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ABSTRACT

The present study aimed to evaluate the effects of Automated Vehicles (AVs) with
and without communication capabilities on traffic efficiency at yield sign-controlled
intersections. When equipped with communication capabilities, the AVs may be able
to take earlier decisions on whether they need to yield or not and this may affect,
consequently, their travel time and queue formation at the intersection. Detailed
models of intersection behaviour were developed for Baseline AVs (that use only their
onboard sensors for perception and decision taking) and for Enabled AVs (equipped
with communication capabilities). A microscopic simulation study was carried in a
yield sign-controlled intersection, with varying traffic volumes and AV penetration
rates. The findings support the expectation that the addition of communication
capabilities may reduce the travel time and queue length at such intersections. The
size of reduction and the number of vehicle routes affected seemed to attenuate as
the AV penetration and traffic volume increased. The relation between the number of
routes affected and traffic volume was not straightforward.

Keywords: Automated vehicles, Traffic efficiency, Microsimulation, Urban areas, Unsignalised
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INTRODUCTION

A lot of research and development efforts have been dedicated to the
automation of vehicle technology, motivated by the need to reduce drivers’
errors that are a contributing factor in many road accidents. Vehicles at low
levels of automation, i.e. equipped with assistance systems like ACC (Active
Cruise Control), are already in circulation, and the focus is on developing
vehicles at higher automation levels, that will be able to drive without human
supervision.

Besides the expected impact on safety due to the reduction of drivers’
errors, there are indications that automated vehicles (AVs) may have an
impact on traffic efficiency. Kesting et al. (2007) note that a 10% increase
in ACC-equipped vehicles can reduce maximum delays by approximately
30% and cumulative delays by 50% on a motorway. Ntousakis et al. (2015)
report that high penetration of ACC vehicles can improve capacity when their
time gap is smaller than that of manual vehicles. Friedrich (2016) concludes
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that an AV penetration rate of 100% could increase capacity by about 40%
in urban areas and by 80% on highways. James et al. (2019) report that
a percentage of 25% of ACC vehicles in the traffic flow can improve the
throughput by 4% although with a 100% percentage there is a loss in
throughput of 5%. Lu et al. (2020) found a quasi-linear increase in urban
road network capacity with higher AV penetration. Tympakianaki et al.
(2020) report improvements in capacity and reductions in travel time starting
to appear with 10-20% AV penetration which continue as the penetration
rate increases, peaking around 60-100%, though potential congestion effects
may arise at higher densities. The study by Park et al. (2021) showed that
AVs in urban network decreased travel time and delay while increasing speed
and these improvements increased with the penetration rate. At 100% AV
penetration, the travel time decreased by 17%, the delay reduced by 31%
and vehicle speed increased by 21%.

On the contrary, Shladover et al. (2012) conclude that ACC is unlikely to
produce any significant change in the capacity of highways showing that the
achievable traffic flow is insensitive to the penetration rate of ACC vehicles.
Jerath et al. (2012) report that while ACC systems increase critical density, a
small proportion of manually-driven vehicles in an ACC-dominated system
can trigger traffic instability and is more likely to cause a “phantom” traffic
jam. Ntousakis et al. (2015) found that the desired time-gap setting has a
direct impact on capacity and when the desired time-gap setting is longer than
1.10–1.20 s, this can lead to a reduced capacity with increasing penetration
rates of ACC-equipped vehicles. Calvert et al. (2017) noted that a share
of less than 30% of vehicles at low automation level has a small negative
effect on capacity of motorways compared to high penetration level of AVs.
Mattas et al. (2018) report that the introduction of AVs can negatively affect
the network’s performance, even at low penetration rates, because of their
larger headways compared to the human drivers’ vehicles and their more
conservative behaviour. Almusawi et al. (2022) evaluated different AV driving
behaviours on urban signalised intersections, showing that cautious driving
by AVs improves safety but results in longer delays.

