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Abstract

In construction work at urban intersections, construction barriers can severely obstruct
the view of right-turning vehicles, thereby posing safety hazards and increasing delays.
Taking the intersection of Nanhu Avenue and Dongling South Street in Changchun City
as an example, this paper innovatively proposes relocating the right-turn lane to the left,
merging the right-turn traffic flow into the left-turn phase, and implementing dynamic
left-turn relocation strategies for vehicles turning left in the opposite direction to separate
traffic flows. This study provides detailed channelization design schemes for relocating
the right-turn lane to the left and merging the left- and right-turn lanes. To optimize
traffic efficiency and environmental benefits, a multi-objective signal timing optimization
model was constructed to minimize the total intersection delay, maximize traffic capacity,
and minimize carbon emissions. The model was analyzed using the non-dominated
genetic algorithm (NSGA-II) to determine the effective green light duration for each phase,
the pre-signal control scheme, and the length of the dynamically shifted left-turn lane,
followed by VISSIM traffic simulation. The results show that compared with the traditional
intersection, the optimized design reduced the delay for straight-through vehicles at the
north entrance from 118 s to 21 s (a decrease of 82%). The delays for all phases at the south
entrance decreased by 20–50%, and delays for straight and left-turn vehicles at the west
and east entrances also decreased. The overall total delay decreased from 53.3 s to 41.1 s
(a 23% reduction), validating the effectiveness and applicability of the method and model
proposed in this work.

Keywords: dynamic shifted left-turn; right-turn left placement; left-right shared lane;
signal timing optimization; traffic simulation

1. Introduction
With the rapid development of urban transportation in all aspects, urban roads need

to be constructed or renovated to adapt for economic development. To ensure safety and
convenience, construction areas are usually be enclosed, resulting in the reduction in road
capacity and thus severe traffic congestion. In addition, the construction enclosure creates
an insufficient right-turning vehicle sight distance and low traveling speed, which then
produce straight right conflict. This issue has posed increasingly obvious impacts on the
operation of urban traffic flow [1]. The research on roads and intersections in construction
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zones involves traffic flow characteristics, traffic organization and road capacity, and other
aspects. For example, Chien, S. I. J. et al. concluded that the traffic volume, lane closure,
traffic control and construction location could affect the speed of vehicle operation [2].
Rouphail and Tiwari found that the average speed of vehicles and the distance from the
construction zone was proportional to the distance, and inversely proportional to the
intensity of construction operations [1]. For the congestion problem caused by the reduced
capacity of intersections and roads with construction zones, traffic control, diversion and
induction, and a short-time channelization design within the construction period were
used. However, these methods only spatially redistribute the traffic volume on the road
and road network resources and do not consider the available space generated at the
intersection and the impact of the construction zone intersection barrier on the right-
turn vehicles [3]. In an urban road traffic system, signal-controlled intersections are an
important node in the formation of urban traffic flow conflict, and the size of its operational
efficiency directly affects the capacity of the entire road network. Left-turn traffic flow
due to the intersection cannot be effectively released, and as stranded delay is one of
the main causes of intersection congestion, intersection left-turn traffic organization and
management methods have become an important way to improve the operational efficiency
of signalized intersections.

At present, commonly used methods for intersections with construction zones include
traffic diversion, road function reclassification, and road space resource reclassification.
Many studies have been carried out on the impact range of construction zones, road capacity,
vehicle speed, safety, etc. [4]. Previous studies on right-turning vehicles at intersections with
construction zones have mainly focused on the analysis of vehicle operation characteristics,
traffic safety assessment, traffic flow management, and other aspects, and have not put
forward effective solutions to the problem of insufficient sight distance for right-turning
vehicles. In Hangzhou, part of the road will be set in the right-turn lane on the left side of
the road, and the left-turn vehicle set in the right side of the road, to prevent the turning
vehicle and straight non-motorized vehicle accidents. This effectively avoids accidents
caused by visual blind spots, and traffic accidents have dropped significantly. Chongqing
has a similar precedent. To solve the problem of straight-left conflict, there are left-turn-only
lanes and left-turn-only phases, far-led U-turns, shifted left-turns, and other programs.
Among them, the shifting left-turn, as a new type of scheme to solve the straight-left conflict,
has achieved an obvious optimization effect in practical application in foreign countries,
and the effect is often more obvious in large intersections. However, there is not a unified
and complete theory in China [5].

Regarding both the reduction in straight-left conflicts under the limited space and
time resources of side streets and the insufficient right-turn sight distance generated by
construction barriers, it is necessary to design the dynamic organization of space-time re-
sources within the intersection. Right-turn left can not only reduce the straight-left conflict,
but also can increase the safety of right-turning vehicles. Signal control for right-turning
vehicles can make all vehicles entering the intersecting roadway be controlled by signals,
thus providing the conditions for setting up dynamic shifted left-turns on branch roads [6].
Setting pre-signal and signal control separation of traffic can protect the intersection of the
main road capacity and right-turning vehicles with adequate sight distance and the dy-
namic use of branch road lane space. This can effectively solve the problem of intersection
congestion [7]. Therefore, the design of a dynamic shifted left-turn organization scheme
applicable to the branch road for the actual situation of the intersection has an obvious
improvement effect on the enhancement in intersection operation efficiency [8]. However,
despite these advancements, there remains a notable gap in the integrated application of
right-turn left placement and dynamically shifted left-turn strategies specifically tailored
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for construction zone intersections. Recent studies such as Zhao et al. (2015) and Bie
et al. (2017) have explored displaced left-turn intersections and pre-signal controls, but
none have comprehensively addressed the combined effect of these strategies under the
constraints of construction barriers and limited sight distance [9,10]. This study fills this
gap by proposing a synergistic approach that combines right-turn left placement with
dynamic shift left-turn controls, optimized through a multi-objective signal timing model,
to enhance both the efficiency and safety in construction-affected intersections.

Although this study focused on a typical four-leg intersection under construction zone
constraints, the proposed strategies of right-turn left placement and dynamic shifted left-
turn possess broader applicability. The right-turn left placement strategy can be adapted to
T-intersections or other asymmetric layouts where right-turn sight distance is restricted
by relocating the right-turn lane adjacent to the left-turn lane and coordinating it within
the signal phase. Similarly, the dynamic shifted left-turn concept could be extended to
intersections with heavy left-turn volumes but limited space for dedicated lanes, utilizing
pre-signals and opposing lane borrowing. Future applications would require adjustments
based on specific geometric configurations, traffic volumes, and signal phasing capabilities,
but the core principles of reallocating lane functions and dynamically separating conflicts
remain valid. This discussion underscores the potential for wider implementation beyond
the current case study.

In this study, the intersection of Dongling South Street and Nanhu Avenue was selected
as the main object. The information on the intersection’s channelization scheme, signal
timing strategy, geometric characteristics of the construction zone, and traffic flow data
were collected. The impact of the construction zone on the operational characteristics of the
intersection was explored, and various aspects such as intersection dimensions, traffic flow,
signal phase settings and channelization layout were analyzed. The traffic optimization
strategy of using left-positioned right-turn lanes and implementing dynamic shift left-turns
during the morning peak hours was proposed to improve the intersection’s traffic efficiency
and safety. According to the physical dimensions and the channelization situation of the
target intersection, the channelization scheme and traffic facility design of the intersection
with dynamically shifted left-turn and right-turn lane left placement during peak hours
were carried out. Intersection-related design drawings were prepared. Afterward, the
intersection capacity and vehicle delay were analyzed and calculated, the total delay
minimum target signal timing optimization model was constructed, and the signal cycle
and each phase timing scheme was solved [11]. Vissim simulation software (version 4.3)
was used to compare the operation data before and after the intersection optimization and
carry out simulation evaluation and analysis. Finally, the whole intersection optimization
design process was summarized (Figure 1).
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Figure 1. Overall framework diagram.

