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Abstract: As one of the unconventional intersection designs, the median U-turn (MUT) intersection
design has been confirmed to have the potential to improve intersection efficiency and produce
lower vehicle delays, and it has been widely applied to many urban networks. Most existing studies
have successfully evaluated the operational performance of MUT intersections by analyzing the
overall traffic flow, particularly for intersection delay and capacity. However, the impact of the
critical parameters and behavior of individual vehicles in MUT intersection operations has not been
adequately studied. These limitations cannot provide a complete and objective evaluation of MUT
intersections. Therefore, a comprehensive cellular automata model is proposed to simulate vehicle
dynamic variations, considering road channelization information and vehicle random movements.
This model will be compared to the VISSIM model to validate rationality by using field data, and
it shows a good agreement between the simulation results of both models. In addition, sensitive
experiments reveal that properly adjusting the elements, including the separation distance, the
proportion of left-turn vehicles, and green phase percentage, can improve the operation of MUT
intersections to varying degrees. By appropriately improving intersection features and conducting
reasonable evaluations, the overall performance and sustainability of the MUT intersections in Xi’an
city can be enhanced. Finally, this paper offers a valuable guideline for the evaluation and modeling
strategies of MUT intersections.

Keywords: median U-turn intersections; critical parameters; cellular automata model; VISSIM;
operational performance

1. Introduction

As a key node of road networks, signalized intersections usually serve as the most
important way to manage and control urban transportation and vehicle movements [1].
With the increase in vehicle ownership in urban areas, signalized intersections are becoming
increasingly busy and congested [2]. Generally, the left-turn traffic within intersections is
considered as one of the crucial factors that may cause traffic congestion [3], because it is a
real possibility that left-turn traffic passing the intersections collides with the traffic from
other directions [4,5]. The crossings of different vehicle movement trajectories within the
intersections are called conflict points [6,7]. The existence of conflict points normally causes
higher accident rates and severe casualties in the intersections [8]. Given the data from the
National Highway Traffic Safety Administration (NHTSA) and Fatality Analysis and Re-
porting System (FARS), there are almost 9000 fatalities and about 1.5 million injuries caused
by left-turn movements occurring annually in the United States [9]. Therefore, to ensure
that intersections can operate more safely and efficiently, left-turn traffic should be regu-
larized scientifically. In recent years, shifting and reorganizing the conflict points outside
intersections to reduce their number has become a major concern in many unconventional
intersection designs [10]. Among them, these unconventional intersection designs include
median U-turns, restricted crossing U-turns (RCUTs), and displaced left-turns (DLTs). One
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of the better-known and more widely used intersections is the median U-turn (MUT) inter-
section. The concept of the MUT intersection first emerged in the United States, particularly
in Michigan, where it has been widely adopted. This innovative intersection is removing
the direct left-turn movements of vehicles to accommodate indirect left-turn movements
through median U-turns. It only allows the through traffic from major and minor roads
to pass through the unclosed median. Figure 1 shows an example of a signalized MUT
intersection in Michigan.
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Figure 1. The operation of a signalized median U-turn (MUT) intersection in Michigan (adapted from
Google Earth).

To some extent, the signalized MUT intersection is considered to have the potential
to improve driving safety and reduce unnecessary delays for vehicles at intersections by
decreasing the number of conflict points. It would be of considerable value to evaluate
the safety benefits for traffic performance operation [11]. Figure 2 illustrates how an MUT
intersection can effectively reduce the number of conflict points from 32 to 16.
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Figure 2. Conventional and media U-turn (MUT) intersection conflict points.

Relevant studies have confirmed that MUT intersections increase safety and reduce
accidents because there is no opportunity for direct left-turns or head-on collisions. Com-
pared with conventional intersections, the implements of MUT intersections are expected to
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result in total crash reductions ranging from 20% to 50% [12,13]. Al-Omari et al. conducted
a safety evaluation and concluded that MUT intersections can reduce head-on crashes
by more than 80% and rear-end left-turn crashes by 48% [14]. Hummer and Reid used
CORSIM to analyze the traffic performance of MUT intersections and found that the im-
plementation of MUT intersections resulted in overall reductions in rear-end, angle, and
sideswipe crashes by 17%, 96%, and 61%, respectively [15,16].

Although many studies have concluded that MUT intersections offer significant ben-
efits to traffic capacity and efficiency, there are various areas that remain unexplored in
studies of MUT intersections. Specifically, there is no widely accepted theory for calculating
the critical parameters of MUT intersections, such as the distance between unclosed median
and median U-turns (separation distance), or the gap and width of median U-turns. The
following studies address these parameters. Firstly, in terms of the separation distance,
Maryam et al. found that the separation distance is influenced by the number of conflicting
driveways, median opening type, and the number of arterial lanes by evaluating median U-
turn operations [17]. Pan Liu et al. analyzed how the separation distance impacts the safety
performance of vehicles turning around via median U-turns [18]. Zhou et al. developed an
operational model to determine the optimal location for median U-turns [19]. Secondly,
in terms of the gap of median U-turns, related scholars conducted a driving simulation
study and found significant differences in driving metrics across various median opening
gaps [20]. Finally, in terms of the width of median U-turns, Jagannathan recommended dif-
ferent widths for various types of vehicles to improve the capacity of median U-turns [21].
On the whole, a significant gap in current studies is the integration of these parameters into
a comprehensive assessment of overall MUT intersection performance. Most of them have
failed to consider variations in traffic volumes, road features, and variable traffic conditions,
which may result in inaccuracy and unreliable research findings. In order to better analyze
the operational performance of MUT intersections, it is necessary to construct a reasonable
model to characterize the actual variations in traffic flow based on diverse traffic volumes
and road features.

This study fills a significant gap in the existing literature by integrating these critical
parameters into a comprehensive assessment model for MUT intersections. Modeling and
estimating the traffic movements and vehicle delays at MUT intersections are essential for
evaluating intersection performance in complex traffic environments. The results of this
research can assist transportation engineers and urban planners in designing safer and more
efficient MUT intersections. Selecting appropriate modeling techniques is crucial to accu-
rately reflect the dynamic operations of MUT intersections. Different traffic flow modeling
techniques, including cellular automata, microscopic simulation models (e.g., VISSIM), and
macroscopic traffic flow models, can be employed to simulate complicated traffic movements
and delays at MUT intersections. Several studies have explored different approaches to
modeling MUT intersections. Mane et al. developed a model of MUT intersections by using
Synchro/SimTraffic (Version 7.0) traffic simulation software to obtain certain performance
measures with specific conditions [22]. Al-Omari and his team used VISSIM models for
MUT and restricted crossing U-turn (RCUT) intersections to assess the safety and operational
aspects of these unconventional designs through a crash analysis, microscopic simulation,
and driving simulation [23]. Liu et al. compared the performance of hook-turn (HT) and
median U-turn intersections based on VISSIM simulations [24]. Pan Liu et al. proposed a cal-
ibrated VISSIM model to estimate the capacity more accurately by incorporating behavioral
features of U-turning drivers, such as the priority rule, lane selection, and turning speed [25].
Arash et al. examined optimal distances between median U-turns and signalized intersections
by inputting statistical data into the Aimsun (Version 8.3) traffic simulation software [26].
However, many of these studies have overlooked three aspects: (1) Existing vehicle input
methods reflecting the randomness and uncertainty of traffic are still not objective. This is be-
cause the traffic state of MUT intersections has strong time-varying characteristics. Therefore,
the vehicle random input models have to be selected reasonably. (2) There are no detailed
regulations and divisions of lane-changing rules for vehicles at intersections. Vehicles must
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change lanes to the corresponding lane and wait for the traffic light signal before passing
the intersections. Then, vehicles with a left-turn demand have to turn around and merge
into the opposite lanes. Therefore, this process must be reasonably refined to ensure the
accuracy of the simulation. (3) One rarely considers the behavior of individual vehicles and
drivers from a microperspective, including acceleration, deceleration, lane changing, and
following distance, etc. These factors can significantly affect traffic flow and delays at MUT
intersections, considering these factors can lead to more precise simulations and improve the
accuracy of performance evaluations for MUT intersections.

