Digital Communications and Networks 10 (2024) 1600-1610

mEmasAEGER)

Digital Communications
and Networks

Contents lists available at ScienceDirect

KeAl

CHINESE ROOTS
GLOBAL IMPACT

Digital Communications and Networks

journal homepage: www.keaipublishing.com/dcan

Check for

Toward edge-computing-enabled collision-free scheduling management for [%&s
autonomous vehicles at unsignalized intersections

Ziyi Lu®, Tianxiong Wu", Jinshan Su®*, Yunting Xu", Bo Qian ¢, Tiangi Zhang", Haibo Zhou **

a Key Laboratory of Vibration Signal Capture and Intelligent Processing, Yili Normal University, Xinjiang, 835000, China

Y School of Electronic Science and Engineering, Nanjing University, Nanjing, 210023, China
¢ Department of Mathematics and Theories, Peng Cheng Laboratory, Shenzhen, 518000, China

ARTICLE INFO ABSTRACT

Keywords:

Unsignalized intersection
Automatic vehicle scheduling
Edge computing
Communication protocol
Computing power network

With the support of Vehicle-to-Everything (V2X) technology and computing power networks, the existing
intersection traffic order is expected to benefit from efficiency improvements and energy savings by new
schemes such as de-signalization. How to effectively manage autonomous vehicles for traffic control with high
throughput at unsignalized intersections while ensuring safety has been a research hotspot. This paper proposes
a collision-free autonomous vehicle scheduling framework based on edge-cloud computing power networks for
unsignalized intersections where the lanes entering the intersections are undirectional, and designs an efficient
communication system and protocol. First, by analyzing the collision point occupation time, this paper formulates
an absolute value programming problem. Second, this problem is solved with low complexity by the Edge
Intelligence Optimal Entry Time (EI-OET) algorithm based on edge-cloud computing power support. Then, the
communication system and protocol are designed for the proposed scheduling scheme to realize efficient and low-
latency vehicular communications. Finally, simulation experiments compare the proposed scheduling framework
with directional and traditional traffic light scheduling mechanisms, and the experimental results demonstrate

its high efficiency, low latency, and low complexity.

1. Introduction

With the rapid development of the Internet of Vehicles (IoV) tech-
nology, the automatic driving level of intelligent connected vehicles has
gradually improved [1-3]. As the key component of the road system and
the bottleneck of the road throughput, the order of Automatic Vehicles
(AVs) at the intersection has become a research hotspot in the field of
automatic driving [4]. Traditional traffic lights use advanced lane split-
ting to achieve collision-free intersection access by assigning passing
periods to each entering lane. This mechanism is designed to facilitate
drivers to understand and comply with traffic lights [5]. However, tra-
ditional traffic-light-controlled intersections are characterized by low
traffic efficiency and prolonged waiting time due to the inevitable queu-
ing overheads [6]. In addition, traditional traffic light intersections are
also high accident locations because of potential driver operation errors.
The existing solutions for AVs passing through intersections are mainly
based on traffic light recognition. However, existing traffic light recog-
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nition schemes face many problems, including computation delay, rear
lights of the front AVs, weather interference like rain and snow, weak
light conditions, ambient light interference, and low resolution, which
make the accidents of AVs at intersections frequent and have become a
safety hazard [7].

With the development of Vehicle-to-Everything (V2X) technology,
a centralized AV control solution becomes possible for intersections,
which enables collision avoidance and cooperation between AVs [8].
Thus in the higher level of automatic driving, there is no need to con-
sider the human-machine interaction or image recognition between
AVs and the intersection traffic control system [9]. Therefore, a new
AV scheduling system can be established for unsignalized intersections
without the participation of human drivers, thus greatly improving the
throughput of intersections and reducing the collision rate.

To realize the above system and solve the challenge of AV schedul-
ing at unsignalized intersections, this paper proposes a new low-
complexity and high-efficiency AV scheduling scheme and communi-
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cation protocol by replacing traffic lights with real-time access and tra-
jectory planning of arriving AVs and structurally reducing the schedul-
ing delay through a dynamic communication protocol. Our scheduling
scheme gives the optimal time to enter the intersection without incur-
ring collisions by analyzing the demand of arriving AVs in real-time,
completely removes the waiting lane system for the intersection to dis-
tinguish directions, and no longer restricts the direction of each lane,
thus greatly increasing the intersection throughput while avoiding col-
lisions [10]. In addition, to reduce the computing delay, we utilize the
edge cloud to provide computing power through distributed comput-
ing and storage [11-13] and propose the Edge Intelligence Optimal
Entry Time (EI-OET) algorithm. To address the emergency situations
neglected by existing scheduling schemes, the method proposed in this
paper performs a personalized scheduling scheme for AVs that need
to be prioritized in emergency situations, enabling them to pass the
unsignalized intersection first. Finally, inspired by [14], a communi-
cation system and the Carrier Sense Multiple Access with Collision
Avoidance (CSMA/CA) for Vehicular Medium Access Control (CVMAC)
protocol are proposed. CVMAC combines the idea of CSMA/CA and the
method of Time Division Multiple Access (TDMA) proposed in [15].
Our protocol makes a reasonable switch between these two protocols
according to the node density to improve communication efficiency,
reduce communication delay, and provide an efficient communication
solution for the proposed scheduling scheme.

