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IMPROVING THE PERFORMANCE OF UNSIGNALIZED
T-INTERSECTIONS WITHIN CAVS MIXED TRAFFIC
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The rapid growth in population and the increase in the number of vehicles on the road have resulted in severe traffic
congestion over the last two decades. However, intersections, where different flows intersect, are among the major
cause of traffic congestion besides bottlenecks. Past decades have seen major technological advancements in road
vehicles aimed at making vehicles traveling securely and comfortably. Current connected and automated vehicles
(CAV) are packed with lane-keeping assistance and adaptive cruise control to ensure that vehicles do not collide
and reduce traffic congestion. In this research, we developed a control algorithm that utilizes CAVs to help generate
additional usable gaps for the minor road vehicles to enter the intersection without affecting the mainline traffic flow.
Simulation results showed that the delay and queue length of the minor road approach is minimized without causing
a significant delay to the mainline. The minor road delay was reduced by 72% when the percentage of CAVs on the
major road is 70% compared to the benchmark with no CAVs on the major road.

Key words: CAVs, connected and automated vehicles, unsignalized intersections, gap acceptance, intersection

priority, merging capacity
INTRODUCTION

The rapid population growth and the attendant increase
in vehicle numbers over the last few decades have
caused widespread travel problems, with traffic con-
gestion forecast to increase by 60% by 2030 [1]. Those
problems lead to inefficient use of the transportation
network, forcing drivers to spend more time commut-
ing and increasing the overall fuel consumption. Among
the major bottlenecks that cause traffic congestion are
road intersections with different flow conflicts [2]. Low
congested intersections are less critical to be managed
than high congested intersections. The decision made
in the Latter case is fundamentally important to avoid
increasing congestions [3]. Most intersections in urban
areas are signalized to regulate the movement of traffic
flows. The unsignalized intersections are typically found
in suburban areas where low and high traffic flows meet.
There is a higher chance of collision at an unsignalized
intersection than signalized intersection due to the driv-
er's indecision or wrong decision to enter the intersec-
tion from the unsignalized approach. One report of the
National Highway Traffic Safety Administration (NHTSA)
in 2011 indicates that 40% of car collisions in the U.S.
happen at intersections, and 60% of them are related to
unsignalized intersections [4]. Accidents occur at unsig-
nalized intersections not only because of a lack of traffic
control devices but also often due to geometric condi-
tion constraints or inappropriate speed control [5]. With
such limitations, drivers from the minor road often face
the challenge of selecting a proper vehicular gap to enter
the intersection, as any mistake could lead to a safety
hazard, in addition to a negative effect on efficient inter-
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section operations. At major-minor intersections, traffic
control for vehicles on the major road generally has a
priority over the minor road. With low traffic on the major
road, larger gaps may be found in the traffic stream; on
the other hand, with high traffic on the major road, it is
more likely to have smaller and less safe gaps for the
minor road drivers to choose from [6]. A longer waiting
time experienced by the driver while waiting can result in
losing patience to accept a shorter critical gap [7]. More-
over, additional factors may also influence the gap se-
lection behavior of the driver, including age group, time
of the day, and trip purpose. However, the biggest influ-
encing factors are the presence of a queue behind the
driver, the number of gaps rejected, as well as the wait
time [8]. The potential capacity of the major-minor unsig-
nalized intersections depends on gaps available for the
minor road vehicles that are larger than the critical gap.
The safety of such intersections is affected by the gap
acceptance of the minor road vehicles. In 2008, fatal an-
gle collisions at unsignalized intersections were likely the
results of minor road vehicles taking smaller gaps. This
is evidence that with the increase of the available gaps
on the main road, the frequency of theses crashes will
be reduced [11]. Additionally, the major road vehicles ex-
perience interruption from the minor road vehicles when
taking smaller gaps due to the limitation of the available
safe gaps [12]. It can be affirmed that the increase of
available suitable gaps on the mainline will not only help
the minor road stream but also will reduce the interrup-
tion of the major road. Such additional gaps can be coun-
tered with the help of new technologies such as connect-
ed automated vehicles (CAVs). The rise of connected
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and automated vehicle (CAV) emerging technology has
brought new prospects to the automobile industry and
transportation system during the past decade. Notably,
the rise has been observed considering vehicle connec-
tivity levels that increased significantly, enabling these
enhanced technologies to work cooperatively [11]. More-
over, recent technologies like Vehicle-to-Infrastructure
(V2I) and Vehicle-to-Vehicle (V2V) communications can
mitigate present transportation issues and challenges.
The deployment of these innovative V2I and V2V tech-
nologies can share traffic information and automated ve-
hicles in a completely connected environment. Hence,
the optimal route guidance proposed solution can be
used for efficient traffic control and management less-
ening the congestion and traffic accidents. In addition,
efficient and green environment motion planning can
be integrated with this proposed solution [12]. This re-
search aims to enhance the performance of unsignalized
intersections with the help of connected automated ve-
hicles in creating extra adequate gaps to the minor road
vehicles when needed at a mixed traffic condition. The
methodology works when vehicle arrivals on the main
road permit the implementation of the control strategy to
improve intersection efficiency in mixed traffic conditions.
The contribution of this research is threefold: develop-
ing a framework that guides CAVs in creating gaps at
such intersections while considering safety and efficien-
cy under mixed traffic conditions, validating the proposed
method by simulating the method in a microscopic envi-
ronment, and evaluating the efficiency and safety of the
intersection before and after the method.

