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Abstract

Intersections are considered to be a vital part of urban transportation and drivers are prone to make more mistakes, when driving
through the intersections. A high percentage of the total fatal car accidents leading to injuries are reported within intersections
annually. On the other side, there usually is traffic congestion at intersections during busy times of day. Stopping the vehicles
in one direction to let the vehicle pass in the other directions leads to this phenomenon and it has a huge effect on traffic delay,
which causes great squander in natural and human resources as well as leading to weather pollution in metropolises. The goal of
this paper is to design and simulate different spatio-temporal-based algorithms for autonomous connected vehicles to be able to
cross the intersection safely and efficiently. Vehicles employ vehicle-to-vehicle (V2V) communication via dedicated short range
communications (DSRC) [4, 1] to exchange their kinematic information with each other. The proposed algorithms are compared to
each other as well as with traditional methods like traffic lights in terms of various performance metrics such as traffic congestion,
speed and especially delay to find the optimal control approach for autonomous intersection management.
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1. Introduction

The most common way to control the traffic at intersections and roundabouts is using traffic lights or traffic signs
[5]. With an increasing number of vehicles, size of cities and roads, these traditional control methods are getting less
efficient and safe. On the other side, traditional traffic control methods introduce extra delays and increase trip time,
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which leads to a huge waste in time and resources. According to a report published by Texas Transportation Institute,
every commuter suffers from average delay of 34 hours per year which costs more than 100 billion dollars [6].

Autonomous driving is one of the technologies which has grown rapidly in the recent years and is still progressing
fast. Nowadays, we see that a lot of companies and research centres are working hard on improving autonomous
vehicles. Although there are some discussions about safety and reliability of autonomous driving, it seems that this
technology will play a very important role in future traffic strategies. So, all traffic rules and infrastructures may be
different to be more compatible with the new generation of cars. One fundamental technology for future automobile
assistance systems is vehicle-to-everything (V2X) communications including vehicle-to-vehicle (V2V) and vehicle-
to-infrastructure (V2I) communications. This technology will help developers of such systems provide more reliable
tools by letting them exchange critical information like warnings, recommendations, and status, which a vehicle cannot
access by itself.

The project described in this paper is based on [1, 2, 3]. A short range vehicular network is used to transfer the data.
Moreover, communication is only vehicle to vehicle since there is not any third party element or road-side unit (RSU).
All vehicles approaching the desired junction are using DSRC to send their information such as current location,
speed, planned route, etc. Messages will be sent in a specific period and all the messages should be received and
processed by all the other vehicles at the intersection area. When a vehicle checks all the received information and
compares them, it will decide how to behave at the intersection. However, some parameters are very important from
the aspect of safety. For instance, an inaccurate position information could lead to a collision between two or more
vehicles.

In this study, we rely on the measuring tools like GPS of each vehicle and ignore probable errors. We have used
the simulation tools “Simulation of Urban MObility” (SUMO) [8], the “Objective Modular Network Testbed in C++”
(OMNeT++) [7] and “Vehicles in network simulation” (Veins) [9] to design, implement, simulate and animate our
network and related controlling algorithms.

The remainder of the work is organized as follows; Section 2 includes the basic definitions and rules which should
be applied to all vehicles. Section 3 gives an overview of protocols and algorithms used in the controlling models.
Section 4 shows final simulation results and section 5 concludes this work along with suggestions for future work.

2. Assumptions and Rules

Firstly, we describe the conditions needed to be met for two or more vehicles to collide at the intersection. We
assume that the intersection is a square area which can be divided into smaller square boxes. Entry and exit points are
predefined as a constant distance from the real entrance and exit points of the intersection. The intersection has two
entering lanes from all directions and is discretized by the cells, each characterized with a unique identifier [2].

