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Abstract

Traffic congestion not only severely impacts residents’ daily travel quality and increases
travel costs, but also triggers traffic accidents, causes environmental pollution, and leads
to resource waste. There is a practical need to implement engineering measures simul-
taneously across multiple intersections to mitigate urban road traffic congestion, which
necessitates in-depth research into selecting critical intersection clusters. Based on existing
research, the relationship between vehicle emissions and the degree of saturation was
derived. The network efficiency evaluation metric was refined using the degree of satu-
ration, and a model linking vehicle emissions to network efficiency was established. A
validation experiment was designed using the core road network of Xining City, Qing-
hai Province, as an example. The results indicate that vehicular exhaust emissions per
kilometer are proportional to the saturation degree metric value. The network efficiency
metric is inversely proportional to the network’s overall (or average) saturation degree.
Vehicular exhaust emissions exhibit an inverse relationship with network efficiency. As
the road traffic operational state shifts from congestion to free-flow conditions, for every
1-unit increase in network efficiency value, the average exhaust emissions per vehicle per
kilometer decrease by 3.976 kg. Different congestion mitigation node selection schemes
correspond to varying total emission reductions during the morning peak. When ranked by
the magnitude of increase in network efficiency (from the largest increase to the smallest),
the corresponding total morning peak emission reductions gradually decrease in a stepwise
manner. According to the C%, and C3; experimental results, compared to the worst node
cluster selection scheme, the optimal node cluster selection scheme can reduce vehicular
exhaust emissions by 4441 kg and 6616 kg, respectively. These findings provide valuable
theoretical and practical insights for implementing energy-saving and emission reduction
strategies in urban traffic management.

Keywords: engineering congestion mitigation; intersection cluster; network efficiency;
energy conservation and emission reduction; vehicles

1. Introduction

With the gradual increase in China’s urbanization rate and the rapid growth of motor
vehicle ownership, coupled with temporal (including weekdays and non-working days)
and spatial variations in road traffic volume [1], the conflict between limited urban space
and transportation supply and the continuously rising travel demand has become increas-
ingly prominent. The resulting traffic congestion not only severely impacts residents’ daily
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travel quality and increases travel costs, but also triggers traffic accidents, causes envi-
ronmental pollution, and leads to resource waste, which is detrimental to the sustainable
development of urban economies and societies. Consequently, urban traffic congestion has
garnered increasing public concern [2].

Urban road networks are interconnected systems composed of intersections and road
segments. Ensuring the smooth operation of intersections and road segments is crucial
for guaranteeing the reliable functioning and overall performance of the road network.
However, due to signal control, intersections often become “bottlenecks” and are prone to
congestion. Delays at intersections typically account for a significant share of total travel
delay. On the one hand, through the control function of traffic signals, conflicting traffic
flows are separated temporally, enhancing vehicle operational safety [3]. On the other hand,
this causes vehicles on the approaches to stop periodically, resulting in vehicle delay [4].
When severe traffic congestion occurs at an intersection, it affects the traffic conditions on
its upstream and downstream road segments. If congestion spreads further, the impacted
area of the road network becomes wider [5].

Given that intersections (hereinafter referred to as nodes) differ in their positions
within the road network and their connectivity strength with neighboring nodes, their
impact on the overall traffic operation of the network also varies. To address traffic
congestion, it is necessary to identify critical node clusters that have a more significant
impact on the traffic operation of the road network. In this exploratory study, we aim
to investigate the selection and identification of critical urban road intersection groups
(hereinafter referred to as node groups) from an energy conservation and emission reduction
perspective. The second Section presents a literature review, primarily introducing existing
methods for identifying critical nodes. In the third Section, we describe the materials and
methods, mainly presenting the data sources and foundation of this study. The fourth
Section is dedicated to relationship derivation, aiming at establishing the relationship
between vehicle emissions and overall network efficiency. The fifth Section presents the
experimental study, primarily designed to compare the differences between node group
selection for traffic congestion mitigation and the corresponding emission reductions. The
sixth Section concludes the paper, summarizing the relevant findings, limitations, and
directions for future work.