LITERATURE REVIEW

Transportation is being transformed by connected and
automated vehicles (CAVs). Connected and automated
vehicles (CAVs) use advanced wireless technologies
like Cellular V2X (C-V2X) or Dedicated Short-Range
Communication (DSRC). These wireless technologies
would create a link between vehicles to form a network
of shared information such as speed, location and traf-
fic control, etc. [13]. This shared link includes “Vehicle
to Infrastructure” (V2I), “Vehicle to Vehicle” (V2V), and
“Vehicle to X (other connected devices)” (V2X), which
enables data communications among them [14]. Accord-
ing to the simulation and field test phases that CAVs
have passed, the vehicles are beneficial to the road
system due to their automated features and other con-
figured communication sensors such as V2V and vehi-
cle to everything (V2X). When it is combined with the
wireless communication systems, the automated driving
and data processing technology empower the connected
and automated vehicles (CAV) to be a potential solution
to the safety and congestion problems [15]. These fea-
tures and configurations are considered an advantage
because they help improve traffic flow and reduce traffic
flow interruption, thereby enhancing safety and fuel con-
sumption, and emission [16]. Existing studies, including
limited field tests, have shown the benefits of CAVs in re-
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ducing traffic flow interruptions and improving traffic flow
dynamics, thereby enhancing safety and efficiency and
reducing fuel consumption and emission [16]. It is also
well understood that, before CAVs become a dominant,
frequently used technology, a mixed form of vehicles,
human-driven vehicles (HV) along with CAVs, will be
driving simultaneously on the road [17]. Automated Traf-
fic Control has gotten a lot of attention lately due to the
rise of autonomous ground vehicles and recent advanc-
es in Intelligent Transportation Systems. Autonomous
Intersection Management (AIM) is also called Cooper-
ative Intersection Management (CIM). It is one of the
more difficult traffic challenges, raising serious concerns
about safety and efficiency in terms of delayed, fuel us-
age, pollution, and durability [18]. In the intersection, the
management of CAVs is divided into centralized and de-
centralized techniques where the centralized technique
contains a management unit coordinating CAV rights-of-
way, with the management unit attempting to improve
efficiency after receiving data from all associated CAVs
[19]. In contrast, the decentralized technique CAV de-
cides its own control strategy depending on the data got
from other CAVs and side of the road foundation [20].
Dresner and Stone presented the first study that devel-
oped Autonomous Intersection Management (AIM) [21].
It was followed by a number of research that conduct-
ed similar concepts and most of these approaches used
First-come, first-serve (FCFS) [22]. Multiple models were
used to develop AIM, including linear programming [23],
mixed-integer linear programming [24], and mixed-inte-
ger nonlinear programming [25]. AIM was also formulat-
ed in different models to be a control framework [26],
or as optimization problem [27]. Furthermore, there are
researches focused on this issue in terms of model pre-
dictive control framework [28] or as a dynamic optimiza-
tion issue [29]. Multiple AIM models presented different
findings. Of which, vehicle arrival time at the departing
time or conflicting points was discussed by some mod-
els along with the calculation of the intersection exit time
[30]. On the contrary, other models focused on the total
vehicle number which was permitted to move [24]. The
ultimate goal of these varying models was focused on
maximizing the overall throughput [31], limiting the total
travel time period [32], reducing the consumption of the
fuel [33], and diminishing the potential threat [26]. The
main purpose of developing AIM is to compromise au-
tonomous or connected automated vehicle (AVs/CAVs)
so that the controller can be followed by all the vehicles.
Limited studies exist in when it comes to the interaction
of AIM with human vehicles which are not partially or
not equipped with the V2| and V2V communication fa-
cilities neither possess an autonomous driving module
[34]. Most of research used traffic lights as a medium
of communication with human vehicles and others con-
sider only autonomous and automated vehicles without
considering mixed traffic. Many CAV application studies
on unsignalized intersections have been reported, and
most of them are conducted under the assumption of a
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100% CAV environment to explore potential benefits of
CAVs; only a few studies have focused on unsignalized
intersections in mixed traffic conditions [35]. Zhong, et al.
[36] studied a priority unsignalized intersection manage-
ment to ensure vehicle crossing while considering the
efficiency and safety of both approaches. The vehicles
on the major road will have priority while creating gaps
for the minor road. Similarly, a gap-based eco-driving
speed control algorithm for unsignalized intersections
was studied by considering the realistic traffic conditions.
The proposed algorithm incorporates information about
the gaps, initial speed, and vehicular position as control
variables while performing optimizations to develop the
acceleration/deceleration profiles; hence, guiding vehi-
cles at the stop line [37]. Although the proposed method
was found to improve efficiency while considering safety,
the study considers only fully automated vehicles at the
intersection. All the above studies have treated the traffic
coming to the intersection at an equal level ofimportance.
Additionally, most of intersection are signalized and few
authors focused on unsignalized intersection consider-
ing the human behavior. More studies are needed at a
major-minor intersection with priority set for the major
road under mixed traffic conditions. This research aims
to enhance the performance of unsignalized intersec-
tions with the help of connected automated vehicles in
creating extra adequate gaps to the minor road vehicles
when needed at a mixed traffic condition. The methodol-
ogy works when vehicle arrivals on the main road permit
the implementation of the control strategy to improve in-
tersection efficiency in mixed traffic conditions. The rest
of the paper is organized as follows: Section 3 introduc-
es the framework that guides CAVs in creating gaps, in-
cluding the formulation, communication, and simulation.
Section 4 reviews the results of the simulation to validate
the effectiveness of the proposed framework. Section 5
provides the conclusions of this work and some future
research directions.