2.1. Collision Detection

Every vehicle should be able to update its trajectory cells list (TCL) when it is crossing the intersection. Therefore,
it is necessary for all the vehicles to know their own location and the occupied cell number inside the grid of the
intersection. To achieve this goal, all vehicles are equipped with a GPS device. Besides, they have access to the
digital map database of the intersection’s coordinates. It is the proper way to update the TCL and share the updated
information with other vehicles in the desired range of the intersection. If a vehicle is still at the beginning of the
intersection grid, it will not alter its TCL and the list will show the full set of the cells that will be used for crossing
the intersection. But, if the vehicle is inside the junction grid, it should use the current block number to modify the list
as follows. The current cell number is known and the TCL is a sorted list. So, all the cells in the list which are located
before the current one should be removed from the trajectory list. This procedure is visualized in figure 1.

If two or several vehicles have space and time conflict at the intersection area, it means that there is a collision. In
other words, there is a collision probability between two vehicles if they have overlapping time intervals (arrive and
exit time) and they have at least one common cell in their TCL while passing the intersection area. Otherwise, they
will not collide and both can pass the intersection safely [2].

In our project, the collision detection algorithm for intersections should run on all vehicles. Information for this
purpose will be gained from the safety massages broadcast by surrounding vehicles. If the algorithm finds one or more
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Autonomous driving is one of the technologies which has grown rapidly in the recent years and is still progressing
fast. Nowadays, we see that a lot of companies and research centres are working hard on improving autonomous
vehicles. Although there are some discussions about safety and reliability of autonomous driving, it seems that this
technology will play a very important role in future traffic strategies. So, all traffic rules and infrastructures may be
different to be more compatible with the new generation of cars. One fundamental technology for future automobile
assistance systems is vehicle-to-everything (V2X) communications including vehicle-to-vehicle (V2V) and vehicle-
to-infrastructure (V2I) communications. This technology will help developers of such systems provide more reliable
tools by letting them exchange critical information like warnings, recommendations, and status, which a vehicle cannot
access by itself.

The project described in this paper is based on [1, 2, 3]. A short range vehicular network is used to transfer the data.
Moreover, communication is only vehicle to vehicle since there is not any third party element or road-side unit (RSU).
All vehicles approaching the desired junction are using DSRC to send their information such as current location,
speed, planned route, etc. Messages will be sent in a specific period and all the messages should be received and
processed by all the other vehicles at the intersection area. When a vehicle checks all the received information and
compares them, it will decide how to behave at the intersection. However, some parameters are very important from
the aspect of safety. For instance, an inaccurate position information could lead to a collision between two or more
vehicles.

In this study, we rely on the measuring tools like GPS of each vehicle and ignore probable errors. We have used
the simulation tools “Simulation of Urban MObility” (SUMO) [8], the “Objective Modular Network Testbed in C++”
(OMNeT++) [7] and “Vehicles in network simulation” (Veins) [9] to design, implement, simulate and animate our
network and related controlling algorithms.

The remainder of the work is organized as follows; Section 2 includes the basic definitions and rules which should
be applied to all vehicles. Section 3 gives an overview of protocols and algorithms used in the controlling models.
Section 4 shows final simulation results and section 5 concludes this work along with suggestions for future work.

2. Assumptions and Rules

Firstly, we describe the conditions needed to be met for two or more vehicles to collide at the intersection. We
assume that the intersection is a square area which can be divided into smaller square boxes. Entry and exit points are
predefined as a constant distance from the real entrance and exit points of the intersection. The intersection has two
entering lanes from all directions and is discretized by the cells, each characterized with a unique identifier [2].

2.1. Collision Detection

Every vehicle should be able to update its trajectory cells list (TCL) when it is crossing the intersection. Therefore,
it is necessary for all the vehicles to know their own location and the occupied cell number inside the grid of the
intersection. To achieve this goal, all vehicles are equipped with a GPS device. Besides, they have access to the
digital map database of the intersection’s coordinates. It is the proper way to update the TCL and share the updated
information with other vehicles in the desired range of the intersection. If a vehicle is still at the beginning of the
intersection grid, it will not alter its TCL and the list will show the full set of the cells that will be used for crossing
the intersection. But, if the vehicle is inside the junction grid, it should use the current block number to modify the list
as follows. The current cell number is known and the TCL is a sorted list. So, all the cells in the list which are located
before the current one should be removed from the trajectory list. This procedure is visualized in figure 1.
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other words, there is a collision probability between two vehicles if they have overlapping time intervals (arrive and
exit time) and they have at least one common cell in their TCL while passing the intersection area. Otherwise, they
will not collide and both can pass the intersection safely [2].