When AVs only use data from their onboard sensors, their perception
capabilities are limited, so they can function reliably only at specific
conditions. This is why development efforts focus on integrating
communication technologies into AVs to provide information about objects
that are not visible by the onboard sensors. With this information, the AVs
perception capabilities can be improved, thus enabling the vehicles’ reliable
operation under more conditions. These communication capabilities may
have an additional impact on traffic efficiency. Van Arem et al. (2006)
report that an ACC that can communicate with other vehicles or with a
traffic centre, contributes to improved traffic flow performance on highways,
particularly at high-traffic volumes, when significant portions of the fleet
(> 60%) are equipped. Similarly, Shladover et al. (2012) concluded that ACC
with communication capabilities at higher penetrations is able to increase
lane capacity up to about 4000 vehicles per hour (veh/h) on a motorway
corridor, while ACC without such capabilities is not expected to have an
impact. Mattas et al. (2018) report that at high penetration rates and high
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level of demand, AVs with communication showed benefits on a ring road,
as they can form platoons and support higher average speeds, while at
low penetration rates they have small negative results. Liu et al. (2024)
examined the performance of mixed traffic flows at signalized intersections
under different penetration rates of AVs with communication capabilities and
conclude that higher AV penetration rates reduce average delays and stop
times, making the flow smoother.

Given the resources required to integrate communication technologies into
AVs, an open question is whether these additions would result in additional
benefits compared to AVs without such capabilities. Still, we have found
few studies that specifically compare AVs with and without communication
capabilities, such as those by Mattas et al. (2018) and Makridis et al. (2020),
who studied AVs on a ring road and Shladover et al. (2012) and Dong
et al. (2023), who studied ACC equipped vehicles. This knowledge gap is
particularly pronounced for AVs at higher automation levels and complex
urban scenarios, such as unsignalized intersections, where the driver decisions
on gap acceptance and yielding behaviour significantly influence the overall
traffic dynamics. The present study aimed to address this gap by comparing
the impact of AVs with and without communication capabilities on traffic
efficiency at yield sign-controlled intersections.

METHODOLOGY

The assumption of this research was that AVs with communication
capabilities, having a perception at greater distances from the intersection,
would be able to take earlier decisions on whether they need to yield or not.
It was expected that this would improve traffic efficiency compared to AVs
whose perception relies solely on data from onboard sensors, which have a
more limited range and are subject to obstructions.

The work was carried out within the framework of the Hi-DRIVE research
project1 that develops technologies for the deployment of AVs at high levels
of automation. The study adopted a microsimulation approach using the
Vissim traffic simulation software. Two dedicated driving models for AVs,
with and without communication capabilities, were designed and developed
using Vissim’s External Driver Model and were implemented as DLL files.

The Baseline AV model simulated AVs that rely solely on their onboard
sensors for environment perception. The Enabled AV model simulated
AVs with integrated communication capabilities that provide data about
approaching vehicles at distances greater than those provided by the onboard
sensors. Both AV models used a car-following module developed in the
Hi-DRIVE project. For the present study, the authors developed a yield sign-
controlled intersection model to simulate the complex behavior of AVs at
yield sign-controlled intersections focusing on the many challenges posed by
multiple conflict areas. This model takes into account potential conflicts with
vehicles approaching the intersection from other road links and generates
decisions on whether the AV should yield or proceed.

1https://www.hi-drive.eu/

https://www.hi-drive.eu/
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Baseline AV Model at a Yield Sign-Controlled Intersection

When approaching an intersection, where yielding is required, the Baseline
AV follows a controlled deceleration profile. It initially decelerates with a
comfortable rate of -1.5 m/s2, so that its speed is reduced to approximately
10 km/h at 1.0 m upstream of the first conflict area of the intersection, where
it can reliably detect approaching vehicles on other links via its onboard
sensors. At this point, if the Baseline AV does not identify a conflict with
an approaching vehicle for any of the conflict areas in the intersection,
it accelerates smoothly with a comfortable rate of 2.5 m/s2, otherwise it
decelerates and comes to a complete stop before the intersection. After
the Baseline AV has stopped, it begins assessing the flow of approaching
conflicting vehicles for an adequate gap, so that it can cross or turn with the
rate of 2.5 m/s2, before the first conflicting vehicle enters. When adequate
gaps are available for all conflict areas in the intersection, the Baseline AV
initiates its crossing or turning maneuver.

Enabled AV Model at a Yield Sign-Controlled Intersection

Via its communication capabilities, the Enabled AV can overcome the
onboard sensors limitations. Therefore, it can take reliable decisions about
yielding or not earlier than the Baseline AV, thus eliminating the need for
unnecessary deceleration when approaching the intersection. The messages
exchanged periodically between connected vehicles are being specified by
international standardization bodies. The messages contents include the
vehicle’s position, kinematics, map of perceived objects and others.

