the traffic efficiency of intersections and reduce exhaust emissions, and
its application is of great significance to promote the development of green roadways and
sustainable transportation infrastructure.

5. Conclusions

Sustainable transportation is one of the current goals of urban development. And it
should be emphasized that the concept of sustainability is not a supplementary element
to sustainable transportation, but it is necessary to achieve function, economic, and traffic
efficiency at intersections in order to achieve energy conservation and emission reduction
while meeting the current and future traffic demand. China is still in the rapid development
stage of urbanization; with rapid increases in private vehicles and urban population, the
traffic conditions at intersections need to be improved urgently to increase the sustainability
of the road. Following relevant manuals, applying the concept of sustainable development
with local characteristics and constructing green road designs consistent with land resources
is one of the most important ways to achieve the goal of road sustainability.

A CFI, as one of the sustainable unconventional intersections to solve the urban traffic
problems, has great advantages in reducing the signal phase number and delay and in
improving traffic capacity. Since the length of the displaced left-turn lanes under various
demand patterns has not been well determined, this paper presents a methodological
procedure for determination and evaluation of displaced left-turn lanes’ length. In the
methodological procedure, the operational and safety performance of the CFI schemes were
simulated and evaluated by VISSIM and SSAM. The weights determination of sustainable
performance indicators and the selection of CFI schemes with different displaced left turn
lanes’ lengths are performed through the entropy method and MADM. The approach
to select the optimal displaced left-turn lane length for the CFI is possible because it
combines attributes, such as traffic efficiency, environmental metrics, and fuel consumption.
Moreover, the MADM and the entropy method used in this study are easy to understand
and can be applied by engineers to determine which two-leg CFI scheme should be adopted
if given different conditions.

The results of the case study show that the two-leg CFI scheme has an improvement
effect on all six sustainable performance indicators, with the greatest improvement in
delay and travel time. In the best case, compared with the conventional intersection, the
number of vehicles increases by 13%, and the delay, travel time, number of stops, CO
emission, and fuel consumption decrease by 41%, 29%, 25%, 17%, and 17%, respectively.
The results of sensitivity analysis show that the greater the traffic volume is, the longer
the displaced left-turn lanes should be. However, in some cases, the design of CFI with a
long displaced left-turn lane is not necessarily the best way to improve the traffic efficiency
of the intersection, and other solutions need to be found to improve the sustainability of
urban roads. In addition, the case study proves that the methodological procedure is valid
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and feasible, and the results of the length of the displaced left-turn lanes in this paper only
pertain to the studied intersection, the same procedure can be used to other intersections,
as well as other traffic problems.

Sustainable transportation and sustainable transportation infrastructure will always
be the theme of transportation development in the future, both from the perspective of
society and economy, as well as from the perspective of environment and climate, because
sustainable development needs a transportation system that can not only reduce traffic
congestion and accidents but also reduce pollution and energy consumption. If CFI and
other sustainable transportation infrastructure can be extended to the whole city or even the
entire country, it will have a profound impact on the society, economy, and environment.

Limitations of the research: (1) Throughout the analysis of this research, only changes
in traffic volumes were considered. In fact, the left turning ratio and vehicle type ratio have
a significant effect on the operational effectiveness of CFI. However, it was not considered in
this research. A sensitivity analysis of the left-turn ratio and vehicle type ratio can be done
in future research to investigate the effects of these two factors on the length of the displaced
left-turn lane of CFI. (2) It is mentioned in this research that, in some cases, the design of
CFI with long displaced left-turn lane length is not necessarily the best way to improve
the traffic efficiency of intersections. However, due to the limited space, this research did
not discuss the specific methods. The authors suggest that future research should explore
which methods operate better than CFI when the required displaced left-turn lane is long.
(3) The effects of non-motorized vehicles and pedestrians on the operational performance
of CFI were not considered in this research. In addition, the traffic organization of CFI is
significantly different from that of conventional intersections, and the authors suggest to
study the traffic organization of non-motorized vehicles and pedestrians at CFI and explore
its influence on CFI performance in future research.
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