In our project, the collision detection algorithm for intersections should run on all vehicles. Information for this
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Fig. 1: TCL update

common cells between the TCL of another vehicle with its own TCL, it will return number of the cell which causes
the first conflict. This cell is named as trajectory intersecting cell (TIC) [2]. Figures 2a and 2b show two scenarios
in which the vehicles do not have any TIC and they can pass the intersection without stopping. In figures 3a and 3b,
two other situations are shown in which two vehicles have common cells in their planed trajectory list. So, a collision
could happen between these cars if they want to cross the intersection at the same time.

(a) (b)

Fig. 2: Passing without conflict

If collision detection algorithm detects any possible conflict, First Come First Served (FCFS) will be used to
resolve the conflict. This algorithm assigns the higher priority to the vehicle which has the lower arrival time and
gets the entrance point of the junction earlier. So, this vehicle can cross the intersection before the others with greater
arrival times. If two vehicles arrive at the intersection at the same time, priority will be assigned according to the
road importance. It means that every vehicle that is driving on the primary road has the priority to another one on
the secondary road. If the vehicles have equal conditions, the priority policy will let the vehicle with higher vehicle
identification number (VIN) pass the intersection before the other one. VIN is an unique number assigned to each
vehicle [2].

2.2. Vehicle status

We have defined four states for the vehicle considering its location relative to the desired intersection.
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(a) (b)

Fig. 3: Conflict in TCL

• Approach: The vehicle’s distance to the desired junction is less than a predefined specific parameter.
• Wait: The vehicle is stopped at the entrance of the junction and waits for other vehicles with higher priority to
cross.

• Enter: The vehicle is inside the junction grid and tries to pass the intersection.
• Exit: The vehicle has already left the junction area, its distance from the intersection is more than a specific
predefined threshold.

2.3. Intersection Safety Messages

In our protocols, every vehicle is allowed to use three types of intersection safety messages to communicate with
the surrounding vehicles in the range of the intersection [3].

• The ENTERmessage informs the surrounding vehicles that the vehicle is approaching the intersection area with
a specific crossing route. It contains eight parameters: vehicle id, current road segment, current lane, next road
segment, arrival time, exit time, TCL, cells arrival time, message sequence number and message type, which is
ENTER in this case.

• The CROSS message informs the surrounding vehicles that the vehicle has already arrived inside the junction
crossing area. This message consists of the sender’s identification and trajectory details, identifying the space
that will be occupied by the vehicle while crossing the intersection. The CROSS message contains the same
parameters as the ENTER message. Its trajectory cells list contains the updated list of trajectory cells, their
related arrival and exit times for the current cell, remaining cells along the vehicle’s trajectory through the
intersection area, and the message type which is CROSS in this case.

• The EXIT message shows that the vehicle has exited the intersection region. The EXIT message carries three
parameters: vehicle id, message sequence number, and the EXIT message type.

3. Intersection Management Protocols

3.1. Concurrent Crossing-Intersection Protocol (CCIP) [2]

In this method, the conflicting vehicle with higher priority can ignore the intersection safety messages from the
vehicles with lower priority and cross the intersection without slowing down or stopping. Furthermore, vehicles which
have lower priority are supposed to completely stop in the entrance of the intersection if they cannot win the compe-
tition against another vehicle. They should wait until they receive the EXIT message from the high priority vehicle to
be able to cross the intersection. This protocol is applied across all priority levels. The algorithms 1 and 2 represent
the behaviour of sender and receiver vehicles respectively.
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Algorithm 1 Send status