In this paper, we developed a cellular automata model to simulate the overall operation
of MUT intersections, taking into account their critical parameters and vehicle motion rules.
The field data collected at a certain MUT intersection in Xi’an, China, were input into
the proposed cellular automata model to obtain the simulation results. Furthermore, the
accuracy and practicality of the cellular automata model will be validated by comparing
them with the VISSIM model under certain conditions. The relevant findings are expected to
offer valuable recommendations for evaluating MUT intersections and modeling strategies
in complex traffic environments. The findings of this study are expected to contribute to the
improvement of traffic management strategies and intersection design, offering insights for
policymakers and engineers working to enhance road safety, and reduce traffic congestion.
The main procedure for this study is shown in Figure 3.
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Figure 3. The data flow chart for this research.

This article is arranged as follows. Section 2 describes the signal scheme of MUT
intersections. In Section 3, the critical parameters of MUT intersections are calculated. The
cellular automata model is conducted in Section 4. And Section 5 validates the effectiveness
of the cellular automata model. Sensitivity experiments are developed in Section 6. The
last section concludes the paper and mentions the future work.

2. The Signal Scheme of MUT Intersections

Most MUT intersections have simplified traffic movements by permitting only straight-
through movements and indirect left turns. This management approach enables the MUT
intersections to utilize a two-phase signal scheme. It assigns the through traffic on major
roads and the minor roads into separate signal phases [27,28]. The right-turn traffic on
the minor road is not controlled by the signal. The signal phase scheme is illustrated in
Figure 4.
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Figure 4. Signal timing scheme diagram of MUT intersection.

In phase 1, the through traffic on the major road crosses the intersection, and then
travels forward. In contrast, the left-turn traffic on the major road must first proceed
straight to reach the median U-turn. Then, it merges with the major road via the median
U-turn and finally turns right onto the minor road to complete a left turn. In phase 2, the
through traffic on the minor road passes through the intersection. However, the left-turn
traffic from the minor road must first turn right to merge with the major road. It then
has to change lanes to approach the median U-turn, and subsequently turns around onto

the major road. Lastly, it becomes part of the major road traffic and continues straight to
complete a left turn.

3. Critical Parameter Calculation of MUT Intersections
3.1. The Calculation of the Separation Distance of MUT Intersections

Separation distance refers to the distance between the intersection and the median
U-turn. In various unconventional intersection designs, MUT intersections with a cor-
rect separation distance usually have greater operational efficiency. Thus, determining
the separation distance plays a critical role in the operational performance of MUT inter-
section. Figure 5 shows the specific segments of the vehicle movement trajectory at an
MUT intersection.
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Figure 5. The division of different segments in the vehicle movement trajectory in an MUT intersection.

Functional distance is the distance before reaching the stop line at the entrance of
an MUT intersection. It represents an important component of the intersection. Entrance
lanes within the functional distance often give rise to additional conflicts [29]. Vehicles
have to stop in front of the stop line of the MUT intersection during the red phase. The
subsequent vehicles need to slow down in order to avoid colliding with the vehicles



Appl. Sci. 2024, 14, 11445

6 of 26

queuing ahead. The excessive functional distance may lead to road congestion when traffic
is at peak traffic volume. To ensure the operational efficiency of an MUT intersection,
the separation distance, L, must be greater than the functional distance, Ly. This study
divides the functional distance, Ly, into three sections: the queuing length of vehicles, L1;
the deceleration distance of the vehicle, L,; and the vehicle’s perception-reaction distance,
Ls. The functional distance, Lf, can be calculated as follows:

_ _ Bixp? [
Lf—L1+L2+L3— 1-p NXZU—I—Za—i-UXT, (@)
A
= . 2
P= XN ()

where S; is the proportion of vehicles on each lane to the total number of vehicles at the
entrance, p is the service intensity of the intersection, N is the number of lanes at the
entrance of the intersection, I, is the average length of the vehicle (m), v is the speed of the
vehicle (m/s), a is the constant deceleration of the vehicle (m/s?), T is the reaction time of
the driver within the function area, A is the average arrival rate of vehicles on the major
road (pch/h), and y is the average service rate of the intersection (pch/h).

Because of the unconventional geometric design of the MUT, the traffic on the minor
road is bound to first detour onto the major road. It is inevitable that the detoured traffic
will combine with the through-straight traffic on the exits of the MUT intersection [30]. The
calculation formula for the weaving length, Ly, based on HCM 2010 is as follows:

(Vi + Vi) xw
Sx (1—Py) xny’

Ly = (3)
where V), is the traffic volume of the traffic on the major road entering the intersection exit
(pcu/h), V, is the traffic volume of the traffic on the minor road entering the intersection
exit (pcu/h), w is the width of a single lane (m), Py is the ratio between the weaving
traffic volume and total traffic volume at the intersection exit, S is the lane service level
(pcu/h/lane), and ny, is the number of the lane with weaving traffic.

The turn-around process of the detoured vehicles from the minor road can be con-
sidered a queuing model when it enters the major road via a median U-turn. When the
gap between each vehicle in the traffic on the major road is large enough for one vehicle
to enter the it, a queuing vehicle can merge directly onto the major road. Otherwise, the
queuing vehicles will have to wait outside the median U-turn. The arrival of the detoured
vehicles at the median U-turn can be regarded to follow the Poisson distribution. The gap
between each vehicle in the traffic on the major road can be regarded as following the
Erlang distribution. Thus, the turn-around process of the detoured traffic can be considered
as following the M/Eg/1 queuing model.

Assuming the number of vehicles turning around via the median U-turnisn (n > 1),
t; is the time at which the ith vehicle completely merges onto the major road, and ¢ is the
time headway of the traffic flow on the major road. When the time headway of major traffic
meets the requirement for n vehicles to turn around, then n vehicles can turn around [31].
Therefore, we can conclude that:

i+1
H<t<Y ot @
z+l
. Z t; k 1
Jt;
=) (1=MA)py, (6)

n=1
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where p;, is the probability of the detoured traffic that merges with the major road, k is the
order of the Erlang distribution, and u is the service rate of the median U-turn.

According to the M/Ex/1 queuing model, the queuing length of vehicles outside the
median U-turn, L, can be calculated:

2

_ k() .

T4 @

1-2)

Considering traffic safety, it should ensure that the separation distance, L, is slightly

greater than the sum of the weaving length, L;,, and the queuing length of vehicles outside

the median U-turn, L,, because this can provide sufficient space for vehicles to complete

the necessary weaving and queuing maneuvers and prevent congestion. Above all, the
separation distance, L, can be determined as follows:

L> max{Lf, (Lw—f—Lq)}. (8)

3.2. The Calculation of the Gap of the Median U-Turn of MUT Intersections

The gap of the median U-turn is a critical factor affecting the operation of turn-around
vehicles. An effective gap between different fast-moving vehicles should be provided in the
approaching through traffic [32,33]. The gap of the median U-turn must ensure that there
is no collision between the turn-around vehicles and straight-through vehicles. To avoid
potential rear-end accidents, motorists must be able to observe the approaching vehicles
within a limited sight distance and react quickly to control the vehicle properly. The area
needed to provide this unobstructed view is called the Clear Sight Triangle [34,35]. Figure 5
shows the movements of vehicles through the median U-turn. Based on the description
above, this paper combines the Clear Sight Triangle with the vehicle operation process to
determine the maximum gap for median U-turns. Thus, the following assumptions can
be made:

1.  The traffic volume at the intersection remains stable.

2. Turn-around vehicles and straight-through vehicles all have a clear view of each other.

3. Drivers only turn around when there is a sufficient gap, and the speed of the turn-
around remains constant during the turning around of the vehicles.