2. Survey and Analysis of the Intersection Traffic Status
2.1. Intersection Traffic Status Survey
2.1.1. Intersection Location Survey

The intersection of Dongling South Street and Nanhu Avenue is in the central area
of Changchun’s Nanguan District. North and south of the intersection is Dongling South
Street, along which there is a large amount of residential land, which generates a large
amount of passenger and vehicular traffic. The east–west direction is Nanhu Road, which
is an urban artery running east–west through Changchun. Due to the straight-left mixing
of traffic on South East Ridge Street, the intersection experiences severe internal conflicts
during the morning and evening peak periods. In 28 March, 3 April, and 8 April 2024, the
traffic status of the intersection of Dongling South Street and Nanhu Avenue was investi-
gated, and the intersection channelization, signal timing scheme, geometric information
of the construction zone, and traffic flow operation status, and the intersection operation
status were analyzed (Figure 1). The construction zone extended from the intersection
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to about 80 m to 120 m from the west side and east side of the intersection. There were
three construction zones with barriers occupying the roadway, which reduced the original
two-way ten lanes to two-way eight lanes. The construction zone occupied the shoulder
of the road, and there was no center median. The west side of the import road has five
lanes, including the rightmost road for the exhibition of wide lanes, right-turn special exit,
set up ahead of the right-turn lane, the exit road direction with four lanes, the east side
of the import road is four lanes, and the exit road is also four. The north–south direction
is East Ridge South Street, and the entrance and exit lanes have no median to separate
two-way traffic. There are tidal lanes, 23:55–12:00 for south to north vehicles, 12:00–23:23:55
for north to south vehicles, while the north to south direction prohibits social vehicles to
turn left, buses can turn left. According to the tidal lanes, the import lanes are all two
lanes, and this north–south road is five lanes in both directions. The intersection data are
shown in Tables 1 and 2, and the actual and channelization maps are shown in Figure 2a,b.
To ensure the simulation model accurately reflected the real-world conditions, calibra-
tion was performed using field-collected traffic data. Key parameters including vehicle
composition, desired speed distributions, and driver behavior (such as lane-changing and
car-following behavior) were adjusted to match the observed traffic flows and delays. The
calibrated model showed a deviation of less than 10% in vehicle delay compared with the
field measurements, ensuring the validity of the simulation results.

 
 

(a)  (b)  

Figure 2. Intersection of Dongling South Street and Nanhu Avenue. (a) Actual maps; (b) Diagram of
original canalization of the intersection.

Table 1. Basic data of Dongling South Street and Nanhu Avenue.

Road Import Road Class Lane Number Lane Width

Nanhu Avenue
East Import

Trunk road
4 3.5

West Import 5 3.5

Dongling South Street
North Import

Secondary trunk road
2 3.5

South Import 2 3.5
Tidal carriageway 1 3.25

Table 2. Basic data of the intersection for Dongling South Street and Nanhu Avenue.

Road Time Import Lane Marking Lane Layout Form

Nanhu Avenue Whole day East Import Left turn/straight ahead/straight right 1/2/1
West Import Left turn/straight ahead/right turn 1/3/1

Dongling South Street

23:55–12:00 North Import Straight ahead/right 1/1
12:00–23:55 North Import Straight left/straight ahead/straight right 1/1/1
23:55–12:00 South Import Straight left/straight ahead/straight right 1/1/1
12:00–23:55 South Import Straight left/right 1/1



Symmetry 2025, 17, 1856 6 of 32

2.1.2. Intersection Signal Control Programs

To ensure the robustness of the traffic demand assumptions, video data were collected
on three weekdays during the morning peak (7:30–8:30 a.m.) and additionally during
the evening peak (5:00–6:00 p.m.) and a weekend midday period (12:00–1:00 p.m.). The
coefficients of variation for traffic volumes across these periods were calculated and found
to be below 15%, indicating stable demand patterns and support the use of morning peak
data as representative for simulation and optimization purposes. During the morning peak
period, the intersection uses single-point fixed signal timing (Figure 3). Since the number
of straight and left turns on Dongling South Street (north–south direction) is clearly less
than that on Nanhu Avenue (east–west direction), there are no dedicated left-turn lanes
and left-turn phases in the north–south direction. Straight and left-turning vehicles share a
common phase, with a short time of green. Nanhu Avenue (east–west) has a larger traffic
volume, with a dedicated left-turn phase.

 
(a) 

(b) 

Figure 3. Intersection signal control. (a) Intersection phase-phase sequence diagram; (b) Status of
signal timing at intersections.

A field traffic flow survey of the intersection was conducted using the video recording
method, selecting the weekday morning peak 7:30–8:30 h for video recording of the inter-
section. The survey section was divided into four cycles at fifteen-minute intervals, and the
vehicle operation of each inlet road was obtained as shown in Supplementary Tables S1–S6
(note: engineering vehicles were fewer and categorized as large vehicles). According to
the known data, the vehicle input, vehicle type ratio, road speed limit and signal control,
etc., and the design and simulation of the current intersection operation status quo are
shown in Figure 4, the collection of delays is shown in Supplementary Table S7, and the
delay unit is seconds (s). The data showed that the east–west inlet left-turn delay was
larger, and east–west straight due to the construction zone occupying the roadway speed
limit and the impact of right-turning vehicles also produced a large delay. Due to the con-
struction zone occupying the roadway, the east–west direction generates many mandatory
lane changes (i.e., lane changing behaviors performed by drivers to avoid obstacles in the
driving process).
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Figure 4. Simulation diagram of the intersection situation.

2.2. Comprehensive Analysis of the Status of Intersection Operation
2.2.1. Analysis of Traffic Operational Impacts from Occupancy Construction

On the west import lane of the intersection, the current channelization plan considers
that right-turning vehicles will need to move straight ahead to make a turn in the con-
struction zone [12]. When the queue of straight-through vehicles reaches seven vehicles,
right-turning vehicles cannot enter (Figure 5a,b). During the morning and evening peak
periods, the early right-turn option does not solve the problem due to the high volume of
traffic operating on Nanhu Avenue. In addition, the construction zone barrier obscures
the turning visibility of right-turning vehicles, which increases the operating delay for
right-turning vehicles significantly. On the east entrance roadway of the intersection, the
irregular construction occupation area causes right-turning vehicles to nearly lose their
turning vision and right-turning vehicles to operate slower (Figure 5c) [13]. The two lanes
of the roadway auxiliary merge into the rightmost straight-right lane, and right-turning ve-
hicles from the other lanes also merge into that lane, resulting in increased pressure on this
straight-right shared roadway, which in turn affects straight vehicles [14]. Considering the
right-turning vehicles and the construction zone, the east–west inlet lane of the intersection
needs to be separated from the right-turning traffic.
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(a) Actual map (b) Schematic 

(c) Drainage map of Nanhu Avenue east inlet  

Figure 5. West import of Nanhu Avenue.

2.2.2. Intersection Left-Turn Traffic Operation Analysis
Analysis of Left-Turn Traffic Operation on Nanhu Road

According to the analysis of the field survey data, there is a large traffic volume
of left-turn-only lane on Nanhu Road (east–west direction). Many vehicles turn around
on the east and west imports, and the west imports are farther away from the central
guardrail from the intersection and are set up at 50 m from the intersection to allow for
turnaround [15]. East inlet left-turn and U-turn vehicles cannot enter the left-turn lane
due to the queuing of straight vehicles; the queuing of left-turn vehicles will also make the
U-turn vehicles unable to perform a normal U-turn (Figure 6). According to the observation
data during the morning peak period, during the fifteen-minute period of 7:30–7:45, the
number of vehicles turning around in the east entrance was 41, and during 7:45 and 8:00,
the number of vehicles turning around in the east entrance was 32, which is a large demand
for turning around. The hourly flow rate of the east entrance with a dedicated left-turn
lane reached only 148 pcu/h. According to the relevant norms at home and abroad, the
actual situation does not meet the relevant norms for the installation of left-turn-only lanes.
Both the roadway channelization bends caused by the construction zone and the U-turn
vehicles had a greater impact on the left-turn vehicles.
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(a) 

 
(b) 

 
(c) 

Figure 6. Schematic diagram of the left-turn problem for vehicles imported from the east. (a) Diagram
of left-turn queue unable to turn around; (b) Schematic diagram of straight-ahead queue blocking;
(c) Schematic diagram of straight-left conflict in the morning peak.