1: Input: state of the vehicle
2: Output: intersection safety message
3: if STATE = Approach or STATE =Wait then
4: Broadcast ENTER message
5: else if STATE = Enter then
6: Broadcast CROSS message
7: else if STATE = Exit then
8: Broadcast EXIT message
9: end if

Algorithm 2 CCIP on receive behaviour
1: Input: Received safety message from another vehicleM
2: Output: Blocking vehicles list BL
3: if M = CROSS then
4: check the trajectory lists and find the conflicts, TIC
5: if TIC != empty then
6: add vehicle’s Id to BL
7: end if
8: else if M = ENTER then
9: run priority assignment algorithm
10: if other vehicle has higher priority then
11: add vehicle’s Id to BL
12: end if
13: else if M = EXIT then
14: if vehicles Id is in BL then
15: remove the Id from BL
16: end if
17: end if

3.2. Maximum Progression-Intersection Protocol (MPIP) [2]

This method is similar to the previous one. So, the higher priority vehicle will cross the intersection ignoring the
others with lower priorities. But the lower priority vehicle is also allowed to enter the intersection boundaries until
getting in front of the conflicting cell. Here, it should come to a complete stop and wait for a message from the high
priority vehicle indicating that is has passed the corresponding cell and there is no conflict anymore. Now, the lower
priority vehicle can continue to pass the intersection. Similar to CCIP, the algorithm 1 applies to the sending vehicle,
but the receiving vehicle should act based on algorithm 3.

Algorithm 3 MPIP on receive behavior
1: Input: Received safety message from another vehicleM
2: Output: TIC
3: if M = CROSS or M = ENTER then
4: check the trajectory list and find the first conflicting cell CC
5: if CC != NULL then
6: run priority assignment algorithm
7: if other vehicle has higher priority and CC has lower index in vehicle’s own TCL rather than the current TIC then
8: TIC = CC
9: save sender’s Id

10: end if
11: else
12: run priority assignment algorithm
13: if other vehicle has higher priority and it is the same sender saved in the memory then
14: remove corresponding TIC
15: remove sender’s id from memory
16: end if
17: end if
18: else if M = EXIT then
19: if vehicle’s Id is saved in the memory then
20: remove corresponding TIC
21: remove sender’s Id from memory
22: end if
23: end if

6 Jalali Lak et al. / Procedia Computer Science 00 (2022) 000–000

3.3. Spatio-Temporal Intersection Protocol (STIP) [3]

The aim of this method is to increase the parallelism inside the intersection area by letting more vehicles cross the
intersection simultaneously. This goal is achieved by allowing even conflicting vehicles to make maximal progress
inside the intersection area without sacrificing the primary goal of safety. In this protocol, vehicles will take the
temporal information regarding arrival and exit times gained from the other vehicles in the vicinity more into account
and make smarter decisions. If the lower priority vehicle detects a conflict with a higher priority one, it will check
if arrival and exit times of the other vehicle to the common cell overlap with arrival and exit times of its own. If
yes, it will stop before entering the conflicting cell and wait until it is cleared. Otherwise, it will continue to pass the
intersection. Algorithm 4 determines the movements of the receiver vehicle. The sender vehicle uses algorithm 1.

Algorithm 4 STIP on receive behaviour
1: Input: Received safety message from another vehicleM
2: Output: trajectory intersecting cell (TIC)
3: if M = CROSS orM = ENTER then
4: check the trajectory list and find the first conflicting cell CC
5: if CC != NULL then
6: run priority assignment algorithm
7: if other vehicle has higher priority and CC has lower index in vehicle’s own TCL rather than the current TIC then
8: check arrive and exit time of sender to the conflicting cell
9: if there is overlap with vehicle’s own arrive and exit times then

10: TIC = CC
11: save sender’s Id
12: else
13: if vehicle’s Id is saved in the memory and TIC = CC then
14: remove corresponding TIC
15: remove sender’s id from memory
16: end if
17: end if
18: end if
19: else
20: run priority assignment algorithm
21: if other vehicle has higher priority and it is the same sender saved in the memory then
22: remove corresponding TIC
23: remove sender’s id from memory
24: end if
25: end if
26: else if M = EXIT then
27: if vehicle’s Id is saved in the memory then
28: remove corresponding TIC
29: remove sender’s Id from memory
30: end if
31: end if

