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Abstract— Non-signalized intersections have received much 
attention in various research with the development of Vehicle-
to-Everything (V2X) technology. In this study, we present a 
scheduling algorithm for the passing-through problem of the 
non-signalized intersection for vehicles with different priorities. 
First, we simplify the problem to an absolute value 
programming by dividing the intersection area into eight 
collision sections. Secondly, considering vehicles with the same 
priority and vehicles with different priorities scenarios, we 
proposed a rule-based scheduling algorithm to solve the 
problem by assigning a local optimal entering time for each 
vehicle in one scheduling step. Finally, we conducted extensive 
experiments to evaluate the performance of our proposed model 
and algorithm. The simulated results by SUMO showed that 
vehicles could pass the intersection efficiently without collision 
based on their priorities with the rule-based scheduling 
algorithm. 

Keywords—V2X, non-signalized intersection, rule-based 
algorithm, CAV, SUMO 

I. INTRODUCTION  
Nowadays, automated driving can liberate human beings 

from complicated and repeated driving tasks and make traffic 
more efficient[1]. Congestion or collision may occur when 
automated vehicles from different lanes merge into the 
intersection. So intersection scheduling has received 
considerable research attention in recent years [2-5]. Because 
most of the traditional intersections still rely on traffic signals, 
automated vehicles must leverage computer vision and 
artificial intelligence techniques to judge the traffic signal 
status and make passing strategies[6, 7]. Previous studies 
showed the signalized intersection has two main deficiencies 
as follows: (1) the complex environments (such as bad 
weather) may influence the computer vision and cause 
detection failures of the traffic signal status; (2) the traffic 
signal leads to the waste of a large amount of time as the 
number of automated vehicles is increasing [8, 9]. In this study, 
we take the non-signalized intersection as the research 
scenario to provide a smoother traffic flow and more efficient 
driving while also improving safety. 

Connected and automated vehicles (CAVs) can provide 
driving safety, traffic efficiency, and road information in real-
time via a novel technology called V2X by equipping with On 
Board Unit (OBU) [10, 11]. The emergence of CAVs has 

made it possible to implement efficient and collision-free 
scheduling for the non-signalized intersection [12]. CAVs in 
the non-signalized intersection area can transmit the 
information, including their position, speed, and acceleration 
(or deceleration) to the intersection scheduling center (ISC) 
through V2X communications. The ISC then can make 
passing strategies for vehicles with the received information. 
As the CAVs are becoming widely used, the more complex 
scenario has caught researchers' attention because different 
vehicles may have different urgency degrees (always called 
priority) to cross the intersection [13]. For example, 
ambulances will be assigned a high priority in the intersection 
area. Vehicles with high priority must pass the intersection 
without collision in prior.  

With the above considerations, to address the passing-
through problem in the non-signalized intersection, we need 
to deal with the following problems: (1) how to ensure 
vehicles pass through the intersection without collision and 
efficiently; (2) how to authorize vehicles with high priorities 
to pass through the intersection in prior. Focusing on this 
complex problem, we propose a scheduling algorithm that can 
assign an entering time for each arriving CAV with safety 
guarantee and priority principle. 

The rest of this paper is arranged as follows. Section 2 
introduces the traffic model, including the collision section 
and the passing-through time window in detail. In section 3, a 
rule-based scheduling algorithm is presented. We conduct the 
simulation and analyze the results in section 4. Finally, we 
conclude and direct our future work in section 5. 

II. MODEL OF PROBLEM 
This study takes the most common non-signalized 

intersection shown in Fig 1 as the scenario to model. The 
intersection has four roads (E, S, W, and N). Each road has 
three lanes with different directions: go-straight, turn-left, and 
turn-right. We ignore the turn-right lane because vehicles in 
this lane do not affect vehicles in other lanes. The remaining 
eight lanes are marked with an ID. The ith lane is marked as 
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ISC

Collision 
Area

Scheduling 
Area

OBU

High-priority CAVLow-priority CAV  
Fig. 1. Non-signalized intersection scenario 

In this study, following the Ref. [14], we make three 
assumptions for this scenario: 

(1) The intersection scheduling center (ISC) deployed in 
the intersection is equipped with the communication 
technique. The ISC can assign an entering time for each 
arriving CAV with reliable real-time performance. 