2. Literature Review

To study the impact of nodes on the network, influence (including traffic congestion)
can be applied to the nodes, and subsequently, their effect on the entire network can be
assessed. Such methods are commonly referred to as simulated attack methods. The
primary way in which simulated attack methods exert influence is by directly removing
the target nodes [6]. The impact of the attack on the entire network is then evaluated
mainly by selecting specific metrics, which primarily include relative loss of network
efficiency [7-11], network average path length [12], and relative loss of the largest connected
component [13-15], among which relative loss of network efficiency is the most frequently
used. Gao, T, Deng, Z., Fan, B., Cao, N., and Han, Y. selected relative loss of network
efficiency [7-11] as an indicator to evaluate the impact of attacks on the entire network.
Xing, Y.Y. did the same by selecting average path length of the network [12]. whereas Xing,
Y., Lu, PL. and Xing, Y.Y. selected relative loss of the largest connected component for the
same purpose [13-15].

Since traffic congestion does not cause physical impairment to the urban road traffic
network, employing an attack method that directly removes nodes is evidently not very
appropriate. Furthermore, existing node attacks are limited to single-point attacks and do
not involve simultaneous attacks on multiple nodes; however, traffic congestion mitigation
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requires implementing measures simultaneously across multiple nodes. Moreover, the
existing evaluation metrics for the impact of attacks on the network do not involve energy
conservation and emission reduction.

Based on the above considerations, this research specifically focuses on the selection of
critical intersection clusters in urban road congestion mitigation and their effects on energy
conservation and emission reduction [16].

3. Materials and Methods

The relationship between vehicle emissions and factors such as vehicle speed and the
degree of road congestion (including saturation) can vary due to the combined influence of
different urban topographies, road gradients, lane numbers and widths, and the degree of
intersection congestion [17,18].

The Portable Emission Measurement System (PEMS) is an onboard device installed
in vehicles to measure combustion byproducts, including exhaust flow rate, O,, CO,, CO,
NOy, and HC, in real time. It can also capture information such as vehicle operating
time, location, altitude, and speed, thereby enabling simultaneous acquisition of real-time
road traffic status and emission data. In this study, the urban core area of Xining City,
Qinghai Province, was selected as the study area, and relevant experiments were conducted
based on PEMS to collect data on vehicle exhaust emissions, speed, and other indicators.
The relationship between vehicle emissions and traffic delay rate was derived [19], and
this dataset served as the primary data source for the subsequent research and analysis
presented in this paper.

4. Relationship Between Emissions and Network Efficiency

The degree of saturation is typically expressed as the ratio of actual traffic volume to
capacity and is used to evaluate the operational status of road traffic. Generally, a higher
degree of saturation corresponds to lower traffic operational efficiency and a poorer level
of service (LOS).

4.1. Relationship Between Speed and Saturation Degree

According to the “Code for Design of Urban Road Engineering” (CJ]37-2012), the
relationship between the average operating speed V and saturation degree « on general
urban road sections is shown in Table 1.

Table 1. Correspondence between speed and saturation of road sections.

No. Speed V (km/h) Saturation Degree Level of Service (LOS)
1 55 0.30 x < 0.3, free flow
2 50 0.55 0.3 < « < 0.77, stable flow
3 44 0.77 0.77 < o« < 1.0, saturated
4 30 1.00 flow and forced flow

Based on the data in Table 1, the following linear relationship exists between speed
and saturation degree:

V = —34.78 + 67.53, R = 0.93, Py 11 = 0.031 < 0.05. 1)

4.2. Relationship Between Emissions and Speed

Shengyuan Ma et al. [19] measured the relationship between vehicle exhaust emissions
and travel delay rate (Py) in Xining City, as shown in Table 2 and Figure 1.

https://doi.org/10.3390/vehicles8030048


https://doi.org/10.3390/vehicles8030048

Vehicles 2026, 8, 48

40f13

Table 2. Exhaust emissions on each road section of Xinning Road during the morning peak.

South to North North to South
Section Distance Emissions P Section Distance Emissions P
(m) (kg/km) d (m) (kg/km) d
1—2 233.4 3.75 6.36 7—6 706.0 2.20 2.62
23 462.0 2.43 3.70 6—5 833.6 3.55 5.82
3—4 679.5 3.42 4.69 5—4 408.1 3.38 4.72
4—5 400.1 5.35 9.12 4—3 634.8 3.21 3.41
5—6 828.0 1.28 0.34 3—2 484.3 1.58 0.36
6—7 765.0 1.22 0.45 2—1 281.0 3.81 417
6 8+
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Figure 1. Relationship between travel time delay rate and exhaust emissions of test vehicles on each
section of Xinning Road during the morning peak.