METHODOLOGY

The research’s main objective is to develop a systematic
framework and implementation plan that makes use of
CAVs to create safe gaps in the mainline traffic stream
for the minor road vehicles to utilize. The method takes
into consideration safety as the priority as well as effi-
ciency, and its main benefit is to minimize interruptions to
the mainline traffic flow due to minor road vehicles.

Intersection Layout

This study focuses on T-intersections for simplicity, where
a minor road approach interests a major road. The minor
road approach is controlled by either an actuated signal
or a stop sign where the major road approach has the
right of way. The minor road approaches have one lane,
but the major road may have one or more lanes in each
direction, as shown in Fig. 1. CAVs are operated only in
major street flow with different percentage penetrations
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where a minor street has only human vehicles HVs. The
main assumptions of this method are as follows:

1. The intersection has a roadside unit (RSU) to re-
ceive and transmit information for all CAVs on a ma-
jor road;

2. CAVs on the major road can obtain information with-
in the range of communication to the RSU;

3. CAVs can detect the leading and following vehicles
and calculate the distance along with the speeds of
those vehicles.

Major . i Major

Street Street

HV
Minor

Street

Figure 1: Geometric configuration of the intersection
studied

The Safe Gap Towards Intersection

The proposed control system can work in a mixed traffic
environment since it considers both connected automat-
ed vehicles CAV and human vehicles HV. When a CAV
is within the V2I communication range and a vehicle is
detected in the minor road by the Roadside Unit RSU,
The CAV calculates whether the gap at the intersection
is greater than the critical gap. However, suppose it is
not more than the critical gap as explained in the previ-
ous section. In that case, CAV will reduce speed to help
maintain a distance beyond the established critical gap if
other conditions permit.

Major Major
Street Street

EHV

Minor
Street

Figure 2: Distance between CAV and the leading
vehicle (T,)

In this scenario shown in Fig. 2, a CAV is following an
HV and separated by an existing gap time, T,. T, is mea-
sured as the difference between the distance of CAV to
the intersection LAV divided by the speed of CAV v sub-
tracting from distance of HV to intersection LHV divided
by the speed of HV v:

L L
T =-or - (M
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Where: v is the approaching speed in ft/sec, L_,, is the
distance of the CAV towards the intersection in ft, and
L, is the distance of the HV to the intersection in ft.
Since the distances are measured close to the intersec-
tion, speed variation before reaching the intersection is
not considered. The minor road vehicle looking for a safe
gap to enter the intersection needs a gap equal to or
greater than the critical gap called T,. For a minor street
vehicle to enter the intersection safely, T, must be great-
er than T. In the scenario where T, is less than T, CAV
will be allowed to reduce speed to add an extra gap time,
which is called At_and it is defined as extra gap time add-

ed between two successive vehicles, as shown in Fig. 3.