(2) All the vehicles in the scenario are CAVs. CAVs 
should immediately send their status information (such as the 
position, speed, acceleration, and priority) to the ISC in each 
scheduling step. Vehicles will keep their lane and velocity 
until the ISC returns the entering time, and overtaking is not 
allowed in this study. 

(3) Communication delay is not considered in this study. 
As shown in Fig 1, we divide the intersection area into two 

areas: the Scheduling Area and the Collision Area. The 
Scheduling Area is the ISC's valid communication area, 
within which the ISC schedules a passing strategy with the 
received status information from vehicles. The Collision Area 
is the central area at the intersection, where vehicles may 
congest or collide.  

N(i) N(o)

E(i)

E(o)

S(o) S(i)

W(o)

W(i)

CS1

CS2 CS3 CS4

CS5

CS6CS7CS8

Trajectory CSs  
Fig. 2. CSs and possible conflict relations 

In Fig 2, we divide the Collision Area into eight collision 
sections (CSs), from  to . CAV in each lane has a 
corresponding trajectory to pass through the Collision Area. 
For example, CAVs in  would pass through the Collision 
Area with the south-to-west trajectory. We denote  as the 
go-straight lanes' passing CSs set and  as the turn-left lanes' 
passing CS set. The  is in front of  in passing CS set if 
a CAV passes through  before  on . Each lane's 
passing CS set is shown in Table 1. We can observe that CAVs 

in  may collide with CAVs in  at . On the other hand, 
we can find those vehicles in the lanes  and  may collide 
at . The set { , } is regarded as the conflict lane set of 

. When the ISC schedules the passing sequence of vehicles 
at , we can only consider vehicles in the conflict lanes to 
reduce the computation overhead. 

TABLE I.  THE MAPPING BETWEEN LANE ID AND CS SET 

Lane ID  Lane ID  

 { , , }  { , } 

 { , , }  { , } 

 { , , }  { , } 

 { , , }  { , } 

 

As shown in Fig 1, the width of each lane is w. We can get 
the position of each CS. For estimating the entering time of a 
CAV in each CS, we need to know the trajectory length: (1) 
for CAVs in go-straight lanes, the trajectory length is 4w; (2) 
for CAVs in turn-left lanes, we define that the trajectory length 
between the Collision Area boundaries and the CS is  and 
the trajectory length between two CSs is . The kth vehicle 
arrives at the Collision Area at the entering time . Assuming 
that the velocity remains at v in Collision Area, the entering 
time set of each CS in  and  is shown in (1) and (2), 
respectively. 

{ + , + , + },  (1) 

{ + , +
+

}, (2) 

We denote PTW ,  as the passing-through time window of 
CS  on the L . We denote that each CAV's length is d and the 
safety distance of vehicles is d . Taking into account the 
specific trajectory of each lane, we could estimate their 
passing-through time window using their entering time of the 
Collision Area, such as PTW , = ( + , + + ]. As 
one CS can only be occupied by one vehicle simultaneously, 
two passing-through time windows of the same CS cannot 
intersect. For example, PTW , ∩ PTW , = + , +

+ ∩ + , + + = ∅ is equivalent to 

+ − + + ≥   + − ( +

+ ) ≥  . With the passing-through time window 
model, the collision avoidance constraints are formulated as a 
linear constraint. 