According to Figure 1, the relationship between vehicle emissions (y;) and travel delay
rate (Pq) for the Xinning Road section (South to North) in Xining City is

y,= 0.462P4+1.0084, R%= 0.98, Pyy1ye = 0.0007 < 0.05. )

The relationship between vehicle emissions (y,) and travel delay rate (Pq) for Xinning
Road (North to South) in Xining City is

y,= 0.415P4+1.4955, R?= 0.81, Pyque = 0.032 < 0.05. 3)

The calculation formula for the travel delay rate P4 in Equations (2) and (3) is shown
in Equation (4), where T is the average travel time. If the travel distance is fixed, the travel
delay rate P4 can be equivalent to the average speed delay rate P, as shown in Equation (5):

T _T-Twn_ T @

Tmin Tmin Tmin

Py =

— Vmax_v — Vmax _
\ \
Considering that the maximum speed on Xinning Road in Xining City is 36.3 km/h for
the South to North direction and 35 km/h for the North to South direction [18], substituting
the maximum speed and Equation (5) into Equations (2) and (3), respectively, yields:

P, 1. )

16.7

y1=— - +054 (6)
145

yy=—-+108. 7)
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Based on the actual driving speed range, the speed range was determined to be from
12.5 km/h to 36.5 km/h. Emissions for the South-to-North and North-to-South directions
were calculated separately using Equations (6) and (7), and the average values were then
taken, as shown in Table 3.

Table 3. Data relationship between speed and emissions.

Speed (km/h) Emissions (South to North) Emissions (North to South) Average Emission Value
(kg/veh-km) (kg/veh-km) (kg/veh-km)
12.5 1.89 224 2.06
14.5 1.70 2.08 1.89
16.5 1.56 1.96 1.76
18.5 1.45 1.86 1.66
20.5 1.36 1.79 1.58
225 1.29 1.72 1.51
245 1.23 1.67 1.45
26.5 1.18 1.63 1.40
28.5 1.14 1.59 1.36
30.5 1.10 1.56 1.33
325 1.06 1.53 1.30
34.5 1.03 1.50 1.27
36.5 1.01 1.48 1.24

Based on the speed and average emission value data in Table 3, the relationship
between emission quantity and speed can be further obtained, as shown in Equation (8):

y = —0.03v 4 2.29, R? = 0.91, Pyjue= 2.95 x 1077 < 0.05. 8)

Equation (8) shows that as speed increases, exhaust emissions per kilometer per
vehicle exhibit a gradual decrease. Therefore, traffic congestion significantly increases
vehicle exhaust emissions.

4.3. Relationship Between Emissions and Saturation Degree

Substituting Equation (1) into Equation (8) yields the relationship between vehicle
emissions and the degree of saturation, as shown in Equation (9):

y = 1.040 + 0.264. 9)

Equation (9) indicates that vehicular exhaust emissions per kilometer are proportional
to the degree of saturation. A higher degree of saturation indicates more congested road
traffic, resulting in greater vehicular exhaust emissions.

4.4. Road Network Efficiency Considering Saturation Degree
4.4.1. Definition of Network Efficiency

To better characterize the operational state of urban road networks and to capture
their relationship with vehicle emissions, relevant fundamental concepts from complex
networks are introduced.

In a network, the path efficiency between any two points can be defined as the
reciprocal of their shortest path, as shown in the following equation:

1

i (10)

Eij =

where dj; is the length of the shortest path from node i to node j in the network.
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Building upon the efficiency between two points, the efficiency of the entire network
can be further defined, as shown in the following equation:

N 1
ij=1 dij

PN

i#j. (11)
where E is the efficiency of the overall network, and N is the total number of nodes in the
entire network.

4.4.2. Improved Network Efficiency

In fact, the efficiency between any two nodes in the network depends not only on their
distance but also on the congestion levels of the road segments and nodes traversed along
the path. The more severe the congestion, the lower the passage efficiency between the two
points. In this paper, we consider the impact of node congestion level on efficiency and
further improve Equation (10), yielding the following;:

/ 1

£

- (12)
U)oy o

where «y is the saturation degree of the k-th node, and t is the total number of nodes
traversed along the shortest path from node i to node j. Furthermore, the formula for
calculating the improved overall network efficiency is obtained as follows:

N
5 1

t
ij=1 dij—1 o

E =
NN-1) '

i#j. (13)

Equation (13) indicates that the improved overall network efficiency metric is inversely
proportional to the overall (or average) degree of saturation of the network. That is,
the smaller the degree of saturation, the greater the improved network efficiency, and
consequently, the higher the network operational efficiency. Conversely, the greater the
degree of saturation, the smaller the improved network efficiency, and consequently, the
lower the network operational efficiency.