L L
At, = cav. Lcay 2)
v, v
Where L, is the distance of the connected automated

CAV
vehicle to the intersection, and v_is the speed of con-

nected automated vehicles after reducing speed.

Major

S
. ‘ m treet

| before reducti

i
| cav
“+—+———LAV after reduction————>{

HV
Minor

Street

Figure 3: The extra time added to create the extra safe
gap (At)

After the reduction of speed of CAV, extra gap time At
will be added to T, to be greater than T . As a result, the
equation to create a gap greater than T is as follows:

LHV

L
—cav - A 2T, (3)

%

By substituting Equation 2 to 3, then:

L L L L

cav. HV+ cav. Lcav >T, 4)
v v v, v
This results in:
L L

s, (5)
v, v

The parameter B is the amount of CAV speed reduction.
This is used to determine the needed speed of CAVs to
create an adequate gap. The reduced speed v_ will be
calculated based on the original speed as follows to es-
tablish the gap greater than a critical gap T,> T, :
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I
ve = pv (6)

By substituting Equation 6 to 5, then, the equation will
be as follows:

Lcay
= _ 2 sr
Bv v —°0° (7)

The time for communication between CAVs and RSU
through V2l is neglected compared with the speed of
vehicles [38]. However, The time to reach the desired
speed of CAV when creating an extra gap is called transi-
tion time At . This transition time is when CAV receives
the order and processes the reduction until it reaches the
required speed. The formula for creating extra gaps by

CAVs would be adding the At___to Eq. (7), as follows:

trans

L
o T 2 TO + Attrans (8)

The Safe Distance Based on Safe Car-following
Distance (CFD)

Reducing speed on the main road to create additional
gaps to the minor road vehicles can cause a significant
impact on safety as well as on system performance.
However, in preparation for the CAVs to reduce speed,
the car-following safe distance needs to be considered
to avoid rear-end crashes and delay of the major road
stream. This section is to develop the distance that needs
to be maintained before reducing speed of CAVs on the
main road. In the scenario, an HV is behind a CAV, as
shown in Fig. 4. Before CAV reduces speed to create
the extra safe gap, CAV should check the distance of the
following vehicle. This check ensures that the following
vehicle would not be affected by the reduction of the CAV
speed. The gap between the subsequent vehicle to the
CAV before the CAV reduces speed is called C_back. To
ensure safety for the following vehicle, the C_back dis-
tance should be greater than the safe car-following dis-
tance CFD when CAV reduces speed to ensure the fol-
lowing vehicle's safety when CAV reduces speed. CFD
is calculated based on Stopping Sight Distance (SSD).

Cpack = CFD (9)

Where C,_, is the following vehicle distance to CAV be-
fore reducing speed; CFD can be determined as:
1702 - 'l7f2

CFD = v, t, + 22—
Vo lr ¥ 3007 . 6)

(10)

Where V_ refers to the initial speed of the subsequent
vehicle (ft/sec) ; v, represents the required reduced pace
of CAV for creating an extra safe gap for the minor street
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approach (ft/sec); t is the perception-brake reaction time
(sec); f is referred to as a coefficient of friction, and G is
the grade level of the street. As shown in Fig. 4, when
CAV reduces speed to create a gap that is more than the
threshold distance, the gap between two automobiles
will be subtracted by an amount of gap time, which is
called At.. Where CFD is a minimum safe car-following
distance, to further enhance safety, the following equa-
tion is utilized:

Cback - (Atc 17) > CFD (11)

Figure 4: The added time when CAV reduces speed

The CAV scenario is coming towards the intersection be-
tween two vehicles, one vehicle behind and another ve-
hicle in front of CAV is quite complex. In this scenario, the
method starts with Equation 9 before Equation 11. In this
model, V2V and V2| communication were also used to
make decisions when CAVs can reduce speed to create
extra safe gaps. Detailed information regarding nearby
vehicles’ movement to calculate the gaps could be pro-
vided through V2V communications or the CAV sensors.
V2l communication could inform the targeted CAV when
a vehicle is in the minor street approach looking for a gap
to slow down through the roadside unit (RSU). The range
of communication by V2l is assumed to be the current
effective DSRC communication range or 5G (300 m).The
communication process starts when a detector detects a