East Ridge South Street Left-Turn Traffic Operations Analysis

On East Ridge South Street, left turns are prohibited on the north inlet roadway
during the morning peak period, and on the south inlet roadway during the morning
peak period. The number of left-turning vehicles arriving in one cycle reaches more than
15 vehicles, and even reaches 25 vehicles, which satisfies more than three arrivals in one
cycle. According to the measured data, left-turning vehicles reach 434 pcu/h during the
morning peak period (to meet 200 pcu/h), and left-turn-only lanes should be installed.
For East Ridge South Street, the north entrance road during 0:00–12:00 should use the
traffic organization of the ban on the left, with the rest of the time using straight-left mixed
traffic organization [16]. The South Inlet Road is a straight-left mixed traffic organization
throughout the day, and the north and south directions share a signal phase. Due to the
large volume of left-turning traffic during the morning peak period, serious conflicts with
straight vehicles are generated, as seen in Figure 6c. This reduces the intersection capacity
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and increases the risk factor. Tidal lanes are installed on South East Ridge Street Road,
with southbound to northbound traffic from 23:55 to 12:00 and northbound to southbound
traffic from 12:00 to 23:55

2.3. Intersection Traffic Organization Optimization Design Ideas

Due to the existence of the construction zone enclosure, more U-turn vehicles, and
larger left-turn traffic demand at the south inlet in the morning peak, coupled with the
road space limitation of its five-lane road and the no-left setup at the north inlet, the traffic
efficiency is low. Therefore, it is necessary to carry out a traffic organization optimization
design for the intersection of Dongling South Street and Nanhu Avenue [17]. A right-turn-
only phase needs to be set up to control right-turning vehicles. In this paper, considering
the construction area barrier occupying the road and the driver’s sight distance problem, it
is proposed to place the right-turn lane on the right side of the left-turn lane (right-turn
left setting). Considering the relative traffic volume of right-turning vehicles and straight
vehicles set up left and right shared lanes, east–west right-turning vehicles and left-turning
vehicles in the same inlet road share a phase, together with the pre-signal and other phases.
However, Dongling South Street (north–south) is only a five-lane road and a secondary road
with limited reconstruction conditions, so the shifted left-turn method currently proposed
is not applicable. Drawing on the ideas of shifting left-turn and borrowing left-turn and
the actual situation of the road, a dynamic shifting left-turn is proposed for five lanes of
secondary roads. Using the unused space generated by the construction zone occupying
the road, the shifted left-turn waiting area was set up to reduce the queue length, reduce
the impact on the opposite traffic flow, and combined with the above right-turn traffic flow
analysis study to give a dynamic traffic organization scheme.

Dynamic shifted left-turn lanes are used for shifted left-turn vehicle traffic and inter-
secting roadway turning vehicle traffic. Through the reasonable phase-phase sequence
design, the separation of traffic flows in time can be realized, thus reducing the requirement
of shifted left-turns on road space. Considering the conflict between the turning vehicles
and the vehicles traveling straight in the same direction, and combined with the study of
turning radius, the intersecting roadway inlet lanes were designed to be inclined to increase
the turning radius and safety distance.

For a comprehensive consideration of the actual situation of the intersection, this paper
investigated the Nanhu Road east and west imports of the right-turn left. For the left-turn
lane U-turn vehicle obstruction problem, in the original left-turn lane on the right, set up
left and right combined lanes, and the U-turn position for the rear. For the direction of
Dongling South Street, use the dynamic shift left-turn, with reference to the idea of shifting
left-turns in the east and west inlet channelization design based on signal control, phase-
phase sequence, and sign marking design for the dynamic use of the intersection south of
the import and export road space [18]. This separates the conflict between turning vehicles
and shifted left-turn vehicles on Nanhu Road from space and time, and improves the
intersection efficiency and safety. Since the proposed optimized design does not conform
to the conventional design, it is necessary to carry out the design of the relevant signs
and markings to remind the road users and improve the safety and practical effect of the
optimized scheme. Based on channelization design, there was a main three-phase signal
timing scheme: the first phase for the east and west inlet road straight, the second phase
for the north and south inlet road straight and left turn, and the third phase for the east
and west inlet vehicle turn. The pre-signal should be turned on during the first phase
of the main signal to allow the left-turning vehicles to enter the opposite lane and wait
for the left-turn, and during the second phase of the main signal, it is released together
with the north and south inlet straight vehicles, and the red light of the pre-signal should
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be turned on before the opposite straight vehicles arrive at the pre-signal. By studying
the constraint relationship between the main pre-signal and establishing a signal timing
optimization model with the objectives of minimizing the total delay at the intersection
and total emission at the intersection and maximizing the capacity of the intersection, the
corresponding signal timing scheme and related parameters can be obtained by solving the
global optimal solution.

3. Intersection Drainage and Traffic Facilities Design
3.1. Analysis of Drainage Design Conditions

Right-turn left placement refers to the relocation of the right-turn lane to the left side of
the left-turn lane to improve sight distance and reduce conflicts. This design is inspired by
practices in cities like Hangzhou and Chongqing [6]. Borrowed left-turn indicates a strategy
where left-turning vehicles temporarily use the opposite lane during a specific signal phase,
controlled by a pre-signal. The dynamic shift left-turn represents an adaptive form of a
borrowed left-turn where the use of opposite lanes is dynamically controlled based on
real-time traffic conditions. For east–west right-turn left placement and left-right merge,
the right-turn lane is adopted for left placement to achieve the separation of straight-right
conflicts and to give right-turning vehicles in the construction area a sufficient safe sight
distance. Based on adopting the right-turn left position, the left and right shared lanes are
set up and placed next to the left-turn lane, sharing a phase with the east–west left-turn
vehicles (Figure 7). The left-most left-turning vehicles can pass as usual, and the adjacent
left-right shared lanes have no conflict points for left-turning vehicles with right-turning
vehicles and right-turning vehicles in the opposite direction [10].

Figure 7. Schematic organization of vehicles turning left and right.

The left and right shared lanes are released at the same time as the left-turning vehicles
in one phase, and the north–south exit lanes should be three or more. In fact, the tidal lanes
used in the current channelization do not meet the conditions [19]. The optimized borrowed
left-turn scheme can by reasonably controlling the setting position of the pre-signal (the
queuing position of the north–south direction left-turning vehicles on the tidal lanes) and
the phase sequence of the traffic flow. This can satisfy this condition, and vehicles can enter
the exit lane without conflict and complete the lane change merge in sufficient distance.

The points to be considered for setting up a dynamic shifted left-turn and shifted
left-turn waiting area in the north–south direction are as follows [20]:

(1) Road conditions
A five-lane dynamic shift left-turn lane is proposed. For the secondary road, set a

dynamic shift left-turn lane through channelization and phase control, straight-left at the
same time release, reduce the secondary road straight-left conflict at the same time, but
also avoid setting a traditional four-phase control scheme, increasing the delay on the main
road traffic. For intersecting lanes of right-turning vehicles, the right-turn-left program
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using signal control and shifting left-turning vehicles occupying the road at the time of
separation fully reduces the secondary road straight-left conflict at the same time, and the
main road operation also plays a positive role.

(2) Waiting for the turn area set up
Set up the left-turn waiting for the turn area; the south entrance left-turn waiting

for the turn area can be parked with two to three cars. For morning and evening peak, a
cycle to arrive at the left-turn vehicles in 15 vehicles-25 vehicles, the set up to turn area can
shorten the borrowed left-turn to take up the opposite lane length and reduce the left-turn
vehicle turning time at the same time to be set up in accordance with the location of the
construction zone set up.