4.5. Relationship Between Emissions and Network Efficiency

The impact of different node group selections on overall network vehicle emissions
is characterized through changes in the overall network improvement efficiency. Based
on the data in Table 1, the operational state of urban road traffic is further classified into
three levels, namely, free flow, stable flow, and congested flow (the first two are categorized
as unimpeded flow). Representative saturation degree values for these three operational
states are 0.2, 0.6, and 0.8, respectively, as shown in Table 4.

Table 4. Correspondence between traffic operation state classification and saturation degree.

No. Operatl.o.nal .State Representative Saturation Remarks
Classification Degree o
1 Free flow 0.2 Unimpeded
2 Stable flow 0.6 Unimpeded
3 Congested flow 0.8 Congested

https://doi.org/10.3390/vehicles8030048


https://doi.org/10.3390/vehicles8030048

Vehicles 2026, 8, 48

70f13

To facilitate the study and comparison of the impact of different intersection cluster
selections on road network congestion mitigation, the concept of Benchmark Improved
Network Efficiency (Ep) is introduced.

Definition: Benchmark Improved Network Efficiency (Eg) refers to the network
efficiency achieved when the saturation degree of all nodes in the network is set to a
specific value.

Based on Table 4 and the definition of Benchmark Improved Network Efficiency,
it includes Free Flow Benchmark Improved Network Efficiency (Eg1), Unimpeded Flow
Benchmark Improved Network Efficiency (Eqpp), and Congested Flow Benchmark Improved
Network Efficiency (Eg3).

Using the 60 road intersections in the urban core area of Xining City, Qinghai Province,
as an example, the road network’s structural topology is shown in Figure 2 (The numbers
in the figure represent the digital codes of road intersections).

Figure 2. Roads and intersections in the core area of Xining City.

Based on the correspondence between the representative degrees of saturation
(0.2, 0.6, and 0.8) for the operational state classifications and the benchmark network effi-
ciencies (0.1892, 0.0631, and 0.0473), the relationship between the degree of saturation and
network efficiency can be further derived, as shown in the following equation:

« = —3.823E + 0.915, R? = 0.95. (14)

By substituting Equation (14) into Equation (9), the relationship between vehicle
emissions and network efficiency can be further obtained as follows:

y = —3.976E' +1.216. (15)

Equation (15) indicates that vehicular exhaust emissions exhibit an inverse relationship
with the improved network efficiency. As the road traffic operational state shifts from
congestion to smooth flow, for every 1-unit increase in the E’ value, the average exhaust
emissions per vehicle per kilometer decrease by 3.976 kg.

5. Intersection Cluster Selection and Emission Reduction
To analyze the impact of intersection clustering selection schemes on changes in

network efficiency and on energy conservation and emission reduction, the experiment
design and data analysis were conducted using MatlabR2020a.

5.1. Experimental Process Design

The experimental subjects were the road network and its intersections in the core area
of Xining City, Qinghai Province (topology structure shown in Figure 2). The experimental
process is shown in Figure 3 and consists mainly of three parts: basic parameter input,
calculation and analysis, and output of related metrics. Among the basic parameters, the
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number of network nodes N is 60; the values in the representative node congestion degree
of saturation vector are all 0.8; the distance values in the adjacency matrix were obtained
from surveys; the total number of vehicles during the morning peak was determined to
be 414,500 (4.145 x 10°) vehicles, based on reference [20]; the average travel distance was
determined to be 5.5 km, based on reference [21].

‘ Start }

Input basic parameters(Network node count N, Number of
nodes to select k, Adjacency matrix D, Total number of
vehicles during morning peak, Representative node
congestion saturation degree vector)

Calculate the baseline congested network efficiency Eg;.

Generate the set of node cluster selection schemes.

For any selection scheme i, change the representative congestion
saturation degree value of the nodes included in this scheme from
0.8 to 0.6.

Based on the modified node saturation degree vector, calculate its
corresponding network efficiency Ei' and the network efficiency change AE;!
(AEi': Ei"E03)

Find Max(AE;') and Min(AE;').

Calculate the reduction in exhaust emissions per vehicle per kilometer Ay
and the total emission reduction AY.