III. RULES-BASED SCHEDULING ALGORITHMS 
First-come-first-serve (FCFS) method [15] is a standard 

and classic scheduling method in current research. FCFS leads 
to a local optimal solution in many situations. In some simple 
scenarios, this method can solve the passing-through problem 
with less time complexity. But the method will fail in more 
complex scenarios, such as vehicles with different priorities. 
Thus, in this section, we propose the rule-based scheduling 
algorithm to solve the new passing-through problem. 
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A. The rules-based algorithm for CAVs with the same 
priority 
We first investigate with the simplest scenario, where all 

the CAVs have the same priority. In this scenario, the arriving 
CAVs send their status information to the ISC at the beginning 
of each scheduling step. ISC has a container Q to store vehicle 
status information, which is first-in-first-out (FIFO). Suppose 
there are  CAVs on lane  at one scheduling step, thus the 
number of CAVs in  is = ∑ . At the scheduling step, 
ISC traverses  and assigns an entering time for each CAV at 
each loop. Let = ( , , … , … )  represent the entering 
time of the Collision Area for CAVs. We set the object 
function for the CAV is to minimize the entering time of CAV . 

CAVs can drive in the intersection area at speed in velocity 
range [ , ] . At each scheduling step, ISC can 
calculate the fastest arrival time of the arriving CAV to 
arrive at the Collision Area as 

= + + + , (4) 

where  represents the arriving time of CAV ,  
represents the arriving velocity of CAV , and v represents the 
velocity to pass through the Collision Area.  represents 
the maximum speed allowed in the Scheduling Area(vehicles 
with different priorities have different ). d represents the 
distance between the CAV and the Collision Area. Now we 
obtain the first constraint t ≥ . 

 As overtaking is not allowed at the intersection area, 
the entering time on the same lane should be in increasing 
order. So the latest entering time on the lane  in last 
scheduling step is . Let the  represent the safe time 
headway. We can obtain the second constraint t ≥ +  
to ensure collision avoidance for the CAVs in their lanes. 

The first vehicle in Q can be assigned an entering time, 
only considering the above two constraints. But ISC must 
consider the passing-through time window (PTW) constraints 
when it assigns entering time for other vehicles in Q . 
CAV  ( = 2,3, … ) must avoid collision with the first i − 1 
vehicles in Q. As shown in Fig 1, CAV  on  may collide 
with CAV , CAV , or CAV  at  and may collide with CAV  
at . So the entering time of CS occupied by CAV  is {t +

, t + , t + } . We can get the PTW constraints of 
CAV  as 

+ − + + ≥ , 

+ − + + ≥ , 

+ − + + ≥ , 

+ − + + ≥ . 

(5) 

 Correspondingly, we can transform the PTW 
constraints into matrix expressions | + | ≥ , where 

= , 

=

⎝

⎜
⎜
⎛

− + − −

− + − −

− + − −

− + − − ⎠

⎟
⎟
⎞

,  =

⎝

⎜⎜
⎜
⎛

⎠

⎟⎟
⎟
⎞

. 

(6)

Similarly, we derive all other matrix expressions | +
| ≥ , i = 1,2, … , n, where the number of the rows of ,  

and  is equal to the number of PTW constraints of CAV . 
Then the scheduling problem is transformed into 

                  , 

. .     ≥ , 

                  ≥ + , 

                     | + | ≥ . 

(6)

 

B. The rules-based algorithm for CAVs with different 
priorities 

The problem will be more complicated when 
CAVs have different priorities. Now the rule-based 
mechanism's main target is to ensure that the high-
priority vehicle can pass through the intersection in 
prior. The front low-priority CAVs often delay high-
priority CAV if we only consider the priority of heading 
vehicles on each lane. We proposed the rules-based 
mechanism, which consists of the following two rules:  

(1) Each lane is assigned a priority , which is 
equal to the maximum vehicle priority  of the CAV 
queue  on that lane. ISC determines whether to 
update the lane priority according to the priorities of 
the arriving or the departing CAVs. In other words, 
lane priority keeps the maximum value of the CAV 
priority of the lane. 