4. Evaluation

A road map area of 200m × 200m with no obstacles has been designed in SUMO. It is a 4-way intersection. Trip
time is defined as the time in which a vehicle travels from the start to the end point. In our case, start point is 100m
before the intersection and end point is 100 meter after the intersection. Trip time is calculated by SUMO for each
vehicle considering the vehicle’s parameters as maximum speed and acceleration. It is assumed that the vehicle will
not come to any stop during its trip. At the end of the trip, real travel time is measured and compared to the estimated
trip time. The difference between the above-mentioned values is known as trip delay. This delay is caused by the stops
occurring while passing the intersection. The average delay across all the vehicles involved in the simulation is taken
as the metric.

Figure 4a for symmetric traffic demonstrates the comparison of average trip delay among the protocols to the
traditional traffic light models, one programmed to switch between red and green lights every 30s and the other every
10s. Yellow light duration in both of them is 3s. Traffic volume is defined as cars per second for the whole intersection,
not for each leg of it. Vehicle instances are not created at the same time. They are introduced to the simulation one by
one in the row. Apparently, our intersection management models have significantly higher performance in comparison
to the traditional ones. We can see that CCIP has improved the delay time and throughput of the intersection by
62.74% and 44.1% in comparison to 10s and 30s traffic light systems respectively. MPIP is better than 30s traffic
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Algorithm 1 Send status

1: Input: state of the vehicle
2: Output: intersection safety message
3: if STATE = Approach or STATE =Wait then
4: Broadcast ENTER message
5: else if STATE = Enter then
6: Broadcast CROSS message
7: else if STATE = Exit then
8: Broadcast EXIT message
9: end if

Algorithm 2 CCIP on receive behaviour
1: Input: Received safety message from another vehicleM
2: Output: Blocking vehicles list BL
3: if M = CROSS then
4: check the trajectory lists and find the conflicts, TIC
5: if TIC != empty then
6: add vehicle’s Id to BL
7: end if
8: else if M = ENTER then
9: run priority assignment algorithm
10: if other vehicle has higher priority then
11: add vehicle’s Id to BL
12: end if
13: else if M = EXIT then
14: if vehicles Id is in BL then
15: remove the Id from BL
16: end if
17: end if

3.2. Maximum Progression-Intersection Protocol (MPIP) [2]

This method is similar to the previous one. So, the higher priority vehicle will cross the intersection ignoring the
others with lower priorities. But the lower priority vehicle is also allowed to enter the intersection boundaries until
getting in front of the conflicting cell. Here, it should come to a complete stop and wait for a message from the high
priority vehicle indicating that is has passed the corresponding cell and there is no conflict anymore. Now, the lower
priority vehicle can continue to pass the intersection. Similar to CCIP, the algorithm 1 applies to the sending vehicle,
but the receiving vehicle should act based on algorithm 3.

Algorithm 3MPIP on receive behavior
1: Input: Received safety message from another vehicleM
2: Output: TIC
3: if M = CROSS orM = ENTER then
4: check the trajectory list and find the first conflicting cell CC
5: if CC != NULL then
6: run priority assignment algorithm
7: if other vehicle has higher priority and CC has lower index in vehicle’s own TCL rather than the current TIC then
8: TIC = CC
9: save sender’s Id

10: end if
11: else
12: run priority assignment algorithm
13: if other vehicle has higher priority and it is the same sender saved in the memory then
14: remove corresponding TIC
15: remove sender’s id from memory
16: end if
17: end if
18: else if M = EXIT then
19: if vehicle’s Id is saved in the memory then
20: remove corresponding TIC
21: remove sender’s Id from memory
22: end if
23: end if
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3.3. Spatio-Temporal Intersection Protocol (STIP) [3]