Output relevant metric values: Max(AE'), Min(AE"), and the corresponding emission
reduction value AY per selection scheme.

End

Figure 3. Flow chart of the experiment.

5.2. Analysis of Experimental Results
5.2.1. Relationship Between Selection Schemes, Network Efficiency Change, and
Emission Reduction

Due to computational power and time constraints, this experiment focused on C%, and
C3,. Taking the C3 experiment as an example, its results were sorted in descending order
based on the network efficiency change value AE! and the total morning peak emission
reduction AY. The top 20 and bottom 20 schemes were selected, with the results shown in
Table 5, Figures 4 and 5.
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Table 5. Statistics of experimental results for Cgo.

Rank Scheme AE; AY (kg) Rank Scheme AE; AY (kg)
1 22,28,33  1.03x10°3 9360.14 34,201 1,32, 58 3.59 x 1074 3250.24
2 22,23,28  1.03x 1073 9353.66 34,202 1,12, 58 3.59 x 1074 3249.62
3 28,40,45  1.03x 1073 9307.62 34,203 1,56, 57 3.58 x 1074 3245.07
4 28,33,45  1.02x1073 9284.79 34,204 1,4, 58 3.58 x 1074 3244.06
5 22,28,45  1.02x1073 9281.00 34,205 1,5, 56 3.55 x 1074 3220.30
6 28,33,39  1.02x1073 9251.16 34,206 1,8,58 3.55 x 1074 3218.86
7 39,40,45  1.02 x 1073 9245.72 34,207 1,53, 56 351 x 1074 3179.97
8 28,33,40 1.02x1073 9200.71 34,208 53,56,58  3.50 x 10~* 3168.97
9 22,28,40  1.01x1073 9169.68 34,209 1,5, 58 3.46 x 1074 3138.05
10 23,28,33  1.01x1073 9152.75 34,210 1,57, 58 3.46 x 1074 3133.88
11 33,40,45 1.01x1073 9145.39 34,211 5, 56, 58 342 x 1074 3101.73
12 22, 40, 45 1.01 x 1073 9125.24 34,212 1,52, 58 341 x 1074 3090.57
13 23,28,45  1.01x1073 9121.63 34,213 1,53, 58 341 %1074 3087.94
14 23, 40, 45 1.01 x 1073 9115.75 34,214 1,56, 59 3.38 x 104 3060.73
15 22,23,45  1.01x10°3 9110.76 34,215 56,58,59  3.36 x 107* 3046.02
16 28,39,40  1.00 x 1073 9105.68 34,216 1,51, 56 333 x 1074 3022.63
17 22,28,39  1.00 x 1073 9083.28 34,217 51,56,58  3.33x10°* 3015.44
18 28,39,45  1.00 x 1073 9073.51 34,218 1,58, 59 3.29 x 1074 2978.03
19 33,39,40  1.00x 1073 9069.13 34,219 1,51, 58 3.25x 1074 2945.98
20 33,39,45 9.95x 1074 9016.69 34,220 1,56, 58 3.01x 1074 2730.84

Note: AY = AE] x 3.976 x 41.45 x 104 x 5.5.

9400 -
9350 - \
9300 N

9250 - >-p
> 9200 - \
< ]

9150 - >

9100 - N

9050 - \}

9000

0 2 4 6 8 10 12 14 16 18 20
Ranking of alternatives

Figure 4. Relationship between C3) selection scheme and emission reduction (top 20).

As seen in Table 5 and Figures 4 and 5, during the transition of the road traffic network
from congestion to smooth flow, the corresponding total morning peak emission reduction
varies depending on the congestion mitigation node scheme. If sorted in descending order
by the network efficiency change value AE!, the corresponding total morning peak emission
reduction AY also gradually decreases in a stepwise manner.
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3300 -
3200 - \
3100 -

> 3000 LN
2900 \

2800 \

2700 +

T T T T T
34,200 34,204 34,208 34,212 34,216 34,220
Ranking of alternatives

Figure 5. Relationship between Cgo selection scheme and emission reduction (last 20).