(3) Dynamic shift left-turn lane length setting
The dynamic shift left-turn on secondary roads proposed in this paper needs to be set

according to the actual traffic volume of the left-turning vehicle, the length of the borrowed
opposite lane, and the bit of the vehicle turning left into the opposite lane.

(4) Continuity and safety of straight-left traffic on secondary roads
When the green light for the east–west (primary road) straight phase is on, the left-

turning vehicles in the north–south direction (secondary road) will be controlled by the
pre-signalized green light, which will allow them to enter the opposite lanes and queue up.
Once the east–west straight ahead green light stops, the north–south straight ahead and
left-turning vehicles will be given a release signal at the same time. At this time, the pre-
signal red light will come on to ensure that new left-turning vehicles will no longer enter
the opposite lane while allowing left-turning vehicles already in the queue and straight
ahead vehicles in the opposite direction to pass safely.

(5) Vehicle turning radius
The left-turning vehicle is set on the leftmost side, and the corresponding turning

radius is calculated for the actual situation of the intersection, and the turning radius of the
intersection improved in this paper is sufficient.

3.2. Drainage Plan

Considering the above setup points, our optimized drainage design is shown in
Figure 8.

 

Figure 8. Optimized drainage design.

According to this paper’s analysis of the channelization setup conditions and channel-
ization scheme, the roadway function was divided.
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(1) Nanhu Road east and west imports to take the right-turn left and left and right
merger, the east imports four imports of four lanes from the center line to the outside of
the four lanes, the lane function is a left-turn-only lane, a left- and right-turn to the shared
lanes, and two straight lanes. The innermost lane allows vehicles to make a U-turn, and
the U-turn position is about 80 m from the stop line at the turning point. The west import
has five import lanes, five lanes from the center line to the outside, lane functions are a left-
turn-only lane, a left- and right-turn shared lane, and three straight lanes. The innermost
lane allows vehicles to make a U-turn, and the U-turn location is at the turnaround point
about 60 m from the stop line. The length of the openings at the turnaround are all 15 m
(see Figure 9).

 
(a) 

 
(b) 

 
(c) 

Figure 9. Nanhu Avenue east–west inlet improvement drainage map. (a) Nanhu Avenue east inlet
drainage map; (b) Nanhu Avenue west inlet drainage map; (c) South East Ridge Street south inlet
improvement drainage plan.

(2) East Ridge South Street on the north and south inlet lanes: the north inlet lanes
do not make improvements to the design, the south inlet lanes are set up to dynamically
shift left-turns, based on the existing channelization, the outermost exit lane of the south
inlet is set up to dynamically shift left-turns, in the second phase of the main signal part of
the time, the outermost exit lane is used for left turns on the south inlet, and during the
third phase, the outermost exit lane is reused for turning vehicles to exit the intersection
(Figure 9c).

3.3. Drainage Program Detail Design

(1) Shift left-turn waiting area design [9]
The south inlet dynamic shift left-turn can be used to set up a left-turn waiting area

in the construction zone. For the South East Ridge Street and Nanhu Road intersection
of the south inlet road shift left-turn waiting area, see Figure 10a, according to the actual
measurements, the dynamic shift left-turn waiting area (S1), with a length of 17 m stop line
in front of the waiting area space, is enough to park two to three left-turn vehicles.
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(a) (b) 

 

 
(c) (d) 

Figure 10. Drainage program design. (a) Diagram of the left-turn area at the south entrance road;
(b) Turning track legend; (c) Design of the west entrance parking lane; (d) Schematic diagram of
shifted left-turn at the south inlet.

Considering the turning radius R of the left-turning vehicle, the turning radius of
the turning vehicle needs to satisfy Equation (1), and at the same time, in order to avoid
conflicts with the opposite right-turning vehicle and pedestrians and enter the inside lane
as much as possible, this paper chose to design the east–west roadway stop line to be tilted.

R > Rmin =
V2

127(µ + i)
(1)

R is the radius of the circular curve in the turning area to be turned, Rmin is the
minimum turning radius of the traveling vehicle that turns left to the circular curve in the
turning area to be turned, µ is the lateral force coefficient, V is the speed of the traveling
vehicle on the calculated road, and i is the lateral gradient of the calculated lane group.

To assess the turning performance of road intersections more accurately, this paper
adopted the method of taking the middle value of the design speed of each grade of road,
and set the turning design speed as 50% of the road design speed. Based on this method,
this paper obtained the specific values of turning speeds for each class of road intersection
listed in Supplementary Table S8. Combined with Equation (1), the calculated vehicle
turning radii are shown in Supplementary Table S9.
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When the turning radius satisfies Equation (2), the turning radius of the left-turning
vehicle from the south inlet into the inner three lanes of the west exit is about 50 m, which
satisfies the minimum turning radius. At the same time, it can be obtained that the south
inlet left-turn distance L1 is about 30 m.

X2 + (R − Y)2 = R2 (2)

(2) East and west inlet lane tilt design
Based on comprehensive actual and existing research, this paper designed an east and

west inlet at the innermost side of the left-turn lane stop line backward indentation of 3 m
(Figure 10).

(3) Dynamic shift left-turn vehicle conversion section lane length L1

Relevant research has shown that the left-turn vehicle changes lanes in the process of
an S-type trajectory. According to the actual situation of the road (Figure 10d), using the
secondary road design speed of 50 km/h, 70% of 3 m/h, L1 can be calculated according to
Equation (3).

L1 =
V1 × ∆w

3
(3)

where V1 is the lane change speed, m/s and ∆w is the lane change width, m. According to
the actual data, ∆w is 7 m and V1 is 35 km/h, so L1 was rounded to 23 m.

(4) Dynamic shifted left-turn lane length L2 Referring to the idea of the shifted left-turn,
the unfavorable factors of too long and too short were considered based on meeting the
demand of left-turn vehicles. As the dynamic shift left-turn is set in the secondary road, the
north–south straight-left phase signal time should not be too long and too short. Therefore,
the length of the dynamic shift left-turn lane should satisfy Equations (4) and (5):

S1 + L2 = K × N × S (4)

N =
Qle f t × T
3600 × n

# (5)

where S1 is the length of the shifted left-turn waiting area, 17 m; L2 is the length of the
dynamic shifted left-turn (m); S1 is the length of the left-turn waiting area, m; N is the
left-turn traffic volume in one cycle, vehicles; Qle f t is the left-turn hourly flow rate in the
morning peak, pcu/h; T is the signal cycle time of the intersection, s; n is the number
of lanes in that phase; S is the average stopping spacing (7.6 m); K is the vehicle arrival
non-uniformity coefficient (1.5).

4. Signal Control Scheme Optimization Design
4.1. Signal Control Scheme Optimization Design

Chinese national regulations mainly include a straight lane basic capacity of
1650 pcu/h/lane. Therefore, the signal control scheme optimization needs to consider
this capacity. Based on the improvement of the channelization scheme, a three-phase
signal control scheme was adopted, with the first phase for straight traffic in the east–west
direction, the second phase for straight traffic and left turns in the north–south direction,
and the third phase for left- and right-turns in the east–west phase. Set up the pre-signal;
during the pre-signal green light, let the left-turn vehicles into the dynamic shift left-turn
lanes to be left-turn vehicles away, and through signal control, let the intersecting road
vehicles into the lane (Figure 11a). Based on the determination of the phase sequence, the
signal control scheme is shown in Figure 11b.
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(a) 

(b) 

Figure 11. Signal control scheme optimization design. (a) Improvement of phase sequences;
(b) Signal control program.

4.2. Pre-Signal Constraints

The timeline is interpreted as follows (Figure 12):

 

 

 

Figure 12. Timeline diagram illustrating the coordination between the main signal phases and the
south approach pre-signal.