Starting from the distance where it would be possible to stop before the
intersection with the comfortable rate of −1.5 m/s2, the Enabled AV checks
for conflicts with approaching vehicles on other links. If the time required by
the Enabled AV to pass each conflict area is shorter than the time required
by the first conflicting vehicle to enter it, the Enabled AV continues without
stopping. However, if the calculated time to pass the conflict area is greater
than the time required by the first conflicting vehicle to enter for at least one
of the yielding conflict areas, the Enabled AV decelerates and stops before
the intersection. Following a complete stop, the Enabled AV re-evaluates the
situation for adequate gaps, in the same way like the Baseline AV.

Network Set-Up

The simulated network consisted of one intersecting major and one minor
road, the latter featuring yielding signs at the intersection. Both the major and
minor roads were two-way roads with one lane of 3.5 m width per direction.
The length of each link was 500 m, which means that each vehicle had to
travel the same distance of 1000 m. Both left and right turns were allowed
from each link, resulting in 12 distinct vehicle movements. The distribution
of these movements per link was as follows: 70% of vehicles proceeded
straight, 20% performed right turns and 10% performed left turns. Four
queue counters were set on all links upstream of the intersection. Vehicles on
the minor links and vehicles on the major links intending to turn left had to
yield, if needed.
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As our interest was on urban intersections, the Wiedemann 74 model of
Vissim was used to replicate the driving behavior of manually-driven vehicles
(MVs). The speed limit was set at 50 km/h. The desired speed of MVs ranged
from 48 km/h to 58 km/h. The desired speed of AVs was fixed at 50 km/h.

The traffic flow was mixed consisting of MVs (passenger cars and heavy
vehicles) and AVs. The percentage of heavy vehicles was always set at 4% of
the traffic volume.

Scenarios and Runs

The simulation runtime was set to 1 hour, including a 5-minute warm-
up period. The simulations were run with varying volume levels on the
major links and different penetrations of the two AV variations, Baseline or
Enabled AVs. Each run included only one AV variation. The traffic volume
on the major links was set at 200, 400, and 600 veh/h, representing low to
high volumes for the specific network. The volume on the minor links was
consistently set at 100 veh/h. The AV penetration rate was set at 10%, 30%,
and 50% of the passenger car volume. This resulted in 18 scenarios (Volume
x AV Penetration x AV variation). All simulation scenarios were executed
20 times with different seed numbers.

Indicators and Analysis

The Travel time needed by each individual vehicle to drive the distance of
1000 m and the Queue length were used as basis for the analysis. For our
analysis, the vehicles routes were grouped as “On major link – going straight
(Ma-GS)”, “Onmajor link – turning left (Ma-TL)”, “Onmajor link – turning
right (Ma-TR)”, “Onminor link – going straight (Mi-GS)”, “Onminor link –
turning left (Mi-TL)”, “On minor link – turning right (Mi-TR)”.

For each simulation run the mean Travel time was calculated for each
route, for the AV vehicles only and for the total flow, and the mean and
maximum Queue length per link type. A comparison was made between the
Travel time of Enabled vs Baseline AVs, to assess the effect of communication
capabilities on the performance of these vehicles. Additionally, comparisons
were made of the total flow Travel time, as well as the mean and maximum
Queue length, when each AV variation was included. The Student’s t-test was
used to evaluate if any differences are statistically significant.

RESULTS

In the following, the statistically significant results are presented. For the
lower volume on the major links (200 veh/h), there was a significant effect
of the AV variation on the AVs mean Travel time. As the AV penetration
increased, there were effects on more routes (Table 1). Specifically, for the
10% penetration there was a significant effect for 3 out of 6 routes (Mi-GS,
Mi-TR, Ma-TL), for the 30% penetration there was a Travel time reduction
in 4 out of 6 routes (Mi-GS, Mi-TR, Ma-TL, Ma-TR) and in all 6 routes for
the 50% penetration. Results are similar when comparing the Travel time
of the total flow. There were significant effects for all 6 routes for the 50%
AV penetration, for 4 out of 6 routes for the 30% penetration and only for
vehicles on the minor link going straight for the 10% penetration.
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Table 1: Mean travel time (s) and standard deviation (in parenthesis) for 200 veh/h on
major links.