- “ )
Start ) " e Y
4 )

F o . I A
|

RSU checks for vehicles detcted on

™~ minar-mad

CAW sloww dowm 1D crate gap T, + AL

communication

‘ CAV checks back-fap (Coss) ‘

o
Yo - CAW checks frant-gag (T2 J

Figure 5:CAVs communication process of the proposed
CAV framework

‘ RSU checks for CAV within range of
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vehicle in the minor street approach, and RSU obtains
it. Then, RSU feeds CAV, which are within the range of
communication, information regarding incoming vehicles
from the minor street approach. Once a CAV received
information from RSU, it would check the gap towards
the intersection to check it with the critical gap. If the gap
is less than the critical gap, the CAV will start to check for
the safe distance, the distance of the following vehicle to
CAV to ensure it is safe. The process of the connected
automated vehicles in creating gaps is shown in Fig. 5.

Unsignalized Intersection Scenarios

In this section, two scenarios of CAVs on the major road
stream are presented and analyzed. In this case, the ma-
jor road traffic has the right of way, and the minor road
users have to wait at the stop sign before merging as
shown in Fig. 1. The minor road vehicles will enter only if
there is a gap equal to or greater than the critical gap. In
a mixed traffic flow, if the RSU instructs a CAV to check
if it can help create a usable gap, it will have two options
to take, as explained below:

»  Option 1: Do nothing: This scenario is when a CAV
is within the range of communication but cannot create
a needed gap due to the following possible conditions:

1. The front gap time of the CAV from the leading
vehicle HV is greater than the critical gap, so there is no
need for gap creation, or:

T, = To
2. The front gap time of the CAV is less than the
critical gap, but the CAV cannot help to create a usable
gap. This happens when a CAV is too close to the lead-
ing HV and not enough time can be saved by slowing
down, that is:

T + Atc <Ty
3. The back gap of the CAV to the following HV is less
than the safe distance required. This scenario is when

the following HV is close to the CAV, and it is unsafe for
the CAV to reduce speed, or:

Cpack - (At. V) <CFD
+ Option 2: Reduce Speed: This scenario is when a
CAV can reduce speed to help create a long enough gap
for the minor road vehicle, and it can satisfy both of the
following conditions:
1. The front gap time is less than the critical gap, and
CAV can help to create a gap not less than the critical
gap by reducing speed, that is:

T, + Atc >To

2. The back gap of the CAV from the following HV is
greater than the safe distance:

Coac - (At. V)>CFD
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Figure 6: Flow chart of the process of CAVs scenarios

Left Turn Scenario

The above discussion has considered only one direction
traffic on the major road, with minor road vehicles turn-
ing right. However, for minor road vehicles turning left,
safety considerations must be given to both directions on
the major road because of the potential conflicts. Fig. 7
shows a minor road vehicle waiting to find a gap to turn
left and join the mainline traffic.

—Th— r——CBack,—
i i i i
T T T T

E HV
Minor

Street

Figure 7: Road entry through a left turn

In this case, the CAV will check if, in each direction, the
condition T, < T, exists and the CAV can slow down to
create a gap value of At_to satisfy the condition T + At_
2 T, . The algorithm will not let the CAV participate be-
fore making sure that CAVs in both directions can help
create the needed ng safe gaps. If the back gap of either
direction on the major road is less than the car-follow-
ing distance CFD, the algorithm will select option 1 (do
nothing). The control algorithm for minor road vehicles
turning left is shown in Fig. 8.
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Figure 8: Control logic for left turns with CAVs in both
directions

SIMULATION & RESULTS

In this section, the control algorithm is simulated using
PTV VISSIM platform and the accompanying code is
written in Python. The section discusses in detail the ex-
perimental and simulation setup along with the results.
The results implications are also discussed at the end of
this section.