The aim of this method is to increase the parallelism inside the intersection area by letting more vehicles cross the
intersection simultaneously. This goal is achieved by allowing even conflicting vehicles to make maximal progress
inside the intersection area without sacrificing the primary goal of safety. In this protocol, vehicles will take the
temporal information regarding arrival and exit times gained from the other vehicles in the vicinity more into account
and make smarter decisions. If the lower priority vehicle detects a conflict with a higher priority one, it will check
if arrival and exit times of the other vehicle to the common cell overlap with arrival and exit times of its own. If
yes, it will stop before entering the conflicting cell and wait until it is cleared. Otherwise, it will continue to pass the
intersection. Algorithm 4 determines the movements of the receiver vehicle. The sender vehicle uses algorithm 1.

Algorithm 4 STIP on receive behaviour
1: Input: Received safety message from another vehicleM
2: Output: trajectory intersecting cell (TIC)
3: if M = CROSS orM = ENTER then
4: check the trajectory list and find the first conflicting cell CC
5: if CC != NULL then
6: run priority assignment algorithm
7: if other vehicle has higher priority and CC has lower index in vehicle’s own TCL rather than the current TIC then
8: check arrive and exit time of sender to the conflicting cell
9: if there is overlap with vehicle’s own arrive and exit times then

10: TIC = CC
11: save sender’s Id
12: else
13: if vehicle’s Id is saved in the memory and TIC = CC then
14: remove corresponding TIC
15: remove sender’s id from memory
16: end if
17: end if
18: end if
19: else
20: run priority assignment algorithm
21: if other vehicle has higher priority and it is the same sender saved in the memory then
22: remove corresponding TIC
23: remove sender’s id from memory
24: end if
25: end if
26: else if M = EXIT then
27: if vehicle’s Id is saved in the memory then
28: remove corresponding TIC
29: remove sender’s Id from memory
30: end if
31: end if

4. Evaluation

A road map area of 200m × 200m with no obstacles has been designed in SUMO. It is a 4-way intersection. Trip
time is defined as the time in which a vehicle travels from the start to the end point. In our case, start point is 100m
before the intersection and end point is 100 meter after the intersection. Trip time is calculated by SUMO for each
vehicle considering the vehicle’s parameters as maximum speed and acceleration. It is assumed that the vehicle will
not come to any stop during its trip. At the end of the trip, real travel time is measured and compared to the estimated
trip time. The difference between the above-mentioned values is known as trip delay. This delay is caused by the stops
occurring while passing the intersection. The average delay across all the vehicles involved in the simulation is taken
as the metric.

Figure 4a for symmetric traffic demonstrates the comparison of average trip delay among the protocols to the
traditional traffic light models, one programmed to switch between red and green lights every 30s and the other every
10s. Yellow light duration in both of them is 3s. Traffic volume is defined as cars per second for the whole intersection,
not for each leg of it. Vehicle instances are not created at the same time. They are introduced to the simulation one by
one in the row. Apparently, our intersection management models have significantly higher performance in comparison
to the traditional ones. We can see that CCIP has improved the delay time and throughput of the intersection by
62.74% and 44.1% in comparison to 10s and 30s traffic light systems respectively. MPIP is better than 30s traffic
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Fig. 4: Simulation results for symmetric traffic

light, 10s traffic light and CCIP by 68.6%, 52.8% and 15.58%. Finally, STIP is the best working algorithm and has the
lowest delay time of all alternatives. Its functionality is 74.65%, 61.96%, 31.95% and 19.41% better than 30s traffic
light, 10s traffic light, CCIP and MPIP. For low traffic volumes, the trip delay is low and negligible in all the three
management models. As the traffic volume increases, the average delay of the CCIP model also increases and after
the traffic volume reaches 0.8, it gets near the performance of the traffic light model 10s, but is still slightly better. In
the case of MPIP, the average delay has a low value up to traffic volume of 0.5. After that point, it starts to increase,
but the values are always under the corresponding values of traffic light models and CCIP. The STIP model performs
with a significantly small average delay for the traffic volumes under 0.7 while beyond that, it gets higher and reaches
its maximum at the end of the simulation which is around 11s. We have calculated the average speed of the vehicles
for every simulation. The result is shown in figure 4b. As expected, the highest average speed belongs to the vehicles
involved in the STIP simulation. It is around 6.1 meter per second for traffic volume of 0.1 vehicle per second, and
decreases to 2.3 at the end for the denser traffic volume of 1 vehicle per second. The other algorithms end up to a lower
average speed, but still all have better results in comparison to the traffic light model. We will ignore the average speed
graph in the next tests because its behaviour is predictable from the average delay graph.