Total flow (MVs + AVs) AVs

Baseline AVs Enabled AVs p Baseline AVs Enabled AVs p

10% AVs Ma-GS 69.25 (0.42) 69.34 (0.64) ns 72.39 (0.41) 72.37 (0.35) ns
Mi-GS 77.13 (0.65) 76.84 (0.83) < 0.05 83.16 (3.05) 80.11 (4.32) < 0.01
Ma-TL 73.93 (1.41) 74.15 (1.86) ns 82.74 (3.69) 81.63 (4.01) < 0.05
Mi-TL 78.90 (1.99) 78.85 (2.04) ns 86.29 (11.08) 87.35 (12.41) ns
Ma-TR 73.43 (0.73) 73.67 (1.50) ns 79.59 (0.28) 80.10 (3.15) ns
Mi-TR 76.04 (1.10) 76.00 (1.08) ns 81.69 (2.46) 80.18 (1.90) < 0.01

30% AVs Ma-GS 70.17 (0.39) 70.16 (0.38) ns 72.57 (0.31) 72.54 (0.29) ns
Mi-GS 78.81 (0.92) 77.24 (1.04) < 0.01 83.40 (1.99) 78.87 (2.41) < 0.01
Ma-TL 75.80 (1.53) 75.58 (1.84) ns 83.11 (2.72) 81.82 (2.58) < 0.01
Mi-TL 81.11 (3.14) 80.53 (2.99) < 0.01 87.09 (6.92) 86.22 (7.67) ns
Ma-TR 74.93 (0.85) 74.88 (0.86) < 0.01 79.71 (0.38) 79.62 (0.15) < 0.05
Mi-TR 77.50 (1.09) 76.98 (0.90) < 0.01 81.45 (1.60) 80.28 (1.41) < 0.01

50% AVs Ma-GS 71.02 (0.39) 70.95 (0.37) < 0.01 72.72 (0.35) 72.64 (0.34) < 0.01
Mi-GS 80.36 (1.27) 77.72 (1.34) < 0.01 83.57 (1.58) 78.63 (1.97) < 0.01
Ma-TL 77.61 (1.61) 76.95 (1.60) < 0.01 82.98 (1.87) 81.35 (1.77) < 0.01
Mi-TL 83.11 (3.57) 81.76 (3.45) < 0.01 86.71 (4.84) 84.35 (4.19) < 0.01
Ma-TR 76.32 (0.77) 76.28 (0.77) < 0.05 79.70 (0.26) 79.66 (0.19) < 0.05
Mi-TR 79.01 (1.31) 78.17 (1.19) < 0.01 81.89 (1.67) 80.50 (1.26) < 0.01

The runs with the volume of 400 veh/h on the major links reveal similar
results (Table 2). At the 50% and 30% AV penetrations, the Travel time of
Enabled AVs was lower than that of Baseline AVs for all routes except from
the route where AVs are on the minor link and turn left. For the 10% AV
penetration there was a reduction only for the route where AVs are on the
minor link and go straight.

There was a similar beneficial effect also for the Travel time of the total
flow. It was lower when the flow included Enabled AVs than when it included
Baseline AVs in all routes for the 50%penetration, in 4 out of 6 routes (except
from left and right turns from the minor link) for the 30% penetration,
and in only 1 route (vehicles on the minor link going straight) for the 10%
penetration.

Table 2: Mean travel time (s) and standard deviation (in parenthesis) for 400 veh/h on
major links.

Total flow (MVs + AVs) AVs

Baseline AVs Enabled AVs p Baseline AVs Enabled AVs p

10% AVs Ma-GS 70.98 (0.94) 70.78 (0.54) ns 73.80 (1.23) 73.63 (0.90) ns
Mi-GS 83.09 (3.41) 82.05 (2.00) < 0.05 95.98 (9.29) 90.66 (9.62) < 0.01
Ma-TL 77.52 (2.14) 77.26 (2.11) ns 88.33 (6.48) 87.19 (8.54) ns
Mi-TL 84.37 (3.87) 84.21 (5.32) ns 100.06 (26.65) 98.41 (28.00) ns
Ma-TR 74.67 (0.93) 74.55 (0.87) ns 80.33 (2.54) 80.33 (2.54) ns
Mi-TR 78.70 (2.78) 78.37 (2.72) ns 83.60 (5.08) 82.31 (4.89) ns