(2) In each scheduling step, CAVs on the highest-
priority lane are assigned an entering time of Collision 
Area in prior. CAVs in other low-priority lanes should 
slow down to the low-priority velocity simultaneously 
to make way for the CAVs on high-priority lane.  

 
We denote  ( = 1,2, … ,8)  as the vehicle 

information container of , e.g., = { , }. In 
Fig 1,  is an ambulance with the highest priority at 
the Scheduling Area, so  is assigned the highest 
priority based on the rule (1). After the ISC assigns the 
entering time for CAV  and CAV , ISC will assign 
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entering time for the remaining vehicles based on the 
simple rule-based algorithm. Similarly, we have the 
scheduling problem as 

min                   , 

. .     t ≥ , 

                  t ≥ + , 

                     | + | ≥ . 

(7) 

Let [ ] and [ ] be the jth component of  and . 
So | + [ ]| ≥ [ ]  can be transformed into t ≥

[ ] − [ ]  or t ≤ − [ ] − [ ] . We denote =
max { , + }. We can get the first sub-problem of 
the problem (7) as 

min                   , 

. .     t ≥ , 

                            | + [1]| ≥ [1]. 

(8) 

 By employing the OET algorithm[20], the 
optimal solution of the sub-problem (8) can easily be 
solved as 

=
[1] − [1],   − [ ] − [1] < < [1] − [1] 

,                                         ℎ .
 (9) 

 
Fig. 3. The scheduling step of the kth sub-problem 

Next, we add the constraints in | + | ≥  to the 
sub-problems in turns to obtain new sub-problems and 
solve it. If we only consider the new time window constraints, 
the situation in the following figure may appear. The blue 
point in the figure is the optimal solution. Obviously this 
conflicts with the time window constraint in the previous 
round, so we also need to consider the time window 
constraint in the previous round of scheduling, so that we can 
get a feasible optimal solution. For example, we add the 
kth | + [ ]| ≥ [ ]  PTW constraint into the k-1th 
problem (9), i.e., 

min                   , 

              . .     t ≥ , 

                      | + [ − 1]| ≥ [ − 1], 

          | + [ ]| ≥ [ ]. 

(10) 

We can get the optimal solution  of sub-problem 
(10) combined with the optimal solution  of the k-
1th sub-problem. We obtain the current optimal 
solution through the intersection of the intervals on the 

number axis. Finally, we can get the optimal solution to 
the problem (7) by adding all the constraints in 
| + | ≥  to sub-problem (8). 
 

Scheduling 
Start

Collecting 
Information of 
Arriving AVs

Lanes with the 
Same Priority?

Computing the 
Entering Time of 
CAVs with the 

Simple rule-based 
algorithm

Sending the 
Scheduling 
Solutions to 

CAVs

Computing 
the Entering 
Time of the 

CAVs at Lanes 
with High 

Priority

Update Lane 
Priority
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Assigned an Entering 

Time?

Scheduling 
End

Y

N

Y

N
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Optimal 
Control 

Strategy for 
Each CAV 

Based on the 
Entering Time

 
Fig. 4. The flow chart of the rules-based algorithm 

IV. SIMULATION AND EXPERIMENT 
This section gave out scenarios and parameters setup 

and conducted simulations to verify the proposed models and 
the rule-based algorithms.  

A. Simulation setup 
We used SUMO to generate the simulation scenario in this 

section. SUMO allows us to handle large, complicated road 
networks at a microscopic (vehicle-level) scale [16]. The 
simulation allows us to address a broad set of traffic 
management topics. Traffic Control Interface(TraCI) for 
Python gives access to a running road traffic simulation, and 
it allows us to retrieve values of simulated objects and to 
manipulate their behavior "on-line"[17]. Fig 4 illustrates the 
snapshot of the four-bidirectional six-lane road scenario 
generated by SUMO, where the Scheduling Area's length is 
set as 300m, and the width of each lane is 4m.  
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High-priority Vehicle