4.  Each vehicle in the same group of turn-around vehicles takes the same time to pass
through the median U-turn.

The operation process of vehicles on the minor road crossing the median U-turn is
shown in Figure 6. The vehicle on the minor road (Car P) first departs from position P; to
turn right to enter the major road. It will weave with the vehicles on the major road. Then,
Car P arrives at position P, with the average weaving speed v; (m/s) to wait to turn around.
When Car P is at position P,, the oncoming vehicle on the major road (Car C) is at position
C;j. Car C starts decelerating from speed v, (v; > v;) (m/s) with a constant acceleration of a.
(m/s?). Car P departs from position P, to cross the median U-turn via position P3. It can be
considered that Car P has completed the turn around when its rear end is appropriately at
A point. Car C has decelerated to speed v; at this moment; its headstock is appropriately
at A; point. In this paper, we consider the variable G to be the critical gap between Car
P and Car C at this moment. The critical gap is a vital factor for vehicle safety operation.
It is essentially the drivers” acceptance of the minimum distance between two adjacent
vehicles [36]. The critical gap will be beneficial for determining the maximum gap of the
median U-turn to determine its safety effectiveness. After ensuring that there is no collision
between Car P and Car C, Car P begins to accelerate in order to quickly pass through the
intersection. Then, Car C will maintain a uniform speed of v; until Car P and Car C reach
the safe following distance, Lg (m). Subsequently, Car C starts accelerating to follow Car P.
The movement processes of Car P and Car C are as follows:
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Figure 6. The vehicles’ operation processes in the median U-turn.

L. The deceleration process of Car C.

Assuming the time it takes for Car P to complete the turn around from position P; is
@ (s), the reaction time of the driver approaching the median U-turn is 7y (¢ > ) (s). The
deceleration distance of Car C L; can be calculated as follows:

1
Li= (29 —7) % ve = 5(¢ = 1) x e, )

II. The uniform speed driving process of Car C.
Assuming that the distance that Car C travels by Car C at a uniform speed, Lg, the
time for Car C to pass the critical gap, G, is ¢ (s). We can obtain:

LG:UiXt]:G+|A2A3|:UinG+|A2A3|, (10)

II. The acceleration process of Car P.

Assuming that Car P accelerates from speed v; to speed v; (m/s) with a constant
acceleration, a; (m/ sz), until the distance between Car P and Car C reaches the safe following
distance, Lg. The time taken for Car P to accelerate is t; (s). Thus, we can obtain:

o —of= 20, x (Lx + |AsAs]), .

v =v; +aty, (12)

By combining the equations above, we can obtain:

_Lg (oL —9)

tc = 13
G 0; ZaLvl- ( )

Because of the unconventional geometric design of the MUT, the traffic on the minor
road must first detour onto the major road. Unlike the traffic on the major road, the traffic
from the minor road has to change lanes twice or more to approach the median U-turn [37].
Thus, the detoured traffic is likely to form a weaving segment with the through traffic. The
average speed of weaving traffic has to be estimated [38]. The average speed of vehicles
within the weaving segment, v;, can be obtained:

Umax — Umin (14)

Ui = Umin + 1+ W, ’
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where W; is the intensity of the weaving traffic or non-weaving traffic, V is the weaving
traffic ratio, g; is the total traffic volume within the weaving zone (pcu/h), n is the number
of lanes within the weaving zone, g, b, c, d is the constant, vy, is the maximum possible
speed within the weaving zone (m/s), vy, is the minimum possible speed within the
weaving zone (m/s), and Ly, is the length of the weaving section (m). Table 1 records the
distribution of constants for Equation (15).

(15)

Table 1. Distribution of constants under different weaving conditions.

Constraint With the Weaving Traffic Within the Weaving Zone Without the Weaving Traffic Within the Weaving Zone
Type a b c d a b c d
Non- 0.08 2.3 0.8 0.6 0.002 6.0 11 0.6

constrained

Constrained 0.14 2.3 0.8 0.6 0.002 6.0 11 0.6

For all drivers, it is important to keep a certain safe following distance from the vehicle
in front when driving. A safe following distance gives drivers time to see, think, and act.
Under normal road conditions, the safe following distance should be a minimum of three
seconds (three-second rule) [39—41]. It is worth noting that there is still no standardized
guideline to calculate the safe following distance. The three-second rule is still widely
adopted by transportation departments around the world. The safe following distance cal-
culated based on the different vehicle driving speeds at urban intersections is summarized
in Table 2.

Table 2. Safe following distance of vehicles under different vehicle driving speeds at urban intersections.

Speed(km/h)
Normal Conditions
10 20 30 40 50 60
Safe Following Distance (m) 8.5 17 25 33 42 51

So, the maximum gap of the median U-turn, Ly, can be concluded:
Liax = G+ Ly. (16)

Figure 7 shows the minimum gap for vehicles turning around at a median U-turn.
The minimum gap for vehicles at the median U-turn denoted as L,,;, is defined as: the
difference between the outermost trajectory radius, R,, and the innermost trajectory radius,
Ry, of the turning vehicle when it turns around with the minimum radius of the vehicle turn
around, and adding the double values of the edge security distance, G. Figure 6 shows the
trajectory of vehicles turning around.

So, we can determine the calculation formula for the minimum gap of the median
U-turn, L,

Lyin > Ro — Ry +2Gs, (17)
dw
p— = 1
Ri=Ri—W, = - _w (19)
b "~ tane, hr

where Ry, is the radius of turning around for outer wheels (m), R; is the radius of turning
around for inner wheels (m), W}, is the width of half a vehicle wheel (m), d;, is the wheelbase
of the vehicle for turning around (m), 6, is the outer wheel angle of the vehicle (deg), and
6, is the inner wheel angle of the vehicle (deg).
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Based on the points above, the range of values for the gap of the median U-turn, Lggp,
can be obtained:
Liin < Lgap < Lmax- (20)

Figure 7. The minimum gap of the median U-turn.

3.3. The Calculation for the Width of the Median U-Turns at MUT Intersections

The trajectory of vehicles within median U-turns can be approximated as a semicircular
arc. Wael et al. combine the circular curvature and the trajectory of vehicle turns to develop
the Euler spiral curve for vehicle turning paths. The Euler spiral curve is the transition
between a straight line and circular curve [42,43]. It prevents drivers from turning suddenly
when entering a median U-turn. This curve can be applied to the trajectory of vehicles
turning around at the median U-turn. The formula for the Euler spiral curve can be
described as:

RiLs = A?, (1)

where R; is the radius of the Euler spiral curve, L; is the distance between the vehicle and
the beginning (or ending) of the Euler spiral curve, and A is the parameter of the Euler
spiral curve.

Figure 8 shows that the trajectory of the detoured vehicle is approximately a semicircle
when the vehicle turns around. This trajectory is divided into three segments: the entering
Euler spiral curve segment (orange line), the circular curve segment (blue line), and the
exit Euler spiral curve segment (red line). The center of the entering and exit Euler spiral
curve segments is at the intersection point of the perpendicular bisectors of the beginning
and ending tangents.

N
Vehicle driving central line

Figure 8. The width of the median U-turn.
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The width of the median U-turn can be calculated as follows:
E > Ryq1 + Rg1 — dy. (22)

where R is the radius of the exit Euler spiral curve segment. R;; is the radius of the
entering Euler spiral curve segment. dy is the width of a single lane.