30% AVs Ma-GS 72.34 (1.27) 71.87 (0.52) < 0.01 74.22 (1.14) 73.83 (0.71) < 0.01
Mi-GS 87.49 (3.45) 85.77 (3.22) < 0.01 95.68 (5.78) 91.32 (6.06) < 0.01
Ma-TL 80.03 (3.12) 78.87 (1.70) < 0.01 88.82 (4.84) 86.03 (3.71) < 0.01
Mi-TL 90.44 (8.29) 90.47 (9.85) ns 102.02 (22.18) 102.12 (24.4) ns
Ma-TR 76.64 (1.28) 76.26 (0.85) < 0.01 81.13 (1.98) 80.52 (0.88) < 0.05
Mi-TR 82.13 (4.81) 81.49 (3.65) ns 86.60 (4.84) 84.74 (4.85) < 0.01

Continued
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Table 2: Continued
Total flow (MVs + AVs) AVs

Baseline AVs Enabled AVs p Baseline AVs Enabled AVs p

50% AVs Ma-GS 75.79 (8.34) 73.09 (0.99) < 0.05 77.10 (9.32) 74.25 (0.89) < 0.05
Mi-GS 99.10 (16.63) 89.88 (4.42) < 0.01 107.42 (20.96) 95.18 (6.20) < 0.01
Ma-TL 85.45 (11.69) 81.36 (2.52) < 0.05 91.22 (12.01) 86.40 (3.68) < 0.01
Mi-TL 100.68 (18.80) 96.39 (11.71) < 0.05 108.92 (23.27) 104.92 (17.8) ns
Ma-TR 80.55 (7.96) 77.97 (1.11) < 0.05 84.03 (9.61) 81.10 (1.23) < 0.05
Mi-TR 91.30 (21.39) 84.45 (5.83) < 0.05 94.78 (22.49) 86.89 (5.71) < 0.05

The findings are a bit different for the higher volume of 600 veh/h on
the major links (Table 3). There was a significant reduction of the Travel
time of the Enabled compared to the Baseline AVs for all routes for the 50%
penetration. But for the 10% and 30% penetration rates there were effects
on only 1 out of 6 routes (vehicles on the major link turning left). Similarly,
the Travel time of the total flow was significantly lower for all 6 routes for
the 50% penetration, but there was no effect of the AV variation on any route
for the 30% penetration and only for 1 route (going straight on the major
links) for the 10% penetration.

Table 3: Mean travel time (s) and standard deviation (in parenthesis) for 600 veh/h on
major links.

Total flow (MVs + AVs) AVs

Baseline AVs Enabled AVs p Baseline AVs Enabled AVs p

10% AVs Ma-GS 76.15 (5.02) 75.15 (3.30) < 0.05 78.06 (4.14) 77.26 (3.30) ns
Mi-GS 103.85 (12.73) 102.78 (11.71) ns 133.50 (29.87) 132.62 (32.83) ns
Ma-TL 84.97 (6.22) 83.64 (4.45) ns 100.82 (14.02) 96.78 (12.63) < 0.05
Mi-TL 106.10 (17.53) 105.31 (17.98) ns 123.40 (37.38) 134.57 (51.99) ns
Ma-TR 79.53 (5.13) 78.68 (4.06) ns 83.72 (5.74) 83.72 (5.67) ns

Mi-TR 93.00 (12.44) 92.40 (12.11) ns 95.20 (22.02) 95.68 (23.04) ns
30% AVs Ma-GS 80.75 (4.93) 80.05 (5.84) ns 82.10 (4.86) 81.60 (6.18) ns

Mi-GS 165.39 (51.33) 167.47 (69.84) ns 194.72 (69.06) 195.44 (81.18) ns
Ma-TL 91.90 (6.56) 90.37 (6.60) ns 106.37 (12.4) 101.74 (9.874) < 0.05
Mi-TL 176.12 (63.71) 183.17 (91.93) ns 193.29 (84.05) 207.81 (118.5) ns
Ma-TR 84.35 (5.28) 83.67 (5.64) ns 88.23 (6.11) 88.17 (6.61) ns
Mi-TR 149.72 (54.70) 152.11 (71,85) ns 152.14 (76.91) 159.58 (86.71) ns