 
Fig. 5. The simulation scenario generated by SUMO 

To verify this algorithm's applicability in different 
traffic scenarios, we generate traffic flow in two 
different ways, i.e., all the CAVs had the same priority 
in a scheduling step (scenario 1), and CAVs had different 
priorities in a scheduling step (scenario 2). We set vehicles 
to enter from four directions (0 for the east, 1 for the 
south, 2 for the west and 3 for the north) respectively, 
and the destination direction of each vehicle was 
randomly allocated from go-straight, turn-left and turn-
right to ensure the randomness of traffic flow in each 
lane. In scenario 1, all the CAVs drive at the velocity 
limit of 20m/s in the Scheduling Area. For scenario 2, we 
set the vehicles to have only two priorities: high priority 
and low priority. According to the different distribution 
of high-priority vehicles in one Scheduling Step, we get 
four different cases in Table 3. For example, Case 1 
represented that one high-priority vehicle occurred at 
the queue head on one lane. CAVs with low priority 
should drive at Low Priority Velocity to make way for the 
high-priority CAVs. All the CAVs in both scenarios 
must adjust velocity to 10m/s before entering the 
Collision Area. The parameter settings are summarized 
in Table 2. 

We chose traditional traffic light and the ad hoc 
negotiation-based algorithm (following FCFS order) as 
benchmarks to compare with our rules-based 
scheduling algorithm. 

TABLE II.  PARAMETERS SETTING 

Parameters  Value Parameters Value 
Min Velocity 0 m/s Low Priority 

Velocity 
15 m/s 

Max Velocity in 
Scheduling Area  

20 m/s Safe distance 5 m 

Velocity in 
Collision Area 

10 m/s Initial Speed 15 m/s 

Max 
Ac/Deceleration 

5/-5 m/s2 Length of 
Scheduling 

Area 

300 m 

Scheduling Step 5s Width of 
Lanes 

4m 

TABLE III.  FOUR CASES FOR SCENARIO 2 

 High-priority 
vehicle occurred 

on one lane 

High-priority 
vehicles 

occurred on 
multiple lanes 

At the queue head Case 1 Case 2 
In the middle of 

the queue 
Case 3 Case 4 

 

B. Evaluation metrics 
We considered the following three metrics to evaluate the 

performance of our proposed algorithm: 

1) PTW: It can convert competition problems from the 
spatial domain to the spatiotemporal domain. Therefore, no 
overlap between PTWs is allowed to ensure that CAVs pass 
the Collision Area without collision; 

2) Vehicles Sequence: It refers to the order in which 
vehicles enter the conflict zone. Vehicles Sequence can 
intuitively indicate whether high-priority vehicles pass 
through the Collision Area efficiently; 

3) Delay: It refers to the delayed time caused by the 
intersection, which can be evaluated by the time gap between 
the Collision Area's assigned entering time and the fastest 
arrival time. 

C. Experiment results analysis 
In Scenario 1, the rule-based algorithm degraded to the 

FCFS. In Fig 5, we had the following two observations: (1) no 
overlap between the PTWs existed in the same CS, that is, 
vehicles entering the intersection area in the current 
Scheduling Step can pass through the Collision Area without 
collision; (2) compared with traffic signal scheduling, the rule-
based scheduling algorithm can significantly reduce vehicle 
delays. In general, the rule-based algorithm can ensure 
vehicles pass through the intersection without collision and 
efficiently in scenario 1. 

 
(a) 
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(b) 

Fig. 6. Figs for Case 1. (a) PTWs of eight CSs for Case 1; (b) Vehicle 
delays for Case 1. 