4. The Cellular Automata of MUT Intersections

As a specific methodology for describing the macroscopic characteristics of traffic
flow, cellular automata have been widely applied to reproduce complex traffic situations
in a discrete space [44,45]. In this section, a cellular automata model of a specific MUT
intersection is proposed. It describes the operation rules of vehicles within the MUT
intersection on the basis of real traffic phenomena. The calculation theory of vehicle delay
is also mentioned at the end of this section. The cellular automata model of the MUT
intersection is shown in Figure 9.

Rishitom ﬁﬂiﬂ

Minor road
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L
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L ' | [Minor Road

stop

E}ryor Stop ling
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Figure 9. The traffic scene at MUT intersections simulated by the cellular automata model.

To facilitate the calculation of vehicle delay, certain conditions or parameters that may
affect the operation of the MUT intersection need to be simplified. Details are as follows.

1. Any lane at the MUT intersection will not be in an over-saturated state to ensure the
queuing vehicles are able to dissipate completely during the green phase.

2. Any lane at the MUT intersection will not prevent vehicles from change lanes.

3. The impact of vehicle types on vehicle movements is not considered.

4. The average vehicle arrival rate and saturation flow rate remain unchanged during
the selected time.

5. The effect of the width of the median U-turn on vehicle operation is not considered.

4.1. Establishment of the Vehicle Initial State

The speed of each vehicle, the position of each vehicle, and the direction in which each
vehicle is moving (left turn, straight, or right turn) are all critical elements in the cellular
automata. These parameters need to be defined rationally. In addition, in order to replicate
a realistic scenario, it is necessary to simultaneously take into account both the major road
and minor road when defining dynamic vehicle inputs.

First, the initial speed for each vehicle is randomly determined within a selected range.
The initial position of any vehicle is assigned randomly at the first cells at the entrances of
different lanes. The generation probability for vehicles at the entrances of the major road
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and minor road is based on the flow proportion of traffic in different directions in a mixed
traffic flow. Then vehicles moving in different directions will be randomly generated using
this probability.

The initial state of the vehicles at the intersection entrance is as follows:

Catyajor_vi(0) = 1 + fix [rand() X (vr’ﬁ”afr _ 1)]
Carygjor_lane;(0) = fix [rand() x N™or } ’ (23)

entrance
Car yajor_position;(0) = 1

The initial state of the vehicles on the minor road is as follows:

Carminor_vi(o) =1+ fix [rand() X (UI":lia’;D"' — 1)}
Caryinor_lane;(0) = 1 + fix[rand() x N™mor] (24)
Catyinor_position;(0) =1

Because of the specific operation mode of MUT intersections, the left-turn and right-
turn traffic on the minor road will converge into the same mixed flow and simultaneously
enter the opposite lanes. So, the generation probability of the vehicles at the intersection
exit has to also consider the proportion of the left-turn traffic on the minor road in the
minor traffic flow. This probability will be an important basis for the generation of vehicles
on the opposite road. The initial state of the vehicles at the intersection exit is follows:

Caropposite_0i(0) = 1+ fix {rand() X (vgﬁﬁ)r - 1)
Caropposite_Lane;(0) = fix [rand() X (N:%Z;lctg -1 } , (25)
Caropposite_positioni(O) = L::g;or -1

where Caryygi0,_v;(0) indicates the initial speed of the ith vehicle at the intersection entrance.
Car ygjor_lane;(0) indicates which type of lane the ith vehicle at the intersection entrance is
on. Carygjor_position;(0) indicates the initial position of the ith vehicle at the intersection
entrance. Cary,y,_vi(0) indicates the initial speed of the ith vehicle at the minor road
entrance. Caryy,r_lane;(0) indicates which type of lane the ith vehicle at the minor road
entrance is on. Cary;,,,_position;(0) indicates the initial position of the ith vehicle at the
minor road entrance. Cargyposite_vi(0) indicates the initial speed of the ith vehicle at the
intersection exit. Caropposite_lane;(0) indicates which type of lane the ith vehicle at the
intersection exit is on. Caryyposite_position;(0) indicates the initial position of the ith vehicle at
the intersection exit. vmajor max indicates the maximum speed limitation of the major road.
vminor max indicates the minimum speed limitation of the minor road. Nmajor entrance
indicates the number of lanes at the major road entrance. Nminor road indicates the number
of lanes at the minor road entrance. Nopposite entrance indicates the number of lanes at the
intersection exit.
The travel model equation of vehicles at the intersection entrance is as follows:

0, if rand() < pfntmnce
Direction = 1, if p?ntrance < rand() < p?ntmnce + p(szntrﬂnce , (26)
2, otherwise

The travel model formula of vehicles at the intersection exit is as follows:

o0, if pgit x pitinT < rand () < pit
Direction = { 1 if pgxff 9 p?ﬂ-nor < rand() < pgxﬁ , (27)
The travel model formula of vehicles at the minor road entrance is as follows:
.. [ 1,ifrand() < plriner
Direction = { 2, otherwise ! (28)
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where Pentrance | indicates the proportion of left-turn traffic in a mixed traffic flow that
enters the intersection entrance. Pentrance s indicates the proportion of through traffic of
mixed traffic flow that enters the intersection entrance. Pexit [ indicates the proportion
of left-turn traffic of a mixed traffic flow that enters the intersection exit. Pexit s indicates
the proportion of through traffic of a mixed traffic flow that enters the intersection exit.
Pminor | indicates the proportion of left-turn traffic of a mixed traffic flow that enters the
minor road entrance. Pminor s indicates the proportion of through traffic of a mixed traffic
flow that enters the minor road entrance. Pminor r indicates the proportion of right-turn
traffic of a mixed traffic flow that enters the minor road entrance. And the sum of Pmajor |
and Pmajor s is less than 1. The sum of Pexit | and Pexit s is less than 1. The sum of Pminor I,
Pminor s, and Pminor r equals to 1.

Different numbers represent the type of vehicle movement direction. The type of
number is determined as follows:

0, Turn left
Type = ¢ 1, Straight — through . (29)
2, Turn right

The total number of vehicles on the major road and minor road becomes the crit-
ical reference for determining whether new vehicles can be generated after setting the
initial status.

4.2. Rules for Vehicle Operation
4.2.1. Speed Enhancement Rule

Each vehicle will update its speed based on the current speed and acceleration. The
speed update equation is as follows:

vi(t+ 1) = min[v;(t) 4+ a;(t) X At, Umax), (30)

where v;(f) is the speed of the ith vehicle at time f. 4;(f) is the acceleration of the ith vehicle
at time f. At is the unit time. v,y is the maximum speed of the vehicle (v < vmajor max
and vy, < vminor max).

4.2.2. Speed Reduction Rule

This paper proposes a speed reduction rule to prevent vehicles from colliding with
the vehicle in front. The speed reduction equation is as follows:

Ui(t + 1) = min[vi(t)/ dfront(i) - Dsafe}/ (31)

where dgoni(7) is the distance between the ith vehicle and the front vehicle. Dy, is the
driving security distance.

4.2.3. Random Slowing Rule

Vehicle speed reduction may occur when driving because of many various uncertain
factors. Thus, this paper introduces a random slowing rule for vehicles.

v;(t+1) = max[v;(t) — 1,0] if rand() < Psiow, (32)
where pgo is the probability of the vehicle random slowing value.

4.2.4. Location Update

Each vehicle will update its location based on the current speed. The location update
equation is as follows:
xi(t+1) = x;(t) +v;(t+ 1) x At. (33)

where x;(f) is the location of the ith vehicle at time t.



Appl. Sci. 2024, 14, 11445

14 of 26

4.3. Rules for a Vehicle Changing Lanes

In the free-driving process, vehicles are supposed to change to the corresponding lane
to maintain the correct direction of travel. The behavior of a vehicle changing lanes will
inevitably induce changes in the vehicle’s speed and acceleration. Moreover, drivers have to
consider the security distance between the front vehicle and rear vehicle before the current
vehicle changes lanes. Therefore, it is important to establish reasonable lane-changing rules
to study the operation of traffic flow.