1. East–west through phase (main signal): This is the first phase of the main signal
cycle, during which vehicles on Nanhu Avenue travel straight. The pre-signal on the south
approach is activated within this phase.

2. Pre-signal green activation (T1): The pre-signal green light starts at time T1, which
is calculated as T1 = T2 + t1, where T2 is the start of the east–west through phase and t1 is
the time required for the last turning vehicle from the intersecting road (e.g., a right-turning
vehicle from the west exit) to clear the dynamic shift left-turn area. This delay ensures that
left-turning vehicles from the south entrance do not conflict with turning vehicles from the
intersecting stream.

3. Pre-signal green termination (T3): The pre-signal green light ends at time T3, which
must occur before the onset of the north–south through/left phase on the main signal (T4).
This is governed by T3 = T4 + t2, where t2 is the time required for the first opposing straight
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vehicle (from the north entrance) to arrive at the conflict point after its signal turns green.
Terminating the pre-signal green at T3 prevents new southbound left-turning vehicles from
entering the opposing lane and ensures a safe clearance interval.

4. North–south through/left phase (main signal): During this phase, vehicles queued
in the dynamic shift left-turn lane (which entered during the pre-signal green time) are
discharged simultaneously with the southbound through traffic, completing the left-turn
maneuver safely without conflict with opposing flows.

The effective green time for the pre-signal (g′) is therefore the interval between T1 and
T3, which is constrained by the duration of the east–west through phase and the critical
time intervals t1 and t2, as specified in Equation (10). This coordinated timing strategy
ensures the safe and efficient operation of the dynamic shift left-turn maneuver.

In order to avoid conflict between the turning vehicles and left-turning vehicles on
intersecting roads, the green light of the south inlet pre-signal should be activated after the
left-turning and right-turning vehicles on the intersecting roads pass through the switching
road section (Equation (6)). Through signal control, the east and west import left- and
right-turn vehicles, in the third phase of the intersection, can reach the north and south exit
road. Assuming that in the last second of the yellow light, the last turning vehicle reaches
the south exit lane, the vehicle passes through the dynamic shift left-turn and changes road
section, then the south exit lane left-turning vehicle enters the dynamic shift left-turning
lane in order to ensure its safety, so it can be based on Equation (7) to calculate the time of
the vehicle passing.

T1 = T2 + t1 (6)

t1 =
L1 + L2

V2
(7)

where T1 is the south inlet pre-signal green light start time (s), T2 is the east and west inlet
straight green light start time (s), t1 is the intersecting road turn of the last vehicle through
the dynamic shift left-turn area time (s), L1 is the dynamic shift left-turn lane length (m), L2

is the change of the road section length (m), and V2 is the vehicle in the East Ridge Street
exit section of the driving speed. To ensure sufficient safety, the design speed was 25 km/h.

At the same time, in order to ensure that the opposite direction of the straight traffic
flow and left-turning vehicles entering the dynamic shift left-turn lane will not conflict, the
pre-signal green light stop time needs to ensure that the opposite direction of the straight
traffic arrives at the lane change area before. Therefore, the pre-signal green stop time
should satisfy Equations (8) and (9).

T3 = T4 + t2 (8)

t2 =
L2

Vs
+

L3

V3
(9)

where T3 is the pre-signal green light stop moment (s), T4 is the north–south straight-left
phase green light on the moment (s), t2 is the opposite direction of the first straight car to
arrive at the pre-signal time (s), Vs is the East Ridge South Street road design speed (m/s),
L3 is the north–south length of the intersection, m, according to the actual survey (55 m),
and V3 is the vehicle traveling speed through the intersection (30 km/h).

In summary, the pre-signal green time should be less than the sum of the green time
of the east–west straight phase and the green interval time and the difference between t2

and t1, so it is necessary to meet Equation (10).

g′ = g1 + I1 + t2 − t1 (10)
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where g′ is the pre-signal green light duration (s), A′ is the pre-signal yellow light
duration (s), g1 is the east–west straight green light duration (s), and I1 is the green
light interval (s).

4.3. Main Signal Constraints

The minimum and maximum green times, all-red time, and yellow time were set
in accordance with the Chinese National Standard GB 50647-2011 (Code for Design of
Urban Road Traffic Planning and Signaling) and the Highway Capacity Manual (HCM
2016) [21,22]. Specifically, the minimum green time was set to 15 s to ensure pedestrian
crossing safety, and the maximum green time was limited to 60 s to prevent excessive
waiting times. In the intersection signal timing design, first of all, it is necessary to ensure
that the effective green light duration of each phase is between the pre-set shortest green
light duration and the longest green light duration, and cannot be negative. In light of
the object of study in this paper, for each lane group and phase, there was a one-to-one
correspondence, and each inlet lane of each direction of traffic had a dedicated release
phase. Therefore, the constraints on the effective green light duration of the phase are
shown in Equations (11) and (12).

gmax ≥ gei ≥ gmin (11)

gmin ≥ 0 (12)

Here, gei is the effective green light time of each phase (s), gmin is the lower limit of
green light duration (s), and gmax is the upper limit of green light duration, s.

Second, the duration of the north–south inlet straight-left phase is needed to ensure
that all left-turning vehicles in the dynamically shifted left-turning lane pass through the
intersection, and according to the theory of traffic wave, the equation of the wave speed of
the traffic flow is shown in Equation (13).

Vw =
VxK1−VyK2

K1−K2

Vx = Vf (1 − φx)Vy = Vf
(
1 − φy

)
φi =

Ki
Kj

(13)

where Vw is the wave velocity (m/s), Vf is the free stream velocity (m/s), Vi is the velocity
of state i, Ki is the density of state i c, Kj is the blocking density (vehicle/m), and φi is the
normalized density of state i (vehicle/m).

Associating the above equation and making unknown substitutions can be obtained
as the propagation of wave velocity of the traffic wave, as shown in Equation (14).

Vw = Vf [1 − (1 + φx)] = −Vf φy = −
(

Vf − Vy

)
(14)

The north–south straight-left phase should be greater than the time of dissipation
wave transfer to the last vehicle with the last left-turning vehicle through the intersection.
Here, Vf takes V3 = 30 km/h. It may be assumed that the left-turn vehicle row full in the
dynamic shift left-turn lane can be obtained to start the wave passed to the last car time t3

(Equation (15)), the last left-turn car through the intersection time t4 (Equation (16)), and
the north–south straight-left phase effective green time ge2 should meet Equation (17).

t3 =
S1 + L2

V3
(15)

t4 =
L2 + Lsl

V3
(16)
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ge2 ≥ t3 + t4 (17)

where t3 is the time for the initiating wave to pass to the last vehicle in the row (s), t4 is
the time required for the last left-turning vehicle to pass through the intersection (s), V3

is the operating speed of the vehicle at the intersection (m/s), Lsl is the turning distance
of the left-turning vehicle of the south inlet in the intersection (m) (the actual data are
about 30 m), and ge2 is the effective green time of the south inlet of the intersection in the
straight-left phase (s).

It is also necessary to ensure that the last vehicle can pass through the waiting area
after the pre-signal stops (i.e., the remaining passing time of the north–south straight phase
after the red light of the pre-signal is activated should ensure that all vehicles can pass
through). When t3 ≥ t2, the traffic wave has not yet reached the last vehicle. At this time, it
is necessary to ensure that the green light time of the north–south straight phase should
be greater than the sum of the remaining distance of the start-up wave passing to the last
one and the time required for the last left-turning vehicle to pass through the intersection.
When t3 ≥ t2, the start wave has been transmitted to the last vehicle in the dynamically
shifted left-turn lane, and the effective green time for the north–south phase should be
greater than or equal to the sum of the time that the first straight ahead vehicle in the
opposite direction arrives at the pre-signal and the time required for the last left-turning
vehicle to pass through the intersection (Equation (18)).{

t3 + t4 ≤ ge2, t3 ≥ t2

t2 + t4 ≤ ge2, t3 ≤ t2
(18)

Finally, the total signal cycle duration (T) of the intersection should be controlled
between the minimum cycle and the maximum cycle, and the cycle should include the
effective green time of all phases and the total loss time in one cycle, where the total loss
time includes the all-red time and the before and after loss time, which was taken as 9 s in
this paper, and the specific requirements are shown in Equation (19).