The main contributions of this study are summarized as follows:
1) We propose an AV scheduling mechanism for collision avoidance
at unsignalized intersections, which changes the directional lane of
intersections controlled by traffic lights into the lane with variable
directions and allocates the entry time for collision avoidance by
calculating the trajectory and occupation time of AVs entering the
intersection.
We design the EI-OET algorithm supported by edge computing to
solve the Absolute Value Programming (AVP) problem. It can con-
duct real-time calculations and feedback instructions for AVs en-
tering the unsignalized intersection with low complexity and high
scheduling efficiency.
To provide communication support for the scheduling architecture,
a communication system using the CVMAC protocol is designed,
which can effectively reduce communication delay and improve
communication efficiency according to the access node density
switching protocol.

2

—

3

-

The rest of this article is organized as follows. Section 2 introduces
the related work. The modeling and problem-solving of the schedul-
ing system are described in detail in Section 3. Section 4 presents the
communication system and CVMAC protocol of the scheduling system.
Section 5 shows the simulation results and analyses of the proposed
scheduling system. Finally, Section 6 concludes this article.

2. Related work
2.1. Development of vehicle scheduling strategies for intersections

To improve the traffic efficiency and safety of intersections, numer-
ous studies were conducted to improve the performance of the traf-
fic light control system and various intelligent scheduling algorithms
were developed [16]. Liang et al. [17] designed a double-layer signal
system with additional hazard warning lights to reduce traffic conges-
tion caused by accidents. Wang et al. [18] developed a decentralized
framework with high communication efficiency for the traffic network
with multiple intersections, and improved the traffic efficiency by ex-
changing traffic statistical information between adjacent intersections.
Younes et al. [5] proposed an intelligent traffic light control algorithm
by arranging the phase of each independent traffic light. However, these
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control methods are limited in improving the throughput of the inter-
section, because the traffic light has the inherent disadvantages of a
single direction and long waiting time.

With the development of automatic driving and V2X technologies,
the new AV scheduling methods based on unsignalized intersections
have become a research focus of scholars. To eliminate traffic lights
and ensure safety, many researchers have adopted the idea of cooper-
ation between AVs [19], where AVs can enter the intersection simul-
taneously from different directions without the risk of collisions. For
instance, Bian et al. [20] proposed a systematic method of connecting
AVs at unsignalized intersections to enable them to pass in cooperation.
Hang et al. [21] proposed a game theory decision-making framework, in
which AVs interacted and made collaborative decisions. In view of the
priority and interaction of AVs, Wang et al. [22] proposed a collision-
free layered control strategy based on game theory for unsignalized
intersections to improve traffic efficiency. These methods have effec-
tively achieved collision avoidance but have not optimized the traffic
efficiency and throughput of intersections.

In addition, many scholars have investigated the efficiency and
throughput improvements of unsignalized intersections utilizing intel-
ligent scheduling algorithms. For instance, Qian et al. [23] proposed
an Alternately Iterative Descent Method (AIDM) to solve the schedul-
ing problem by allocating the best entry time for each arriving AV so as
to improve the AV throughput at unsignalized intersections. Based on
the hierarchy of generalized critical turning points, the decision-making
and route planning method was proposed for AVs at unsignalized inter-
sections in [24] to increase traffic efficiency. Hang et al. [25] developed
a new decision-making framework using the differential game method
to avoid driving conflicts among AVs in unsignalized intersections.
These methods have improved the traffic efficiency of the intersection
to a certain extent while ensuring the safety of driving. However, exist-
ing scheduling methods have high requirements on computing power,
communication delay and frequency, and storage support, which also
pose high requirements on V2X communications.

In this paper, under the premise and considering the safety of
collision-free intersection management, the main optimization goal is to
improve the throughput of the intersection given computational com-
plexity and communication requirements, design a low-complexity and
efficient AV scheduling strategy for unsignalized intersections, and pro-
vide a secure communication system design for this scenario. This goal
balances security and efficiency to provide practical and feasible solu-
tions for computing and communication execution.

2.2. Communication protocols of vehicular networks

A commonly used V2X communication technology is Dedicated
Short-Range Communications in the Vehicular Ad-hoc Network
(VANET). With the development of V2X, academia has done a lot of
research on network optimization and VANET communication proto-
cols [26]. Cao and Lee [27] proposed a new TDMA MAC protocol for
VANET, which accurately and adaptively optimized the length of each
time frame by estimating and predicting the number of vehicles within
the coverage of roadside units. Cao et al. [28] proposed a stochastic
model to analyze and consider the security issues of malicious dual
overhead attacks, and proved that the probability of initiating success-
ful dual overhead attacks is affected by CSMA/CA. Zhang and Zhu [29]
proposed an enhanced TDMA-based cooperative MAC protocol termed
EVC-TDMA, where AVs dynamically selected relay nodes according to
the relative speed and buffer length to transmit.