5.2.2. Differential Analysis of Selection Schemes and Emission Reduction

Based on the C2; and C3; experimental results, the data shown in Table 6 were obtained.
Table 6 shows that during the morning peak, if 2 nodes are selected for congestion mitigation
out of the 60 nodes in the core area, selecting nodes 40 and 50 reduces vehicular emissions
by 4441 kg more than selecting nodes 1 and 56. If 3 nodes are selected for congestion
mitigation out of the 60 nodes in the core area, selecting nodes 22, 28, and 33 reduces
vehicular emissions by 6616 kg more than selecting nodes 1, 56, and 58. If the congestion
mitigation period is extended from the morning peak to the evening peak, and then from
daily to monthly (or even annually), this value would increase further. This demonstrates
that, in the process of mitigating urban road traffic congestion, the selection of node
clusters is inextricably linked to energy conservation and emission reduction. Suboptimal
selection of node clusters can lead to a significant increase in vehicular exhaust emissions.

Conversely, optimal selection can achieve significant energy conservation and emission
reduction effects.

Table 6. Experimental results.

Number of Nodes Max(AE;) and Min(AE;) and YT ) AY Max — AY Min
Selected Correspondiﬁg Scheme Correspondirllg Scheme ~ Max(AE;) — Min(AE;) (kg)
6.8 x 10~ 1.9 x107* 4
2 (40, 50) (1, 58) 49 x10 4441
103 x 104 3.0x 10 -4
3 25 28, 33) (1. 56, 58) 73 %10 6616

6. Conclusions

To investigate and analyze the relationship between node cluster selection and energy
conservation and emission reduction during urban road traffic congestion mitigation, the
relationship between vehicle emissions and the saturation degree was derived from the
existing literature and research outcomes. Considering the impact of the saturation degree
on travel, the network efficiency evaluation metric was refined. A model linking vehicle
emissions to network efficiency was established. A validation experiment was designed

using the core road network of Xining City, Qinghai Province, as an example. The results
indicate the following:
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1. Vehicular exhaust emissions per kilometer are proportional to the degree of saturation.
A higher degree of saturation indicates more congested road traffic, resulting in
greater vehicular exhaust emissions.

2. The improved network efficiency metric is inversely proportional to the overall (or
average) degree of saturation of the network. That is, a lower degree of saturation cor-
responds to a higher improved network efficiency and, consequently, a higher network
operational efficiency. Conversely, a higher degree of saturation corresponds to a lower
improved network efficiency and, consequently, lower network operational efficiency.

3. Vehicular exhaust emissions exhibit an inverse relationship with the improved net-
work efficiency. As the road traffic operational state shifts from congestion to smooth
flow, for every 1-unit increase in the improved network efficiency value, the average
exhaust emissions per vehicle per kilometer decrease by 3.976 kg.

4. During the transition of the road traffic network from congestion to smooth flow,
the corresponding total morning peak emission reduction varies depending on the
congestion mitigation node scheme. When sorted in descending order by the change
in network efficiency, the corresponding total morning peak emission reduction
decreases gradually in a stepwise manner.

5. According to the CZ, and C3, experimental results, compared to the worst node cluster
selection scheme, the optimal node cluster selection scheme can reduce vehicular
emissions by 4441 kg and 6616 kg, respectively.

6.  The relationship between vehicle emissions and factors such as vehicle speed and road
congestion (including saturation) can vary due to the combined influence of different
urban topographies, road gradients, lane numbers and widths, and the degree of
intersection congestion. Specifically for this paper, we performed both polynomial
and linear relationship fitting. Considering that the choice between these fittings
does not affect the ranking of important node groups for the study area (Xining City,
Qinghai Province), and given that the P-values for the employed linear approximation
are all less than 0.05, meeting practical engineering requirements, we adopted the
simpler linear approximation for our analysis.

7.  Based on the exploration in this article and relevant research conclusions, in the
process of mitigating urban road traffic congestion, the selection of node clusters
is inextricably linked to energy conservation and emission reduction. Suboptimal
selection of node clusters can lead to a significant increase in vehicular exhaust
emissions. Conversely, optimal selection can achieve significant energy conservation
and emission reduction effects.

Due to computational and time constraints, this study focused on the CZ; and C3,
experiments. In the future, we will investigate the relationship between selection schemes
for four or more node clusters and energy conservation and emission reduction effects by
optimizing algorithms and enhancing computational power. Furthermore, the variation in
the energy conservation and emission reduction effects with increasing numbers of node
clusters will be analyzed.

Additionally, the traffic congestion mitigation simulation in this study was relatively
simple. In future work, we plan to incorporate additional indicators and factors, such as
different vehicle compositions, queue lengths, and actual road segment lengths and widths.
More in-depth and detailed research will also be conducted through large-scale traffic
simulation experiments, combined with various traffic congestion mitigation strategies
and measures.
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