Tmin ≤
ω

∑
i

gei + Lt ≤ Tmax (19)

where Tmin is the minimum signal period (s), LTotal is the total loss time in one cycle
including the all-red time R with the pre- and post-loss time Lt (9 s), and Tmax is the
maximum signal period (s).

4.4. Delay Calculations
Average Vehicle Delay Calculation

Vehicle delay is widely used as a key metric in assessing intersection efficiency and
congestion [23]. In this paper, the HCM2010 delay calculation formula was used for
calculation (Equation (20)).

dm
i = dm

i1·PFm
i + dm

i2 + dm
i3 (20)

where dm
i is the average delay of lane group i at intersection m (s/pcu), PFm

i is the signal
linkage correction factor, which is taken as 1 in the case of an isolated intersection, dm

i1 is
the equalization delay of lane group i (s/pcu), dm

i2 is the additional delay of lane group i
(s/pcu), and dm

i3 is the initial queuing delay of lane group i (s/pcu) [24].
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In this paper, the research object was an isolated intersection (i.e., m = 1) and the signal
linkage correction factor PF = 1, where the equalization delay, additional delay, and initial
queuing delay can be calculated in accordance with Equations (21)–(24).

d1 =
T
(
1 − gei

T
)2

2
[
1 − gei

T min(1, Xi)
] (21)

Xi =
∑µ δµPµ

i qi

Qi
(22)

where gei is the effective green time of lane group i (s), Qi is the capacity of lane group i
(pcu/h), δµ is the conversion coefficient of µ-type motor vehicles relative to the standard
vehicles, Xi is the saturation degree of lane group i, Pµ

i is the proportion of µ-type motor
vehicles, and T is the signal period of the intersection (s).

d2 =
T′

4

[
(Xi − 1) +

√
(Xi − 1)2 +

8KIiXi
Qi

]
(23)

where T′ is the analyzed duration, which was taken as 0.25 h; K is the delay correction
factor under different signal controls, which was taken as 0.5 for fixed-period signals; and
Ii is the incremental delay correction factor for merging and diverging regulation upstream
of lane group i, which was taken as the value of 1 for isolated intersections.

d3 =
3600
T′qi

(
ti·

Ni1 + Ni2 − Ni3
2

+
Ni2

2 − Ni3
2

2Qi
− Ni1

2

2Qi

)
(24)

where Ni1 is the initial number of queued vehicles in lane group i at the beginning of the
observation during the analysis time (pcu), Ni3 is the number of queued vehicles at the
end of the analysis only if q > Q and there is no initial queuing (pcu), Ni2 is the number
of queued vehicles in lane group i at the end of the analysis (pcu), and ti is the time when
the lane group is unable to satisfy the traffic demand during the analysis time (h). In this
paper, it was assumed that the channelization modification of the lane groups had no initial
queuing delay, so d3 = 0 [21].

4.5. Delay Calculation Corrections

Dynamically shifted left-turns were set up in the south inlet lane, and their delays were
affected by the pre-signal, and according to the phase-phase sequences used in this paper,
the delays of the left-turning vehicles in the south inlet needed to be corrected [25]. When
comparing conventional intersections with dynamically shifted left-turn intersections, the
design of dynamically shifted left-turns gives left-turning vehicles an additional number
of stops, which leads to additional delays, and the additional delays are set as a factor
k. Although left-turning vehicles need to travel an additional distance in the switching
roadway segment to enter the shifted left-turn lane, inside the intersection, vehicles can
move through the intersection more quickly because the shifted left-turn design makes the
travel path shorter [26]. These two aspects offset each other when compared with other
delay factors, with the main increases in delay being the additional stopping delay due to
the pre-signal setup and the extra waiting time for left-turning vehicles to pass. Therefore,
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the increased delay for left-turning vehicles on the southbound approach can be calculated
using Equation (25). 

λ = 3600
QLe f t

t5 = L1+L2+S1+Lsl
Vd

td = ge2 − t2 − t5

q = td
λ × T′

T
d = (g3 + I + t1)

d4 = d × q + k

(25)

where λ is the vehicle arrival interval (s), td is the time required for a left-turning vehicle to
pass through the intersection unimpeded from the pre-signal stop line (s), Vd is the average
speed of the dynamically shifted left-turning vehicle unimpeded, m/s, and in this paper,
40 km/h was taken, td is the time of the delay generated (s), ge2 is the effective green time
of the north–south straight-left-turning phases (s), q is the average number of vehicles
arriving, vehicles, and T is the analysis duration, taken as 0.25 h, g3 is the green time for
the east–west inlet left and right-turn phases (s), d is the added delay per failed vehicle, s, k
is the number of stops delay equivalent, and d4 is the added delay of the pre-signal (s).

4.6. Modeling and Solving

The NSGA-II algorithm was implemented with a population size of 100 and run for
200 generations using simulated binary crossover (probability = 0.9) and polynomial muta-
tion (probability = 0.1). These parameters were selected based on preliminary sensitivity
analyses to balance the convergence speed and solution diversity. The convergence was
monitored using hypervolume indicator.

(1) Total delay minimization model
The intersection total delay minimization was selected as the objective function to

optimize the intersection signal timing [27]. In this paper, the total delay of the intersection
is shown in Equation (26).

TD =
ω

∑
i

ϑ

∑
µ

δµdiPi,µqi + d4 (26)

where δµ is the conversion factor of µ motor vehicles to standard vehicles, Pi,µ is the
share of µ motor vehicles in the total vehicles, and qi is the traffic volume of lane group i
(vehicles/h).

(2) Minimum model for total emissions
Carbon monoxide accounts for a relatively large portion of vehicular emissions, and

its emissions are usually calculated by the following relational equation (Equation (27)
using the emission model established):

ECO =
N

∑
i

(
EFPCU × eqi × L0 +

1
3600

(
EFIPCU × eqi × di

))
(27)

where ECO denotes the emission of carbon monoxide, di is the average delay time of vehicles
in stage i, and eqi is the sum of traffic volume of all inlet roads in stage i. The emission
factor is the unit emission factor converted to the standard vehicle traveling condition,
and the value of EFPCU is 5 g (pcu-km). EFIPCU is the unit emission factor converted to
the standard vehicle driving condition with the value of 5 g (pcu-km), and EFIPCU is the
unit emission factor converted to the standard vehicle idling condition with the value of
45 g/(pch-hr). L0 denotes the length of the entrance lane.

(3) Capacity maximization model
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The capacity of a signalized intersection needs to be estimated for each entrance lane.
The capacity of a one-way entrance lane is equal to the sum of the capacities of the lanes in
that lane. The capacity of an entrance lane is multiplied by the green ratio of its signal phase,
which is calculated based on the saturated flow rate of the lane. The specific expression is
shown in Equation (28):

CAPi = ∑
j

Sijλi = ∑
j

Sij

( gi
T

)
(28)

where CAPi is the capacity of the ith entrance lane, and λi is the green ratio of the signal
phase of the ith entrance lane.