We simulate four cases respectively, and the high-priority 
vehicle information of each case is shown in Table IV. Fig 6 -
9 showed the PTWs, vehicle sequence and vehicle delays for 
the four cases. In Case 1 and Case 2, we found that high-
priority vehicles would enter the Collision Area first under the 
rules-based scheduling algorithm, and the sequence of the 
low-priority vehicles under the rules-based scheduling 
algorithm was equal to that of FCFS. High-priority vehicle 
delays are significantly reduced, e.g., in Case 1 the delay of 
high-priority vehicle 1.1 was reduced from 1.77s to 0s through 
the rules-based scheduling algorithm, and the delay time of 
other low-priority vehicles increased. When the high-priority 
vehicles occurred at the lanes' middle position, the lanes were 
assigned a high priority. Vehicles on high-priority lanes are 
assigned Entering Time earlier according to the rules-based 
scheduling algorithm. For example, vehicle 3.1 is a high-
priority vehicle in case 3, lane  was assigned a high priority. 
Fig 9 showed that both vehicle 3.0 and vehicle 3.1 on lane  
would enter the Collision Area in prior. The delay of the high-
priority vehicle via the rules-based scheduling algorithm was 
reduced to 0s from 2s via the FCFS algorithm. Similarly, the 
delay of other low-priority vehicles has increased, but it is also 
within the tolerable range. In general, we observed that the 
rule-based algorithm could ensure that the vehicle passes 
through the Collision Area efficiently and without collision 
under four cases. 

 

TABLE IV.  HIGH-PRIORITY VEHICLE INFORMATION IN FOUR CASES 

Cases High-priority 
Vehicle ID 

Destination 
Direction 

Case 1 1.1 Turn-left 

Case 2 0.1, 1.2 Go-straight, Go-
straight 

Case 3 3.1 Go-straight 

Case 4 2.2, 0.2 Go-straight, Turn-
left   

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Figs for Case 1. (a) PTWs of eight CSs for Case 1; (b) Vehicle 
Sequence for Case 1; (c) Vehicle delays for Case 1. 

 
(a) 
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(b) 

 
(c) 

Fig. 8. Figs for Case 2. (a) PTWs of eight CSs for Case 2; (b) Vehicle 
Sequence for Case 2; (c) Vehicle delays for Case 2. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9.  Figs for Case 3. (a) PTWs of eight CSs for Case 3; (b) Vehicle 
Sequence for Case 3; (c) Vehicle delays for Case 3. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Figs for Case 4. (a) PTWs of eight CSs for Case 4; (b) Vehicle 
Sequence for Case 4; (c) Vehicle delays for Case 4. 

172

Authorized licensed use limited to: Dalian University of Technology. Downloaded on August 01,2023 at 00:31:48 UTC from IEEE Xplore.  Restrictions apply. 



Finally, we conducted a total of 20 different sets of 
simulations for the above four cases. We calculated the 
average delay of high-priority vehicles and low-priority 
vehicles in each simulation. Fig 12 showed the experiment 
results for FCFS and the rules-based scheduling algorithm. By 
comparing Fig 10 (a) with Fig 10 (b), we found that the rule-
based scheduling algorithm could guarantee a decrease in the 
delay of high-priority CAVs, and other low-priority vehicles 
were delayed a little. 

 
(a) 

 
(b) 

Fig. 11. The average delay time of FCFS and the rule-based scheduling 
algorithm. (a) FCFS algorithm; (b) the rule-based scheduling algorithm.       

Different results had shown that the proposed model and 
the algorithm had a good performance to schedule high-
priority vehicles in prior and improved traffic efficiency. 

V. CONCLUSION 
In this study, we investigated the scheduling of CAVs at a 

non-signalized intersection. Focusing on this topic, we studied 
and proposed a passing-through time window model and the 
rule-based scheduling algorithm. Instead of assigning an 
entering time for each CAV to enter the Collision Area based 
on FCFS, the rule-based scheduling algorithm can schedule 
according to different vehicle priorities. The proposed model 
and algorithm are simulated in SUMO and Python. Via 
performing simulations in different scenarios, we conclude 
that CAVs are scheduled to pass the non-signalized 
intersection efficiently and without collision and high-priority 
CAVs in prior. Our future work will study the application of 
5G technology for scheduling CAVs at the non-signalized 
intersection. 
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