Simulation Setup

The most useful tool for traffic engineers to measure
the effectiveness of a method is to simulate the method
through traffic simulation software. To test the concept
and estimate the potential effectiveness of the proposed
method, a simulation was performed using the VISSIM
platform. VISSIM simulates in every detail realistically
and accurately the traffic condition designed where VIS-
SIM creates better conditions than many other software
tools to test different traffic scenarios before implemen-
tation. VISSIM is chosen because it is now being used
widely by the public sector, consulting firms, and univer-
sities [10]. The controlled set of rules are put into use by
incorporating VISSIM with Python through the interface
of Object Model (COM). VISSIM-COM comes into handy
when the model entails including custom algorithms that
are not available on the version of VISSIM GUI. This will
allow VISSIM to control the attribute of CAVs on the net-
work to apply the control algorithm. Due to the stochas-
tic nature of traffic arrivals, a minimum of 10 simulation
runs were performed with different random seed num-
bers to ensure that the values reported incorporating the
stochastic changes in traffic flow. Since the car-following
behavior has a direct impact on creating gaps by reduc-
ing speed and traffic flow, the Wiedemann 99 model has
been chosen in this work because it is more advanced
and flexible than Wiedemann 74 [40]. the Wiedemann 74
is recommended by the VISSIM user manual to be used
in urban areas where Wiedemann 99 can be used on
freeways and multilane highways [41]. This paper used
the default values of the Wiedemann 99 car-following
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model and it has ten essential parameters that can be
found on PTV VISSIM’s user manual [42]. The critical
gap is the minimum gap needed by a driver to enter the
intersection from a minor road stream. The critical gap
value differs from one intersection to another, but HCM
states that the average of these values based on many
experiments can be used in experiments. In this study,
the critical gap value used in this study is based on High-
way Capacity Manual (HCM) [39]. The test plan includes
comparisons to evaluate intersection performance be-
fore and after implementing the CAV utilization strategy
to create gaps. The vehicle setting was standardized for
both human-driven vehicles HVs and connected and au-
tomated vehicles CAVs. This includes the vehicle size of
passenger vehicles and their attributes, and the speed
used in this simulation platform is 35 mph on the major
road and 25 mph on the minor road. Two types of vehicle
compositions are specified. The first is when there are

80 - 100 wvehihr on Minor Road

no CAVs on the major road, which is the benchmark for
comparison, the second includes a mixed traffic condi-
tion with CAVs and HVs. Different traffic demand levels
are considered on the major and minor roads along with
different penetration of CAVs on the major road. The
measures of effectiveness (MOEs) were used to evalu-
ate the proposed method, including delay, queue length,
and fuel consumption.

Results

The stopped delay occurs when a vehicle is waiting
for a safe gap at the minor road approach. The aver-
age stopped delay, grouped by different penetrations
of CAVs, is shown in Fig. 9, where three different CAVs
percentages are presented as 30%, 50%, and 70%. Fig.
9-a, b, ¢, and d represent the minor road volumes as
100, 150, 200, and 250 veh/hr.
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Figure 9: Improvement in waiting time of the minor road queue at different major and minor road volumes along
with different CAVs penetration
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The waiting time on the minor road stream improved at
all levels of traffic on the minor road. As shown in Fig. 9,
70% of CAVs on the major road from the total volume
is the highest improvements on all traffic levels of the
minor road. When the volume on the minor road is low,
100 veh/hr, the improvements on the waiting time of the
minor road approach increases until the volume of the
major road reaches 1400 veh/hr. Once the major road in-
crease above 1400 veh/hr, the improvements decrease
as shown in Fig. 9-a. When the minor road volume in-
creases to 250 veh/hr, as shown in Fig. 9-d, the improve-
ments on the waiting time increases until the major road
volume reaches 800 veh/hr, then, the improvements de-
crease. The highest point of improvement on the wait-
ing time of the minor road depends on the major road
volumes. When the minor road volume increases, the
highest point of the improvements shifts to the left due to
fewer gaps available on the major road and an increase
in the demand on the minor road stream As shown in Fig.
9, when CAV's penetration to the total volume on the ma-
jor road increases, the stopped delay of the minor road
approach decreases to a certain level. This is primarily
because the increase of flow in the major road and the in-
crease of CAVs' can help create more safe gaps. There-
fore, the increase in the number of safe gaps would lead
to less waiting time on the minor road approach, result-
ing in improved stopped delay compared with no CAVs
on the major road. However, once the major road vol-