To ensure the safety of vehicle lane-changing, vehicles that need to change lanes
should maintain a sufficient safety distance in front and behind. The vehicle lane-changing
rule is as follows:

type; # lane;

Dfront,new > [vi(t) + ai(t) X Aﬂ X At + Dgafe
Dback,new > [U?ﬁclk(t) + a?ﬁak(t) X At} X At + Dsafe .
pw > rand()

(34)

where Dgonenew is the distance between the vehicle that needs to change lanes on the
current lane and the vehicle ahead on the target lane. D,k new is the distance between the
vehicle that needs to change lanes on the current lane and the rear vehicle on the target lane.
Upack(t) is the speed of the vehicle behind the current vehicle. ap,(f) is the acceleration of
the vehicle behind the current vehicle. py, is the probability of the current vehicle changing
lanes. It reflects the willingness of a driver to change lanes.

4.4. Rules for Vehicle Movements Under Signal Control

Before entering the intersection, the movements of each vehicle in every direction
depend on the status of the traffic signal. tmajor s is the time of the straight signal in the
major road signal phase. tminor s the time of the straight signal in the minor road signal
phase. t1, t, t3, t4 are shown in Figure 3. tmajor s = 0 (tminor s = 0) represents the beginning
of the signal period. tmajor s (tminor s) increases by one unit with each time step. If tmajor s
(tminor s) equals the cycle of the traffic signal, t., then tmajor s (tminor s) will change back
to 0, and a new traffic signal cycle begins. The specific motion rules for vehicles passing
through the intersection are as follows.

Normally, right-turn traffic is not controlled by the traffic signal at an unchannelized
intersection. Consequently, vehicles on the major road are only permitted to turn right
while passing the intersection when the traffic signal is red. Other vehicles have to stay
behind the stop line on the major road. The formula for vehicle movements on the major
road, based on signal control, can be concluded as follows:

t'smjor ¢ (fl,‘tz)
xi(t), ifQ xi(t) = Loy —1
Direction # 2

xi(t) +v;(t+ 1), otherwise

x(t+1) = , (35)

Similar to the right-turn traffic on the major road, the formula for vehicle movements
on the minor road, based on signal control, can be concluded as follows:

t;ninor é (f3', f4)
xi(t), if 4 xi(t) = Ly — 1
. 36
Direction =1 (36)

xi(t) +v;(t+ 1), otherwise

xi(t+1) =

where Lmajor stop (Lminor stop) is the distance between the entrance of the major road
(minor road) to the stop line of the major road (minor road).
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4.5. Rules for Vehicle Movements at the Median U-Turn

After turning around via the median U-turn, the left-turn traffic on the major road will
become the right-turn traffic of the major road and leave the intersection to complete a left
turn. The equation for the left-turn traffic on the major road through the median U-turn is
as follows:

xi(t) € (D1, Dy)
x;(t) — v;(t), if¢ Direction =0
Caropposite_lane;(0) = 0
xi(t) +v;(t+ 1), otherwise

xi(t+1) = , (37)

The equation for the left-turn traffic on the major road after turning around via the
median U-turn is as follows:
Cartyajor_lane;(t) = fix {rand() X N:Z:f;r}
Car ygjor_position;(t) > Dy
Direction = 2 ’ (38)
vi(t+1) = —vi(t)
xi(t+1) = x;(t) — vi(t)

After turning around via the median U-turn, the left-turn traffic on the minor road will
become the through traffic of the major road and drive forward to complete a left turn. The
equation for the left-turn traffic on the minor road through the median U-turn is as follows:

xi(t) € (D1, D2)
xi(t) —v;(t), if¢ rand() < pprinor
Caropposite_laﬂei(()) =0
xi(t) +v;(t + 1), otherwise

xi(t+1) = , (39)

The equation for the left-turn traffic on the minor road after turning around via the
median U-turn is as follows:
Catajor_lane;(t) = fix {rand() X (N:;Zéor - 1)]
Car yajor_position;(t) > Dy
Direction = 1 . (40)
vi(t+1) = —vi(t)
xi(t+1) = x;(t) —vi(t)

4.6. Vehicle Delay Calculation

This paper uses cellular automata to calculate the total delay at the MUT intersection.
The equation for vehicle delays on the major road can be concluded as:

major

2 T
_ type stop type
DelaYmajor - 2 Z Nmujor x At — 1 ,major x N ’ (41)
type=0 \ t=1 max

The equation for vehicle delays on the minor road can be concluded as:

2 T n;inar
_ type stop type
DelaYminor - Z <Z Nminor X At — Vminor X Ny )’ (42)
type=0 \t=1 max

Therefore, the total vehicle delay, Dtotal, is as follows:

Diotal = Delay,,;,, + Delay,;;q,,, (43)
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The average vehicle delay, Dy, is:

Daver = D%T- (44)
where Delay o, indicates the total delay of each vehicle’s direction traveling on the major
road. Delay ;. indicates the total delay of each vehicle’s direction traveling on the minor
road. Nmajor type indicates the total number of vehicles that appear in each type of lane
at the intersection entrance and intersection exit per unit of time. Nminor type indicates
the total number of vehicles that appear in each type of lane at minor road entrances per
unit of time. At indicates the unit simulation time. Ntype n indicates the total number of
vehicles that travel in the lane of a corresponding type. N; is the total number of vehicles
simulated in the cellular automata.

5. Model Effectiveness Validation

In this section, we carry out simulation validation by applying field data to investigate
the accuracy of the cellular automata model. Average vehicle delay will be the evaluation
criterion to compare the difference between the cellular automata model and traffic simula-
tion model under various traffic volumes. Average vehicle delay is a primary indicator for
evaluating the operational performance of signalized intersections [46]. All the results will
help determine whether the cellular automata model is suitable for aseessing the complex
traffic conditions at MUT intersections.

5.1. Field Data Collection

To verify the effectiveness of the proposed cellular automata model, the field traffic
volume data of a specific MUT intersection located in Xi’an are used to input into the model.
Figure 10 illustrates the real scene of a certain MUT intersection on Chang’an Street, Xi’an
city, China. This MUT intersection consists of a two-way, four-lane (minor road) road from
north to south and a two-way, six-lane (major road) road from west to east. There are three
intersection entrance lanes with a left-turn lane, straight lane, and right-turn lane on the
major road. And the minor road only has two intersection entrance lanes with a straight
lane and right-turn lane. A median U-turn is set up on the west and east sides of this
intersection. The distances from the selected MUT intersection to the other two adjacent
intersections are approximately 460 m and 610 m. The current parameters measured for
the selected MUT intersection are shown in Table 3.

Figure 10. The scene of the selected MUT intersection in Xi’an city (adapted from Google Earth).

Table 3. The current parameters of the selected MUT intersection.

Current Parameters

Separation Distance (m)  Gap of Median U-Turn (m)  Width of Median U-Turn (m)

Sides of intersection

East 116

4 9

West 80
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In this paper, we investigate vehicle data at different entrances of the MUT intersection
on Chang’an Street. Video cameras were installed at each entrance to obtain the traffic
field data over five consecutive working days. With a larger traffic flow, traffic congestion
during this period is more serious in the morning peak hours. The traffic volume at the
MUT intersection during peak hours is presented in Table 4.

Table 4. Traffic data at the entrance of the selected MUT intersection during peak hours.