(4) Modeling and solving
From the previous section, combined with the constraints of the main signal, pre-signal,

and the length of the dynamically shifted left-turn lane, the signal timing optimization
model for solving the total delay of an intersection is shown in Equation (29). Here, the
weighting distribution among delays, capacity, and carbon emissions was set at 0.3:0.4:0.3.
This weighting distribution was determined after being calculated and evaluated using the
AHP arithmetic mean method. After evaluating and analyzing the weighting distribution,
such as those biased toward capacity (0.2:0.6:0.2) and those biased toward total delay and
emissions (0.4:0.2:0.4), a comparison of the results indicates that the 0.3:0.4:0.3 weighting
distribution exhibited the best overall performance. It could effectively guide the NSGA-
II algorithm to explore the inflection point region on the Pareto front, achieving the best
marginal benefits by obtaining a significant improvement in capacity alongside considerable
reductions in total delay and emissions.

min



TD =
ω

∑
i

ϑ

∑
µ

δµdiPi,µqi + d4

ECO =
N
∑
i

(
EFPCU × eqi × L0 +

1
3600

(
EFIPCU × eqi × di

))
−CAPi = ∑

j
Sijλi = ∑

j
Sij

( gi
T

)

s.t.



g′= g1 + I1 + t2 − t1

MAX{t2|t3}+ t4 ≤ ge2

gei ≥ 0
gmin ≤ gei ≤ gmax

Cmin ≤
ω

∑
i

gei + Lt ≤ Cmax

(29)

By analyzing the constraints, the core decision variables of this signal optimization
timing model were determined to be the effective green time of intersections and pre-
signals. The model aims to minimize the traffic delay and thus optimize the efficiency of
traffic flow. In this paper, MATLAB R2024a was used to solve this model, and the optimal
solutions of the effective green time of each phase and pre-signal were obtained, with
ge1 = 40 s, ge2 = 34, ge3 = 16 s, g′e = 36 s, L2 = 93 m, and the optimized signal timing
scheme is shown in Figure 13.

Figure 13. Optimized signal timing schemes.

NSGA-II (non-dominated sorting genetic algorithm II) [28] was developed by Srini-
vas and Deb in 2000 based on the NSGA algorithm [29]. NSGA-II is superior to other
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algorithms [30]. Compared with NSGA, this algorithm has significant advantages: first, it
adopts a fast non-dominated sorting algorithm, which greatly reduces the computational
complexity; second, it introduces the crowding degree and crowding degree comparison
operator, which replaces the manually-specified shareQ share radius, and is used as a
criterion for comparing individuals of the same level in the fast sorting process, so that
individuals in the quasi-Pareto domain cover the entire Pareto domain and are more evenly
distributed, which is effective for the improvement of NSGA. The individuals in the quasi-
Pareto domain can cover the entire Pareto domain and be more evenly distributed, which
effectively maintains the diversity of the population. Third, the integration of the elite
strategy broadens the sampling space, avoids the loss of the optimal individuals, and
improves the computing speed and robustness of the algorithm [31]. The NSGA-II algo-
rithm was implemented with a population size of 100 and run for 200 generations using
simulated binary crossover (probability = 0.9) and polynomial mutation (probability = 0.1).
The convergence was monitored using a hypervolume indicator.

4.6.1. Fast Undominated Sorting

The concept of fast undominated sorting builds on the Pareto dominance relation.
Suppose there are k objective functions, denoted as fi (x) (i = 1,2, . . ., k), and j is any integer
in 1,2, . . .,k that is not equal to i. If for any objective function, individual x1 satisfies fi (x1)
< fi (x2), then x1 is said to dominate x2; if for any objective function, fi (x1) ≤ fi (x2) holds,
and there exists at least one objective function such that fj (x1) < fj (x2), then x1 weakly
dominates x2; if there exists a part of the objective function that satisfies fj (x1) ≤ fi (x2), at
the same time if there exists a part of the objective function satisfying fi (x1) ≤ fi (x2) and
another part satisfying fj (x1) > fj (x2), then x1 and x2 do not dominate each other.

Each individual in the population contains two parameters: ni and Si, where ni denotes
the number of individuals in the population that dominate individual i, and Si is the set
of individuals dominated by individual i. The process of fast non-dominated sorting is
as follows:

(1) Through cyclic comparison, filter out all ni = 0 individuals in the population, set
their non-dominant rank to 1, and include them in the nondominant set rank1.

(2) For each individual in rank1, subtract the value of nj from the value of each
individual j in the set of dominated individuals by 1. If nj = 0 after the subtraction of
nj, then put the individual j into the set of rank2, and give it a non-dominated rank of 2.
For each individual in rank2, subtract the value of nj from the value of nj and give it a
non-dominated rank of 1.

(3) Repeat the above operation for the individuals in rank2 until all individuals are
assigned the corresponding non-dominated rank.

The non-dominated rank is also called the Pareto rank. Among them, individuals with
Pareto rank 1 are called non-dominated solutions or Pareto optimal solutions because they
are not dominated by other individuals, and the curve formed by these solutions is called
the Pareto front.

4.6.2. Crowding Degree Calculation

In NSGA-II, the concept of crowding distance was introduced to assess the quality
difference of the solutions within the same frontier [28]. The core idea is to make the
obtained Pareto-optimal solutions as dispersed as possible in the objective space, making it
more likely to achieve a uniform distribution on the Pareto-optimal frontier. NSGA-II uses
the crowding degree comparison instead of the sharing function to maintain the diversity
of the population, which not only eliminates the need for additional parameters, but also
reduces the time complexity.
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To understand the crowding degree from the geometric level, let us take two objective
functions as an example: the black and white dots in the figure represent the two non-
dominated frontiers, respectively. For solution i, the two points i − 1 and i + 1 closest to i
are selected from the same non-dominated frontier. These three points are used as vertices
to form a rectangle (cuboid), and the average length of the sides of this rectangle is the
crowding distance of solution i (Figure 14).

Figure 14. Crowding-distance calculation. Points marked in filled circles are solutions of the same
non-dominated front.

4.6.3. Elite Strategy

The NSGA-II algorithm introduces the elite strategy, which aims to retain high-quality
individuals and eliminate low-quality individuals. This strategy expands the screening
scope of the next generation of individuals by fusing the parent and offspring individuals
to form a new population. This is illustrated by the following examples (in the figure,
P represents the parent population and the number of individuals is n; Q represents the
offspring population) [28] (Figures 15 and 16):

Figure 15. Elite strategy implementation steps.
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(1) The parent and child populations are merged to form a new population, and
subsequently non-dominated sorting is executed on the new population.

(2) When generating a new parent, the non-dominated individuals with Pareto rank 1
are first included in the new parent set, followed by the individuals with Pareto rank 2, and
so on.

(3) If the number of individuals in the set is still less than n after all the individuals
of rank k are added to the set of the new parent but the number of individuals of rank
k + 1 is more than n, then calculate the crowding degree of all individuals of rank k + 1 and
arrange them in the descending order of crowding degree, and at the same time, eliminate
all individuals with a rank higher than k + 1.

(4) According to the sorting result in step 3, select individuals from rank k + 1 in turn
until the number of individuals in the set of new parents reaches n, and the remaining
individuals are eliminated.

The overall flow of the algorithm is as follows.

Figure 16. Flowchart of the NSGA-II algorithm.

5. Simulation Verification and Evaluation
5.1. Overview

This section verifies the validity of the design scheme of the right-turn-left and dynamic
shift-left established above, and simulates the actual intersection before and after the
optimization of the traffic organization via left-turn using VISSIM software (version 4.3),
respectively. The output results were compared and analyzed to verify that the above design
scheme is of practical significance in alleviating the serious traffic congestion problem of
straight-left conflict at an intersection.

5.2. Simulation Environment Determination
Setting Simulation Parameters

(1) Setting vehicle composition and desired vehicle speed
In the simulation model, this paper first defined the composition of vehicles traveling

on Nanhu Avenue. In order to simplify the simulation process, this paper categorized them
into three categories: small vehicles, medium-sized vehicles, and large vehicles [32]. Based
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on the data obtained from the actual survey, the proportions of these vehicle categories
were input into the simulation system. When setting the desired speed of vehicles, this
paper set the desired speed interval of 48–58 km/h for small vehicles, and 30–35 km/h
for medium-sized and large vehicles [33]. For the northbound vehicles on Dongling South
Street, this paper also calculated the vehicle type ratio based on the survey data and
set the corresponding desired speed range. The desired speed range for small vehicles
was 40–45 km/h, while the desired speed ranges for medium and large vehicles were
both 30–35 km/h (see Figure 17 for details of the settings). The desired speed range of
48–58 km/h represents the free-flow speed on Nanhu Avenue outside the construction
zone. Within the construction zone, speed limits of 30 km/h were enforced through the
use of deceleration areas in the VISSIM model, ensuring that vehicles reduce their speed
appropriately upon entering the work zone. This approach accurately reflects real driver
behavior and compliance with temporary speed limits.”