Additional Average Delay = delay with CAVs — delay without CAVs

-

ume reached a certain level, the improvements start to
decrease because more vehicles on the major road will
result in shorter headways between vehicles. The reduc-
tion of the headway reduces the possibility for CAVs to
create safe gaps in the minor road vehicles. The waiting
time of the minor road vehicles increases and cause a
bottleneck at the unsignalized intersection when the ma-
jor and minor road volumes increase due to the limitation
of the throughput when the capacity is reached. Howev-
er, the results indicate that the control logic can increase
the throughput of the intersection from both directions
when CAVs create gaps. This shows that the proposed
algorithm achieved its objective and the created gaps are
accepted.The impact on the major road traffic flow is also
studied by obtaining the average delay on the major road
approaches before and after the proposed method, and
it is calculated as: Table 1 shows a comparison between
the delay added to the major road with the improvement
in reducing delay on the minor road. The result shows
that the delay caused to the major road at low volumes
is almost zero while on the minor approach is 23% &
30%. The added delay to the major stream reaches 11%
at 1000 veh/hr of traffic on the major road, whereas the
improvement in the minor road approaches increases to
62%. Therefore, the proposed method at unsignalized
intersections is mainly helping the minor-road approach
without affecting the major road efficiency and safety.

(12)

Table 1: Comparison between delays added to the major road with improvements in the delay at the minor road

Minor Road Volume | Major Road Volume % of CAV % of D_elay added | % of Impro_vements in Delay
(vph) (vph) (major road) (minor road)
100 600 50% 1% 23%
1000 50% 2% 30%
150 800 30% 3% 15%
1200 30% 6% 40%
200 600 70% 4% 23%
1000 70% 1% 62%
250 800 30% 6% 22%
1200 50% 20% 25%

To understand and investigate the average additional
delay caused by CAVs reducing speed to create addi-
tional gaps to the minor road and compare it with the
improvements on the minor road approach, the intersec-
tion delay is presented and analyzed. The intersection
delay measurement can evaluate the minor road ap-
proach delay improvements and the average additional
delay on the major road combined. Compared with the
benchmark, the intersection delay has improved up to
60% when the CAVs penetration is 70%. This is due to
the number of gaps created on the mainline to the minor
road vehicles increased resulted in reducing the delay of
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the minor road stream. As shown in Fig. 10, the improve-
ments in the intersection's average total delay increase
when the number of CAVs increases on the major road.
This is because with the increase of the number of CAVs
on the major road, the probability of creating additional
gaps to the minor road approach increases, which re-
duces the delay of the intersection delay. Since there
is an improvement in the total intersection delay at all
CAVs penetration levels, the control logic showed its ef-
fectiveness as one measurement of effectiveness (MOE)
is improved. However, with the increase of the major and
minor road volume, improvements of the intersection
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delay decrease due to the limitations of the intersection
capacity. The queue length is defined as the distance
of the rear end of the furthest stopped vehicle from the
stop line. In VISSIM, the queue length at intersections
is defined from the queue counter location on the last
vehicle's entry link in the queuing state. This section ob-
serves the field measured the average queuing length
of the minor road approach at different major and minor
road volumes and different CAVs' penetration with the
corresponding simulation outputs for the target intersec-
tions. Fig. 11 shows the improvement in the queue length
of the minor road approach at different CAVs penetra-
tion. Each figure represents a different minor road vol-
ume where the volumes of the minor road volumes are
100, 150, 200, 250 veh/hr. The minor street approach's
improvement in queue length was also examined with
different major road volumes: 600, 800, 1000, 1200
1400, and 1600 vehicles per hour. The queue length and
the waiting time on the minor road approach are related
since with the increase of the waiting time, the queue
length will increase. As a result, the queue length im-
provements will follow the pattern of the waiting time re-
sults. The increase in the number of CAVs on the major
road helps to reduce the queue length on the minor road
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approach. The increase of the minor road will increase
the need for gap creation on the mainline, which increas-
es the queue length when the major road flow increases.
This is due to the limitation in the intersection capacity.
It can be seen from the graphs above that the queue
length of the minor road approach reduced with the in-
crease of the number of CAVs on the major road. The
result shows that the queue length was reduced by about
62% when CAV’s penetration reached 70% at 150 veh/
hr on the minor road approach, and the major road vol-
ume was 1200 veh/hr. Even with the 50% and 30% of
CAVs on the major road, the results show a decrease
in the queue length due to an increase in the number of
gaps created when the number of CAVs increases. The
decrease in queue length for the minor road stream can
further improve driving behavior since the waiting time
and queue length affects the gap acceptance behavior
for drivers waiting for a gap at the minor road, as stated
in the literature. This shows that the control logic of this
study improves not only the performance but also the
safety of unsignalized intersections since the behavior
of the drivers at unsignalized intersections depends on
the number of gaps available on the major road stream.
From Fig. 9 and Fig. 11, we can observe that deploying
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Figure 12: Fuel consumption improvements at different major and minor road volumes along with different CAVs
penetration