Next, we studied another test scenario in which a higher traffic is applied to two legs of the intersection. The other
legs remain the same as the previous scenario. The lanes with the higher number of cars belong to the primary road.
All the models behave almost equally to the previous simulation scenario below traffic volume of 0.4. After this point,
the average delay grows faster and reaches to a higher value at the end. In the case of CCIP, the value is almost the
same as the traffic light model at the end, but the other two models are still performing better in comparison to the
traffic light model. Figure 5a depicts the results of this experiment. We ignored the 30s traffic light model because of
its weak results. In this case, also we can obviously see that for the traffic volumes below 0.4 vehicles per second, the
average delay is very low for CCIP, MPIP and STIP models. Above this point, because of the higher traffic density of
the priority road, some kind of saturation starts to happen and the average delay value grows with a higher rate. But
at the end, the traffic light model still performs worse than the other models. We can see that CCIP has improved the
throughput of the intersection by 38.01% in comparison to 10s traffic light model. MPIP is better than the 10s traffic
light and CCIP by 49.01% and 17.9%. As expected, STIP is the best working algorithm and has the lowest delay time
of all. Its functionality is 57.4%, 31.35% and 16.4% better than 10s traffic light, CCIP and MPIP.

In the next scenario, we increased the traffic volume. This time, the X-axis is representing the traffic volume per
each leg of the intersection and not the whole intersection. It means that we have a four times higher traffic rate than
in the first scenario. Here, we make the situation more difficult and create vehicle instances simultaneously each time
in all the legs. So, they reach the intersection crossing area in very close times and passing the intersection would
be more challenging. According to figure 5b, it can be recognized that CCIP is working better than the traffic light
model only for the traffic volumes under 0.3 vehicles per second, but after that these two models have almost the
same performance. MPIP is better than 10s traffic light model and CCIP by 28.3% and 22.6%. STIP is again the best
working algorithm and has the lowest delay time of all. Its functionality is 38.1%, 33.41% and 13.5% better than 10s
traffic light, CCIP and MPIP models.
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Fig. 5: Simulation results for asymmetric traffic

5. Conclusion and Future Work

In this paper, we have implemented and simulated three DSRC-based protocols for crossing the intersections safely
and without collisions in the most efficient way. We tried to increase the parallel movement inside the intersection grid
and not sacrificing the safety standards at the same time. We achieved a better throughput for the intersection and
lower trip delay using three V2V-based communication protocols in comparison to the traditional traffic management
method. The suggested controlling models and protocols have still room for improvement.
Following are some aspects that can be considered in future works to achieve a better functionality and perfor-