Day 1 Day 2 Day 3 Day 4 Day 5
Direction Traffic Flow Traffic Flow Traffic Flow Traffic Flow Traffic Flow
(veh/h) (veh/h) (veh/h) (veh/h) (veh/h)
Left turn 176 167 157 169 164
East entrance Straight through 733 766 735 746 772
Right turn 147 123 139 143 151
Left turn 182 190 187 174 193
West entrance  Straight through 774 765 721 760 780
Right turn 158 163 142 161 160
Left turn 105 119 106 103 112
South entrance  Straight through 159 147 135 137 149
Right turn 32 46 41 39 47
Left turn 96 85 83 91 90
North entrance Straight through 162 152 138 166 157
Right turn 43 55 39 47 51
Total (veh/h) 2767 2778 2623 2736 2826

This MUT intersection employs two-phase signal control. The through movements of
vehicles on the major road and minor road are assigned phases. Left turns for vehicles are
prohibited within the intersection. The right-turn movements of vehicles are not controlled
by traffic signals. The signal cycle of this MUT intersection is 100 s. The green duration
for the through movements on the major road is 52 s. The red duration for the through
movements on the minor road is 42 s. The yellow duration is 3 s.

5.2. Simulation Construction

To examine the reliability of the proposed cellular automata model, we will employ
commercial simulation software VISSIM (Version 4.0) to construct a traffic simulation model
based on a realistic traffic scenario. As a leading simulation software, VISSIM can present a
vehicle operation environment under different conditions, such as lane type, traffic compo-
sition, and traffic signal control [47,48]. Because of the similar operating rules, the VISSIM
model can serve as a comparison for the proposed cellular automata model. Subsequently,
we compare the average vehicle delay simulated by the two models to demonstrate the
consistency between the cellular automaton model and the microsimulation model in
different scenarios. Therefore, the VISSIM model based on the current situation of the
selected MUT intersection is built first. Then, based on the calculation results in Chapter
3, the modified VISSIM model for the selected MUT intersection is also constructed. The
modified parameters of the MUT intersection are presented in Table 5.

The VISSIM model for the current MUT intersection is built using the parameters
obtained from the field. According to Table 5, the VISSIM model for the modified MUT
intersection is also developed. It should be noted that the east and west sides of the
modified MUT intersection model each require an exclusive separation distance. According
to Equation (8), the appropriate separation distance, L, for the selected intersection is slightly
greater than the calculated value. Therefore, the separation distance on the west side of the
intersection is 92 m, and the separation distance on the east side of the intersection is 124 m.

Similarly, the gap and width of the median U-turn should be considered to use an
identical method. Therefore, based on Table 5, the gap and width of the median U-turn
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are 8 m and 10 m, respectively. Additionally, the signal cycle of both VISSIM models is
consistent with that of the selected intersection. All the parameters required for building
the simulation models have been obtained.

Table 5. The modified parameters for the selected MUT intersection.

Periods
Modified Parameters Direction
Day 1 Day 2 Day 3 Day 4 Day 5
East 119.5 121 117.2 119.2 123.3
Separation distance (m) ———
West 88.8 90.3 85.4 88.1 91.6
East
Gap of median U-turn (m) —— 5.7 < Lgap <105
West
East
Width of median U-turn (m) ——— E>76
West

In this paper, the cellular automata models are simulated using MATLAB. We will
provide two versions of the cellular automata model separately: one with the current
parameters and the other with modified parameters. The total lengths of the major road on
the east and west sides of the selected intersection are 150 cells and 100 cells, respectively.
The total length of the minor road on the north and south sides of the selected intersection
is 120 cells. One vehicle occupies one cell, and the length of each cell is 4 m. No central
boundary line is placed at specific locations of certain cells on the major road to simulate
median U-turn operations. The new vehicles in the two cellular automata models are
generated as described in Section 4. Considering the speed limitations at urban intersections,
the velocity range is from 0 to 3 cells/s on the major road and 0 to 2 cells/s on the minor
road. The maximum acceleration and deceleration in physical units are set to 4 m/s* and
8 m/s?, respectively. One time step corresponds to 1 s. In addition, vehicle overtaking
is not considered in the simulation. The signal cycle of the selected intersection is also
employed in the two cellular automata models. The signal cycle will run continuously
throughout the simulation to better observe vehicle delays.

By inputting different traffic volumes, the VISSIM models and the cellular automata
models are executed simultaneously several times. Finally, we can compare the average
vehicle delays produced by these models to determine the effectiveness of the cellular
automata model for MUT intersections.

5.3. Simulation Result Analysis

There is no doubt that the intersection channelization information, traffic volume
information, and signal timing collectively affect the operational performance of MUT
intersections. Table 6 shows the simulation results of the cellular automata model and
VISSIM model over five consecutive days.

It can be seen from Table 6 that, compared to the current MUT intersection, the
modified MUT intersection reduces the average vehicle delay to varying degrees (regardless
of which simulation model is used). For the simulation results of the VISSIM models, the
percentage reductions in the average vehicle delay are 10.1%, 14.1%, 13.5%, 12.6%, and
10.7% from Day 1 to Day 5, respectively. For the simulation results of the cellular automata
models, the percentage reductions in the average vehicle delay are 11.3%, 13.6%, 13.7%,
12.7%, and 9.8% from Day 1 to Day 5, respectively.

It is worth noting that modeling uncrossable boundaries with a certain width in cellular
automata models has still not been fully explored in relevant theoretical frameworks and
the literature. Due to this limitation, we simplified the cellular automata model by not
accounting for the width of the median U-turn. This simplification may have contributed
to the worse simulation results of the cellular automata models compared to the VISSIM
models (regardless of whether the current or modified MUT intersection is considered).
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However, the discrepancy between the average vehicle delay results of the cellular automata
models and VISSIM models are relatively low, with the maximum error being around 7%.

Table 6. The simulation results of the cellular automata model and VISSIM model.

Day 1 Day 2 Day 3 Day 4 Day 5
Comparison
SV CvV SV Ccv SV CvV A% CvV SV Ccv
Average vehicle
Current MUT delay 51.3 48.5 56.6 52.8 57.2 53.6 52.2 49.5 54.2 51.3
intersection
Error 5.5% 6.7% 6.3% 5.2% 5.4%
Average vehicle
Modified MUT delay 46.1 429 48.6 45.3 494 46.1 45.6 429 484 46.2
intersection

Error 6.9% 6.8% 6.7% 5.9% 4.5%

SV indicates the simulation result of VISSIM; CV indicates the simulation result of cellular automata. Error =
(SV — CV)/SV-100%.

Based on the analysis above, the comparisons confirm that the proposed cellular
automata model demonstrates relatively high accuracy when calculating the average
vehicle delay for the selected MUT intersection. Furthermore, it can be shown that the
proposed cellular automata model effectively reflects vehicle movements at the selected
MUT intersection. Additionally, the simulation results of the modified MUT intersection
indicate that the proposed calculation methods for critical parameters of MUT intersections
can be beneficial for reducing average vehicle delay.

6. Sensitivity Analysis

Average vehicle delay is influenced by several factors, including the separation dis-
tance, the gap of the median U-turn, the proportion of left-turn vehicles, and the green
phase percentage, among others. To further evaluate the operational performance of the
modified MUT intersection under various influencing factors, this section will systemat-
ically conduct sensitivity experiments to explore how these factors impact the average
vehicle delay at the intersection. Under the same conditions, the average vehicle delay of
the current MUT intersection will serve as the control group. Field data representing the
highest traffic volume will be used as inputs for the proposed cellular automata model in
the simulation. Details of the experiments analyzing the percentage reduction in average
vehicle delay for the modified MUT intersection are provided in the following subsections.