Istrazivanja i projektovanja za priverdu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 20, No. 2, 2022

473



INERR

Fayez Alanazi, et al. - Improving the performance of unsignalized t-intersections within CAVs mixed traffic

ud

CAVs in the road network with the proposed strategy can
positively impact traffic efficiency. The is because the mi-
nor road approach waiting time and queue length was re-
duced at all traffic levels. Based on the analysis above in
terms of the effectiveness of CAVs creating usable gaps
to the minor road approach, it was concluded that the
strategy of controlling such an unsignalized intersection
with the help of CAVs would help reduce the congestion
on the queue of the minor approach. It can also be con-
cluded that the implementation of the control algorithm
will positively impact the operation of the unsignalized
intersection and drivers’ behaviors. The waiting time that
a driver uses at intersections increases overall fuel con-
sumption, which also increases emissions. Fig. 12 that
with the increase of major road volume and the increase
of CAV’s penetration, the fuel consumption can be re-
duced up to 48% when the level of CAVs penetration is
70%. Fig. 12 shows that the proposed method in creating
additional usable gaps to the minor road approach effec-
tively reduces fuel consumption compared with no CAVs
creating additional safe gaps. With the increase of CAV’s
penetration, the reduction of fuel consumption is more
significant. This is mainly due to the decrease in waiting
time at the intersection since there are more safe gaps
available, reducing fuel consumption. Fig. 12 indicates
that an increase in CAVs penetration on the major road
would reduce fuel consumption for all penetration levels.
The result indicates that an increase in CAV’s penetration
of 70% at 200 veh/hr on the minor road approach would
improve fuel consumption by more than 40%. Besides,
at a high level of traffic on the minor road approach, the
fuel consumption was reduced by 32% when CAV pen-
etration is high. Notably, the highest benefit of the con-
trol algorithm for the fuel saving (48%) are achieved at
the highest CAVs perntration and medium to high traffic
volume of both streams. The significant reduction in fuel
consumption is achieved by creating usable gaps in the
mainline for the minor road drivers when needed. There-
fore, the proposed method reduced the average waiting
time delay and queue length for the minor road approach,
effectively reducing fuel consumption. The main aim of
this study is to improve the operation of unsignalized in-
tersections. Utilizing the right amount of gaps, calibrating
drivers’ behavior, and optimizing delays will ultimately
enhance the overall performance of unsignalized inter-
sections. It can also be concluded that the implementa-
tion of the control algorithm will positively impact the op-
eration of the unsignalized intersection. One of the goals
is also to ease the operation of the minor road approach
while not causing a significant delay to the continuous
flow of the major road. This study improves the operation
of major-minor unsignalized intersections in terms of ef-
ficiency and safety. These results will aid practitioners in
better design and operating unsignalized intersections.

CONCLUSION

This research developed and evaluated a systemic
framework that guides CAVs to create additional safe
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gaps in the mainline traffic stream for the minor road ve-
hicles to reduce extended queueing of the minor road
approach. Since a mixed ftraffic condition in the next
twenty to thirty years is the scenario, the proposed sys-
tem considered a mixed traffic environment; it consid-
ers both connected automated vehicles (CAV) and hu-
man vehicles (HV). Bottlenecking in the minor stream is
mainly due to the extended queueing, specifically due
to minimal gaps as the intersection's high priority exists
with the major stream. Using technology such as con-
nected and automated vehicles (CAVs) to create extra
safe gaps to the minor stream is needed for drivers' effi-
ciency and safety. The method proposed in this research
effectively minimizes the delay and queue of the minor
road approach while not causing a significant delay on
the major road at unsignalized intersections. We can ob-
serve that deploying CAVs in the road network with the
proposed method can positively impact traffic efficiency,
as the waiting time and queue length is reduced for the
minor road approach. The ability of connected and au-
tomated vehicles to improve traffic operation and safe-
ty is wide and can be suitable for research. This study
improves the operation of major-minor unsignalized in-
tersections in terms of efficiency and safety. However,
there are several important aspects of future work that
can be investigated. The method can be expanded to
be suitable for a signalized intersection where it can be
beneficial to reduce the mainline interruption. This work
will be a good contribution since it will draw a broad of
the original method. Further investigation is needed to
conduct a field investigation to study the feasibility of the
control algorithm. It can be beneficial to help agencies,
cities, and governments to draw an environmental and
comfortable urban transportation system.
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