(2) Input the traffic flow in each direction route planning
According to the data obtained from the actual survey on each direction of traffic

flow input, and through the decision-making path to determine the proportion of their
respective turning, the flow input is shown in Figure 17c, and the decision-making path
setup is shown in Figure 17d.

(3) Speed limit setup in the construction zone
There exists a speed limit road section (30 km/h) on Nanhu Road. At the same

time, the right-turning vehicles pass slower due to the blocking of sight distance and the
equivalent setup of the deceleration zone (Figure 17e,f). After the improvement, the sight
distance for right turns was sufficient and no deceleration zone was set.

  
(a) Vehicle composition of the inlet road (b) Desired speed setting 

  
(c) Simulation flow input (d) Decision path setting 

Figure 17. Cont.
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(e) Speed limit setting (f) Deceleration zone setup 

  
(g) Original signal timing scheme (h) Optimization of signal timing scheme 

Figure 17. Simulation interface.

(4) Edit the signal control machine
In light of the VISSIM signal control machine in the red light end time setting restric-

tions (cannot be directly set to 0), so this paper in the actual editing used the value of 1 as
the start input. At the same time, this paper set the yellow light time to 3 s. According to
the pre-designed scheme, the parameters of the signal control machine before and after
optimization were edited (Figure 17g,h).

(5) Conflict area setting
According to the actual observation, under the original intersection organization

scheme, it is set so that the south left-turn has the priority right of way; the right-turning
vehicles in each inlet lane of the north inlet need to give way to the straight vehicles; and at
the west inlet early right-turn, the right-turning vehicles give way to the straight vehicles
first (Figure 18a). Improvements to avoid the production of conflict may produce conflict,
as set for the south left-turn priority (see Figure 18b).

  
(a) (b) 

Figure 18. Simulation conflict zone settings. (a) Map of current conflict zone yielding rules;
(b) Improvement of rules for giving way in conflict zones.
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5.3. Comparative Analysis of the Simulation Effect

The output optimized organization scheme under the intersection of all directions of
the traffic flow vehicle average delay statistics, as shown in Table 3, were improved before
and after the delay was made into the bar chart shown in Figure 19 [34]. A comprehensive
sensitivity analysis was conducted by varying the traffic demand by ±20% and adjusting
the driver compliance levels (90–100%). The results demonstrated that the proposed scheme
consistently outperformed the baseline under all tested scenarios. Specifically, under a
20% increase in traffic demand, the total delay increased by 12.3%, while the baseline
scenario experienced a 28.7% increase. Similarly, under reduced compliance (90%), the
delay increase was contained within 15%, indicating the robustness of the model. However,
under extreme congestion or very low compliance, the benefits diminished, suggesting
the need for adaptive signal control in such conditions. These findings confirm that the
proposed method remains effective under a range of realistic traffic fluctuations, though its
performance is contingent on reasonable driver adherence to the new lane configurations
and signals.

Table 3. The improvement in all directions of the traffic average delay.

Import Traffic Flow Direction Average Vehicle Delay (s)

East
Turn left 40.1

Go straight 53.8
Turn right 48.7

West
Turn left 43.4

Go straight 43.3
Turn right 43.6

South
Turn left 37.1

Go straight 33.7
Turn right 19.3

North
/ /

Go straight 7.6
Turn right 43.3

Figure 19. Comparison of the average vehicle delay in each flow direction at the intersection before
and after optimization.
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Due to the setting of the right-turn left and dynamic shift left-turn in this paper,
compared with the original organization scheme, after optimization, the delay of the north
inlet straight vehicle was reduced from 118 s to 25 s and the delay was decreased by 78%; the
delay in the south inlet and the east inlet in each phase was reduced by 20–50%; the delay
of the west inlet straight-left was decreased; and the delay of the right-turning vehicle was
unavoidably increased due to the design of the road channelization and controlled by the
signal light, but was far away from the right-turning vehicles subject to signalization due
to the roadway channelization design, which inevitably increased the delay, but away from
the construction zone increased the safety, and the increase in delay was not significant;
the total delay of the intersection is reduced by 35%. In summary, compared with the
original intersection organization design, the optimized traffic organization scheme in this
paper significantly reduced the vehicle queue length and the average delay time of each
inlet road, thus significantly improving the efficiency of traffic operation. At the same
time, the scheme also fully considers the traffic safety factors to ensure the full realization
of the optimization objectives. Regarding safety, the proposed design reduces right-turn
conflicts with pedestrians and straight-moving vehicles by relocating right-turn lanes and
controlling them via signals. Although the simulation primarily focused on efficiency,
the reduction in conflict points and improved sight distance suggest a positive safety
impact. Future work will include SSAM (surrogate safety assessment model) analysis for
quantitative safety evaluation. The simulation results for these metrics showed a deviation
of less than 10% when compared with the field-measured data collected during the morning
peak period. This close alignment confirms the model’s accuracy in replicating real-world
traffic conditions, thereby enhancing the reliability of the evaluation for the proposed
optimization scheme.

Using the emission model established in Section 4.6 (Equation (27)), the total CO
emissions before and after optimization were calculated based on the simulated traffic flows
and delays. The results indicate that the total CO emissions decreased from approximately
97.9626 kg/h to 34.0926 kg/h (Figure 20). This reduction was primarily attributed to the
decreased vehicle idling time and more efficient traffic flow distribution achieved through
the dynamic shift left-turn strategy and signal coordination. The emissions reduction
further validates the environmental benefits of the proposed optimization method, aligning
with the multi-objective optimization goal of minimizing both delay and emissions.

 

Figure 20. Carbon emissions before and after optimization.

6. Conclusions
This paper provides an in-depth study of dynamic traffic organization and signal

timing optimization schemes for intersections in construction zones. Through field investi-
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gation and simulation analysis, the status of intersection operation was comprehensively
evaluated. For the impact of a construction zone, this paper proposed dynamic organiza-
tion optimization measures such as a channelization scheme, phase sequence optimization,
and pre-signal design to enhance the intersection operation efficiency. To optimize the
intersection access efficiency and environmental benefits, this paper further constructed a
multi-objective signal timing optimization model with the objectives of minimizing the total
intersection delay, maximizing the access capacity, and minimizing the carbon emissions,
and solved it by using the fast non-dominated genetic algorithm (NSGA-II). The resulting
optimal solution as evaluated by VISSIM simulation, which verified the effectiveness of
the optimization scheme and significantly reduced the vehicle delay. The design ideas
of right-turn-left placement under an occupied construction enclosure, stop line tilt de-
sign, and related sign design were proposed to provide new ideas for right-turn traffic
operation under occupied construction. Taking the actual situation of the intersection of
Dongling South Street and Nanhu Avenue as an example, on the basis of right-turn-left
placement of the east–west inlet, the feasibility of dynamic shifting of the north–south
inlet for left-turning under the condition of limited space was explored, and a dynamic
organization scheme was comprehensively designed for the large-scale intersection where
the main road and the secondary road intersect during the road-occupying construction.
Considering the influence of the pre-signal and main signal, the delay calculation equation
was revised to increase the delay caused by the pre-signal, the main pre-signal constraint
relationship was proposed according to the traffic wave theory, the timing optimization
model was established and solved, and then the relevant parameters were obtained. This
study primarily focused on vehicular traffic. Future research will incorporate pedestrian
and bicycle flows into the optimization model, especially considering the visibility and
access issues in construction zones.
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