6.1. Effect of the Separation Distance and the Gap of the Median U-Turn on Average Vehicle Delay

As two important elements in MUT intersection design, the separation distance and
the gap of the median U-turn have a significant effect on the operational performance of
MUT intersections. In this subsection, different combinations of separation distance and
gap of the median U-turn will be analyzed to examine their effects on delay reduction.
The gap of the median U-turn is set to 4 m, 6 m, 8 m, 10 m, and 12 m. The separation
distance on the east and west sides of the modified MUT intersection is set to 108 m, 112 m,
116 m, 120 m, 124 m, 128 m, 132 m, 136 m, 140 m, and 144 m, and 72 m, 76 m, 80 m, 84 m,
88 m, 92 m, 96 m, 100 m, 104 m, and 108 m, respectively. The remaining settings for the
simulation experiments remain unchanged. Figure 11 illustrates the delay reductions for
different combinations of the separation distance on the east and west sides of the modified
MUT intersection and the gap of the median U-turn.

As shown in Figure 11, when the separation distance on the east and west sides of the
modified MUT intersection is certain, increasing the gap of the median U-turn results in
only a limited improvement in delay reduction. Only a small portion of the results indicate
continued growth in delay reduction. It is considered that appropriately widening the
gap of the median U-turn can help reduce average vehicle delay to some extent. However,
an excessive gap at the median U-turn allows multiple left-turn vehicles from either the
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major or minor road to turn around simultaneously. This can more severely disrupt the
normal driving of the straight-through vehicles on the major road and lead to increased
average vehicle delays. Therefore, the benefit of delay reduction will decrease under certain
conditions. Overall, it can be said that the effects of the gap of the median U-turn on the
operational performance of MUT intersections are quite limited.

The delay reduction (%)
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Figure 11. Vehicle delay reduction for different gaps at median U-turns and separation distances.

When we consider the separation distance on the west (or east) side of the modified
MUT intersection and the gap of the median U-turn as reference coordinates, it can be
observed that increasing the separation distance on the opposite side leads to a correspond-
ing reduction in average vehicle delay. However, as the separation distance on both sides
continues to increase, the degree of delay reduction begins to stabilize or even decline. This
phenomenon can be attributed to the reason that, when the separation distance on both
sides of the modified MUT intersection is sufficiently long, left-turn vehicles will have more
queuing space outside the median U-turn. The probability of congestion at the intersection
will be reduced to a certain degree. In addition, a longer separation distance allows the
intersection to accommodate more traffic flow while minimizing the impact of left-turn
traffic on through traffic. However, an excessively long separation distance may increase
complexity in traffic environments. Left-turn vehicles must drive a longer distance to
detour around the intersection, which increases the travel time. Drivers may misjudge the
traffic conditions at the intersection, which can lead to unsafe driving decisions. Moreover,
when left-turn traffic weaves with through traffic, it increases the risk of confusion and
congestion, which can contribute to increased average vehicle delay. Therefore, in practice,
the traffic departments need to carefully balance the separation distances and the gap in
the median U-turn to optimize the operational performance of MUT intersections.

6.2. Effect of the Vehicle Free-Flow Speed and the Proportion of Left-Turn Vehicles in
Corresponding Road Traffic Volume on Average Vehicle Delay

The vehicle free-flow speed and the proportions of left-turn vehicles on both the
major and minor roads may critically influence the delay reduction at the modified MUT
intersection. In this subsection, the proportions of left-turn vehicles on the major and minor
roads are set between 0.1 and 0.9. The vehicle free-flow speed is set between 2 m/s to
11 m/s. All other simulation parameters remain unchanged. Next, the impact of these
factors on delay reduction will be analyzed. Figure 12 presents the delay reduction for

various combinations of left-turn vehicle numbers on major and minor roads and vehicle
free-flow speeds.



Appl. Sci. 2024, 14, 11445 21 of 26

™ 3 ! ] !. T |>oam
= . O | 24 7%
3 0 s 3 ;35 |
o 1 . ] | 21%
s s 2 ) \‘
&9 *s g3 | 18. 4%
< 4
e T RS o3 J
3 ']

o 8 T Ill . l- ] L . | 15. 7%
" . ] ", "- ] s |
ot s T s e ' ' o e® 12.1%
0 A L L %% s ® |

4 s ® 3 T adwst0ecn e LT, 8 g | 9. 4%
w6 s g ® ] L] | .

5 ] i ! . \‘

g . s s X} .® | 6.3%
0 " ] [ |

9 s _ B ‘e | 3.9%
@ L P ° & ’ |

2 [y S ’ | 0.6%

s ® 3) o e |

g "o oo g 2| <0. 6%
g 2 ® g .

2 . ® b ] .9
2 e L e

o LI =5

. 4 5 S
208

Figure 12. Vehicle delay reduction for different vehicle free-flow speeds and numbers of left-turn vehicles.

As shown in Figure 12, when the proportion of left-turn vehicles on both the major
and minor roads is at its minimum, increasing the vehicle free-flow speed leads to an
improvement in delay reduction. Subsequently, as the proportion of left-turn vehicles
on the major and minor roads continues to increase, delay reduction initially increases
accordingly with a higher vehicle free-flow speed, but then begins to decrease. When
the proportion of left-turn vehicles on the major and minor roads becomes sufficiently
large, further increases in the vehicle free-flow speed cause the delay reduction to decrease
steadily. Appropriately increasing the vehicle free-flow speed can help dissipate queuing
vehicles and reduce average vehicle delays to some extent. However, an excessively high
vehicle free-flow speed means that more vehicles will pass through the intersection during
a green phase. This can result in the excessive queuing of left-turn vehicles outside the
median U-turn, which may not dissipate in time. In addition, drivers may need to spend
more time avoiding fast-moving vehicles while turning around. Consequently, the degree
of delay reduction will decrease.

Figure 12 also demonstrates that, at low vehicle free-flow speeds (2 m/s to 3 m/s)
and low proportions of left-turn vehicles on both the major and minor roads (0.1 to 0.3),
there is a significant increase in delay reduction. Under normal traffic conditions, MUT
intersections are generally considered effective for enhancing the operational performance
of urban intersections when either the major or minor road has a high proportion of left-
turn vehicles. However, in most cases, the proportion of left-turn vehicles on both roads is
negatively correlated with delay reduction. The higher the proportion of left-turn vehicles,
the less significant the degree of delay reduction becomes. This phenomenon is commonly
observed at different vehicle free-flow speeds. The possible reason is that an excess of
left-turn vehicles may cause blockages and overflow at median U-turns, further disrupting
the normal traveling of traffic on the major road. This ultimately leads to a decline in
the overall traffic efficiency of the intersection. Therefore, it is particularly important to
effectively coordinate the relationship between the proportion of left-turn vehicles and

vehicle free-flow speed in urban traffic management.

6.3. Effects of Green Phase Percentage and Signal Cycle on Average Vehicle Delay

In this subsection, we analyze the delay reduction in the modified MUT intersection
under different green phase percentages and signal cycle durations. In typical traffic
environments, major roads usually experience higher traffic volumes. Consequently, the
settings of the green phase percentage for the major road significantly affect the overall
performance of intersections. The delay reduction degree can be observed directly by
varying the green phase percentage. Therefore, the percentage of the green phase of the
major road is set to 0.2, 0.25, 0.3, 0.35, and 0.4. The traffic signal cycle durations range from
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60 s to 150 s. The proportion of left-turn vehicles is fixed at 1:3. The vehicle lane change
rate is set at 0.7, and the probability of vehicle random slowing is 0.5. The free flow speed
is set to 8 m/s. All other parameters of the cellular automata models remain unchanged.
The delay reduction results are shown in Figure 13.
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Figure 13. Vehicle delay reduction for different green time percentages and signal cycle durations.