50% AVs Ma-GS 88.62 (9.44) 85.00 (9.05) < 0.05 90.03 (9.68) 85.95 (9.68) < 0.01
Mi-GS 322.25 (154.04) 269.44 (146.0) < 0.05 348.54 (152.8) 291.52 (149.2) < 0.05
Ma-TL 103.31 (11.24) 98.06 (9.97) < 0.01 113.90 (15.50) 105.22 (12.24) < 0.01
Mi-TL 349.27 (182.9) 284.38 (156.4) < 0.05 376.85 (185.0) 320.15 (192.8) < 0.05
Ma-TR 92.44 (10.46) 88.92 (10.14) < 0.05 94.63 (10.44) 90.86 (8.57) < 0.05
Mi-TR 302.73 (161.43) 245.53 (134.6) < 0.05 295.25 (165.9) 240.59 (144.7) < 0.05

To visualize the size of impact of the AV variation on the Travel time
versus AV penetration rates and volume, the Travel time trends for all routes
are presented in Figure 1. Although not all findings are significant, the
Travel time is consistently lower when the flow included Enabled compared
to Baseline AVs. The higher AV penetration rate resulted in higher Travel
time reduction. Under lower volumes, the difference in Travel time was
lower. However, as the traffic volume on the major links increased, a clearer
distinction was observed, with flows including Enabled AVs achieving lower
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travel times by more than 16% for all minor link routes for the 600 veh/h
and 50% penetration scenario.

Figure 1: Travel time trend (s) for the total flow.

Table 4 presents the mean and maximumQueue length per scenario. There
were reductions in the mean and maximum Queue length for both major
and minor links when the penetration was 30% or 50% and the volume 200
or 400 veh/h. For the medium volume of 400 veh/h there was a significant
reduction of the maximum length on major links for the low penetration of
10% too. For the high volume (600 veh/hour) there were reductions only for
the high penetration of 50% on the mean Queue length for both link types
and on the maximum length on major links.
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Table 4: Mean and maximum queue length (in m) per volume and AV penetration.

Queue Length Mean Queue Length Max

Volume % AV Link Baseline AV Enabled AV P Baseline AV Enabled AV p

200 veh/h 10% Major 0.01 (0.02) 0.05 (0.18) Ns 6.01 (7.17) 6.26 (9.05) ns
Minor 0.06 (0.05) 0.06 (0.08) Ns 11.00 (6.36) 11.22 (6.79) ns

30% Major 0.03 (0.03) 0.03 (0.06) Ns 10.99 (8.65) 9.57 (9.62) < 0.05
Minor 0.13 (0.10) 0.09 (0.10) <0.01 16.62 (7.85) 13.82 (8.81) <0.01

50% Major 0.05 (0.05) 0.04 (0.05) <0.01 15.31 (10.86) 12.75 (11.13) < 0.05
Minor 0.21 (0.15) 0.13 (0.11) <0.01 20.98 (9.14) 16.93 (9.06) <0.01

400 veh/h 10% Major 0.56 (0.64) 0.46 (0.47) ns 45.46 (24.66) 41.33 (24.53) < 0.05
Minor 0.35 (0.36) 0.28 (0.26) ns 20.48 (9.07) 19.23 (8.89) ns

30% Major 0.94 (1.09) 0.55 (0.39) < 0.05 54.5 (30.40) 44.84 (19.63) < 0.05
Minor 0.86 (0.66) 0.78 (0.62) ns 29.05 (11.51) 28.53 (11.07) ns

50% Major 3.38 (8.04) 0.92 (0.82) < 0.05 89.41 (83.40) 55.41 (27.51) <0.01
Minor 2.68 (3.51) 1.29 (0.98) < 0.05 43.27 (22.64) 33.85 (12.14) <0.01

600 veh/h 10% Major 6.64 (8.23) 5.13 (5.31) ns 146.72 (98.23) 130.53 (77.56) ns
Minor 3.26 (4.27) 2.52 (2.30) ns 44.90 (31.75) 38.18 (18.48) ns

30% Major 11.83 (7.65) 11.23 (9.39) ns 190.23 (77.30 183.34 (93.13) ns
Minor 15.37 (11.8) 16.48 (16.9) ns 89.64 (42.19) 92.48 (50.94) ns

50% Major 23.49 (15.8) 17.54 (15.0) < 0.05 255.37 (101.1) 223.10 (97.78) < 0.05
Minor 55.03 (38.1) 43.94 (35.2) < 0.05 169.52 (89.68) 156.54 (95.59) ns

Figure 2 presents a graph of the trends of the maximum Queue length per
scenario and link type. Consistently, the maximum length is lower when the
flow includes Enabled AVs than when it includes Baseline ones. The figure
visualises that the bigger reductions were found in the medium and higher
volumes of 400 and 600 veh/h, and the lowest reduction in the low volume.