mance; dealing with some special events which might happen during crossing the intersection (for instance, accidents,
a defective vehicle, etc.), extension of the intersection grid, utilization of vehicles with different shapes and sizes, in-
tegration of vehicles with special priorities like emergency vehicles, smart selection of speed and acceleration by the
vehicles instead of coming to a complete stop and wait, investigation of some possible errors and problems that may
happen while exchanging the security messages (for example, GPS inaccuracy, packet loss, etc.), and implementation
of the protocols for other types of intersections such as roundabouts.
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light, 10s traffic light and CCIP by 68.6%, 52.8% and 15.58%. Finally, STIP is the best working algorithm and has the
lowest delay time of all alternatives. Its functionality is 74.65%, 61.96%, 31.95% and 19.41% better than 30s traffic
light, 10s traffic light, CCIP and MPIP. For low traffic volumes, the trip delay is low and negligible in all the three
management models. As the traffic volume increases, the average delay of the CCIP model also increases and after
the traffic volume reaches 0.8, it gets near the performance of the traffic light model 10s, but is still slightly better. In
the case of MPIP, the average delay has a low value up to traffic volume of 0.5. After that point, it starts to increase,
but the values are always under the corresponding values of traffic light models and CCIP. The STIP model performs
with a significantly small average delay for the traffic volumes under 0.7 while beyond that, it gets higher and reaches
its maximum at the end of the simulation which is around 11s. We have calculated the average speed of the vehicles
for every simulation. The result is shown in figure 4b. As expected, the highest average speed belongs to the vehicles
involved in the STIP simulation. It is around 6.1 meter per second for traffic volume of 0.1 vehicle per second, and
decreases to 2.3 at the end for the denser traffic volume of 1 vehicle per second. The other algorithms end up to a lower
average speed, but still all have better results in comparison to the traffic light model. We will ignore the average speed
graph in the next tests because its behaviour is predictable from the average delay graph.

Next, we studied another test scenario in which a higher traffic is applied to two legs of the intersection. The other
legs remain the same as the previous scenario. The lanes with the higher number of cars belong to the primary road.
All the models behave almost equally to the previous simulation scenario below traffic volume of 0.4. After this point,
the average delay grows faster and reaches to a higher value at the end. In the case of CCIP, the value is almost the
same as the traffic light model at the end, but the other two models are still performing better in comparison to the
traffic light model. Figure 5a depicts the results of this experiment. We ignored the 30s traffic light model because of
its weak results. In this case, also we can obviously see that for the traffic volumes below 0.4 vehicles per second, the
average delay is very low for CCIP, MPIP and STIP models. Above this point, because of the higher traffic density of
the priority road, some kind of saturation starts to happen and the average delay value grows with a higher rate. But
at the end, the traffic light model still performs worse than the other models. We can see that CCIP has improved the
throughput of the intersection by 38.01% in comparison to 10s traffic light model. MPIP is better than the 10s traffic
light and CCIP by 49.01% and 17.9%. As expected, STIP is the best working algorithm and has the lowest delay time
of all. Its functionality is 57.4%, 31.35% and 16.4% better than 10s traffic light, CCIP and MPIP.

In the next scenario, we increased the traffic volume. This time, the X-axis is representing the traffic volume per
each leg of the intersection and not the whole intersection. It means that we have a four times higher traffic rate than
in the first scenario. Here, we make the situation more difficult and create vehicle instances simultaneously each time
in all the legs. So, they reach the intersection crossing area in very close times and passing the intersection would
be more challenging. According to figure 5b, it can be recognized that CCIP is working better than the traffic light
model only for the traffic volumes under 0.3 vehicles per second, but after that these two models have almost the
same performance. MPIP is better than 10s traffic light model and CCIP by 28.3% and 22.6%. STIP is again the best
working algorithm and has the lowest delay time of all. Its functionality is 38.1%, 33.41% and 13.5% better than 10s
traffic light, CCIP and MPIP models.
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5. Conclusion and Future Work

In this paper, we have implemented and simulated three DSRC-based protocols for crossing the intersections safely
and without collisions in the most efficient way. We tried to increase the parallel movement inside the intersection grid
and not sacrificing the safety standards at the same time. We achieved a better throughput for the intersection and
lower trip delay using three V2V-based communication protocols in comparison to the traditional traffic management
method. The suggested controlling models and protocols have still room for improvement.
Following are some aspects that can be considered in future works to achieve a better functionality and perfor-

mance; dealing with some special events which might happen during crossing the intersection (for instance, accidents,
a defective vehicle, etc.), extension of the intersection grid, utilization of vehicles with different shapes and sizes, in-
tegration of vehicles with special priorities like emergency vehicles, smart selection of speed and acceleration by the
vehicles instead of coming to a complete stop and wait, investigation of some possible errors and problems that may
happen while exchanging the security messages (for example, GPS inaccuracy, packet loss, etc.), and implementation
of the protocols for other types of intersections such as roundabouts.
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