As shown in Figure 13, when the signal cycle is certain, the degree of delay reduction
increases with the increase in the green timing percentage. This is because a higher green
phase percentage allows more left-turn and straight-through vehicles on the major road to
pass through the intersection, which helps dissipate queuing vehicles more quickly and
reduces vehicle queuing time. As a result, the degree of delay reduction will be greater.
When the green phase percentage of the major road is certain, the degree of delay reduction
increases continuously from 60 s to 120 s. However, the delay reduction gradually decreases
from 130 s to 150 s. This indicates that appropriately increasing the signal cycle and green
phase duration within a specific range is beneficial for improving the traffic efficiency of
MUT intersections. However, as the signal cycle and green phase duration continue to
increase, the number of vehicles passing through the intersection during the corresponding
time will also rise. This may cause drivers of left-turn and right-turn vehicles on the minor
road to make more cautious decisions when weaving with the vehicles from the major
road. Additionally, excessive vehicles on the major road may form a sufficiently long
queue outside the median U-turn. These situations can lead to an increase in delay times.
The delay reduction will decrease during a specific signal cycle and duration of the green
phase time.

7. Comparative Discussion of Proposed Findings and Relevant Case Studies

To more effectively evaluate the similarities and differences in the performance of
MUT intersections across various regions and traffic environments, this study compares
its findings with those from similar case studies, specifically focusing on RCUT and DLT
intersection designs. By examining these different intersection types, we can highlight
the varying impacts on operational efficiency, safety, and congestion. This comparative
analysis provides valuable insights into the effectiveness of MUT intersections relative to
other designs.

7.1. Comparison of Intersection Operations

MUT, RCUT, and DLT intersections are designed to address the challenges caused by
left-turn movements at conventional intersections, which frequently lead to traffic conges-
tion and safety risks. However, each design employs a different approach to achieve this
objective. For the MUT design, it works by rerouting left-turning vehicles through a me-
dian U-turn instead of allowing direct left turns at the intersection. This design eliminates
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left-turn conflicts with through traffic. Findings from this study indicate that MUT intersec-
tions significantly reduce the number of conflict points and improve operational efficiency
by decreasing vehicle delays. The field data collected from a MUT intersection in Xi’an,
China, confirm that the MUT design effectively addresses congestion issues and enhances
the safety performance of the intersection. With regard to the RCUT design, it reduces
left-turn conflicts by requiring left-turning vehicles to perform a U-turn at a specific location
rather than directly at the intersection. Although the RCUT design does not eliminate all
left-turn movements, it can reduce congestion at the intersection. According to Raunak
et al., RCUT intersections are effective in reducing accidents and improving traffic flow,
particularly by reducing left-turn and head-on collisions [49]. Jonathan et al. further empha-
size that RCUT intersections can reduce crash rates by up to 50% compared to conventional
intersections [50]. Lastly, the DLT design redirects left-turn lanes away from the intersection
to a position either before or after the main intersection. DLT allows left-turning vehicles
to bypass the intersection, reducing conflicts between left-turning vehicles and through
traffic. Research conducted by Ahmed et al. and Zhao et al. suggests that DLT intersections
can effectively reduce delays and improve safety by separating left-turn movements from
through traffic [51,52]. However, while the DLT design improves operational efficiency by
reducing direct conflicts, it does not fully resolve the potential for congestion caused by
the remaining left-turn traffic. In comparison, MUT intersections have the advantage of
completely eliminating left-turn movements, resulting in a potentially greater reduction in
conflict points and accidents.

7.2. Comparison of Operational Efficiency and Safety

MUT, RCUT, and DLT designs exhibit distinct advantages and limitations regarding
intersection safety and capacity. The MUT design, in particular, is highly effective in
improving traffic flow and safety at high-volume intersections. The findings from this
study support these conclusions, particularly in complex urban environments. The sim-
ulation results from the cellular automata model used in this study align with previous
studies that show a remarkable improvement in the operational performance and safety of
MUT intersections.

RCUT intersections also improve operational efficiency by minimizing left-turn con-
gestion. However, RCUTs do not completely eliminate left-turn traffic; instead, they redirect
it to a secondary U-turn location. While this strategy reduces direct left-turn conflicts, it
may still result in some delays for left-turn vehicles, especially during peak traffic peri-
ods. According to the Federal Highway Administration (FHWA), RCUTs can achieve a
25-45% reduction in crash rates [53]. Molan et al. found that RCUT intersections improved
intersection safety by more than 30% by reducing the likelihood of left-turn accidents [54].
However, RCUT intersections may experience higher delay times than MUT intersections
due to the need for vehicles to perform a U-turn at a distant location.

DLT intersections, by relocating left-turn lanes away from the intersection, reduce
delays and congestion associated with left-turning vehicles. Zhang et al. and Qu et al.
conclude that DLT intersections can provide significant safety and traffic efficiency im-
provements [55,56]. However, DLT does not fully address the potential for congestion
caused by the remaining left-turn traffic, which may still conflict with other movements in
the modified left-turn lanes.

Overall, the MUT design stands out as the most effective in improving both traffic flow
and safety, particularly at high-volume intersections, by completely eliminating left-turn
movements and significantly reducing conflict points.

8. Conclusions

This paper proposes theories for determining the critical parameters of MUT inter-
sections. It also presents a delay model of MUT intersections based on vehicle dynamic
operations. Vehicle average delay is chosen as the evaluation index. We analyzed which
possible factors can impact the performance of MUT intersections, such as the separation
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distance, the gap of the median U-turn, the proportion of left-turn vehicles, and green
phase percentage, etc. Based on the results of the simulation experiments, the following
conclusions can be drawn:

1. The critical parameters of MUT intersections can be concluded as one of the important
factors affecting vehicle average delay.

2. Compared to the VISSIM model, the proposed cellular automata model demonstrates
relatively high accuracy, with the errors around 7%.

3. Compared to the current intersection, the modified intersection performs better in
reducing vehicle average delays in various conditions.

The established framework offers a systematic analytical method to better obtain a
series of operational performance metrics for MUT intersections. Additionally, this frame-
work also helps us understand the dynamic variation in vehicle average delay under
different simulation parameters for further exploring MUT intersections. Additionally, we
conduct a stakeholder analysis to enhance the practical application and value of this study’s
findings. The major stakeholders include traffic control operators, local authorities, and
road safety authorities. For traffic control operators, the proposed delay model provides
a valuable tool for optimizing signal timing at MUT intersections, improving traffic flow
and reducing delays, which facilitates more efficient road use and congestion management.
Local authorities and transportation planners can use the study’s insights to inform the
design and upgrading of MUT intersections, incorporating the model’s critical parame-
ters to address varying traffic volumes and operational needs, leading to more efficient
transportation networks. Moreover, road safety authorities can apply the delay model
to assess the safety and efficiency of MUT intersections, contributing to improved road
safety and reducing accidents. Based on these considerations, it is recommended that these
stakeholders integrate the delay model and its parameters into intersection design and
modification processes to optimize traffic performance, promote safety, and improve the
overall transportation system.

However, it is worth noting that the proposed cellular automata model still has some
limitations. For instance, we do not take into account the impact of the width of the median
U-turn on the performance of MUT intersections. Moreover, under a uniform vehicle
arrival rate at each entrance, the proposed cellular automata model may still perform well
enough in different simulation environments. Future research should explore several areas
as follows. First, the impact of the median U-turn width on intersection performance should
be explored because this factor can enhance predictive accuracy, especially for intersections
with varying U-turn designs. Additionally, the model’s assumption of uniform vehicle
arrival rates should be revised to account for non-uniform traffic flow, which would
improve its robustness and applicability. Finally, extending the model to other intersection
types, such as signalized intersections and roundabouts, would help evaluate the broader
applicability of the proposed framework. These improvements would enhance the model’s
versatility and accuracy, making it a more effective instrument for traffic management in
diverse environments.

We will consider more relevant factors to further improve the accuracy and applicabil-
ity of the proposed cellular automata model.
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