Figure 2: Maximum queue length (m) trends.

DISCUSSION

This microsimulation study aimed to assess whether equipping AVs
with communication capabilities would impact the traffic efficiency of
unsignalised urban intersections. Detailed models of yield sign-controlled
intersection behaviour were developed for Baseline AVs, which rely solely on
their onboard sensors for perception and decision taking, and for Enabled
AVs, that are equipped with communication capabilities and can perceive
vehicles at greater distances.
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The findings of this study support the expectation that the addition of
communication capabilities may reduce travel time and queue length at
yield sign-controlled intersections. This could be the result of the different
behaviour of AVs when approaching the intersection. The Enabled AVs,
having earlier information about approaching vehicles from other links, do
not always need to decelerate to a very low speed when approaching an
intersection from a minor link, unlike the Baseline AVs. Instead, if they
detect an acceptable gap, they continue. This behaviour has a cascading
effect on the overall flow, as it also influences their following vehicles
that would need to decelerate to a very low speed if they are following
a Baseline AV. A similar effect occurs on the major links, although the
reductions in travel time were smaller than those found for the minor
links, if the vehicles on the major link are following an AV intending to
turn left. If the latter is a Baseline AV, the following vehicles must stop
and restart. On the contrary, if it is an Enabled AV, which does not need
to stop, the following vehicles on the major link can continue without
stopping.

Considering only the significant results, the percentage reduction in Travel
time and maximum Queue length increased with AV penetration and traffic
volume on the major links. As regards the number of effects, more routes
were affected as the AV penetration increased (Table 5). At 50% penetration,
there was a significant reduction in Travel time for the total flow across
all 6 routes, while at 10% penetration a reduction was found in only
1 route.

The findings do not indicate a clear relation between the number of
routes affected (Travel time of the total flow) and the volume on the major
links. At 10% penetration there was a reduction in only 1 route for all
three volumes studied. At 50% penetration there was a reduction for all
6 routes for all volumes. At 30% penetration, there was a reduction for
4 routes for the volumes of 200 and 400 veh/h but no significant effect on
any route for the 600 veh/h. An explanation could be that at such high
volumes (600 veh/h) on the major link, the Enabled AVs cannot find an
acceptable gap. However, as AV penetration increases, the characteristics
of the traffic flow change. AVs have more conservative driving behaviour
than MVs, with larger headways, and as a result, at 50% AV penetration,
these conservative behaviours create more gaps in the traffic flow at the
intersection, allowing the Enabled AVs to merge more easily. In contrast, at
lower AV penetration levels (e.g., 30%), the number of AVs in the flow is
insufficient to create the necessary gaps, which explains the absence of effects
at 30% and 600 veh/h. This change in the traffic flow characteristics can also
be a reason why more routes are affected and the reductions in travel time
and queue length are greater with higher AV penetration and increased traffic
volume.
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Table 5: Number of routes with significant travel time reductions.

Total Flow (MVs + AVs)

10% AVs 30% AVs 50% AVs

200 veh/h 1 route 4 routes 6 routes
400 veh/h 1 route 4 routes 6 routes
600 veh/h 1 route 0 routes 6 routes

In conclusion, this study provides some evidence that the addition of
communication capabilities on AVs can have a positive impact on traffic
efficiency at yield sign-controlled intersections, as it reduces travel time and
queue length under several conditions. The findings have to be verified in
the future using more accurate models of the AVs driving behaviour and
more reliable representation of their communication capabilities at yield sign-
controlled intersections and inmore urban setups with different percentage of
vehicle routes, geometry and number of lanes. A similar modelling approach
can be implemented in other yielding type patterns, such as 4-way stops, in
order to study possible effects of communication capabilities on efficiency.
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