These MAC protocols are divided into 3 categories, namely, com-
petition-based, competition-free and hybrid. They all aim to improve
communication efficiency and reduce delay and error rates. However,
none of the existing MAC protocols have been adjusted for the real-time
environment. Therefore, the MAC protocol modified for the density of
vehicle nodes in this paper can better meet the Quality of Service (QoS)
requirements of AVs.
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Fig. 1. Intelligent AV scheduling framework at an unsignalized intersection.

3. Automatic vehicle scheduling framework

This section designs an intelligent Automatic Vehicle Scheduling
Framework (AVSF) for unsignalized intersections, which includes the
mathematical model of AV behaviors when passing through an inter-
section. In Section 3.1, the system model is described. In Section 3.2,
an occupancy time optimization problem is formulated. In Section 3.3,
the proposed problem is solved with our EI-OET algorithm.

3.1. System model

The framework proposed in this paper is shown in Fig. 1. The
computing and communication functions are mainly implemented by
the Unsignalized Intersection Scheduling Center (UISC). An edge cloud
mainly provides computing power and storage support, while a core
cloud coordinates instructions for multi-intersection collaborations. The
road is two-way 6 lanes, where AVs can turn left, go straight and turn
right in any lane but can only drive into the corresponding lane. When
this type of intersection is widely implemented, each lane can function
as a left-turn, straight, or right-turn lane, which circumvents the neces-
sity to change lanes before reaching the scheduling area.

Before entering the Collision Area (CA), an AV enters the Waiting
Area (WA), where AVs adjust to a specified speed with constant accel-
eration. After receiving the instruction to drive in, the AV drives into
the CA at the specified speed and on the illustrated track in Fig. 1. The
width of the lane is 2a and the width of the CA is 12a. The scheduling
instructions are real-time and the scheduling algorithm is applicable to
1 AV. All superscripts L, S, and R in this paper refer to the directions
selected by the current AV. Sometimes, superscripts are omitted to in-
dicate general directions.

The Collision Point (CP) covers all areas where an AV may collide
with other AVs in a certain direction. There are 12 CPs in any straight
direction, 7, 9, or 11 CPs in each of the 3 left-turn directions from the
inside of the road to the outside, and 5, 3, or 1 CPs in each of the 3
right-turn directions. The j-th CP on the 3 directions of lane i is marked
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as CS},CS7,CSR, i=1,2,-,12. The radius of the CP is ry, which
exceeds half of the AV length to avoid collisions as well as maximize
the throughput.

AVs enter the CA at different speeds in the preset range, which is
v €[15,30] km/h for the left and right turns, l,,L, II.R and v € [15,60]
km/h for the straight lanes Il.S . The maximum driving speed of AVs
in the WA is set to v,,,. The time for AVs to arrive WA of 12
lanes is 7, = (t(l), ,t(l)z)’, and the entering speed is vy, = (v?, U(l)z)’.
The minimum passing time of AVs in the WA can be calculated as
in = (t'""’ - z””'" " with the maximum acceleration and deceleration
Ay 4 € [ Qpin» max] in the WA. The length of WA is Iy 4, so " is to
accelerate to v,,,,, maintain, and then decelerate to the CA’s entermg
speed at the maximum deceleration in advance, which is t”’"’ =(v
U?)/émax + (Ui - Umax)/dmin + lWA/Umax -
(U,'2 - U,Znax)/zﬁminvmax'

Then the UISC will return a speed instruction for the AV to enter CA.
Considering the safety of AVs, due to the existence of possible risk fac-
tors such as communication errors, brake wear, AV vehicle runaways,
there still exists a very low collision probability at the intersection,
so reducing loss is also an important consideration. When the traffic
increases, the probability of AV collisions increases. To reduce the colli-
sion loss, the AV speed should be restricted. When the traffic is low (for
example, there are only 1 or 2 AVs), even if there is an accident, the
probability of collision is quite low, the expectation of the loss is very
small, and the speed can be increased to the upper limit. Therefore,
we set the entering speed to v = (v}, -+, vj,)’, which is adjusted and
optimized according to queue length in WA n = (n0 o n?z)’ . When
the number of AVs in the WA exceeds threshold N;”V"X, the entering
speed will be the minimum value. When it is less than the threshold
N™Mn  the entry speed will be the maximum value. Otherwise, a sub-

WA’
traction function will be performed on v;. The AVs enter the CA at time

t= (;1,..., 112)’.

max
0 2
Upnax — (U ) /zamax max —

3.2. Problem formulation based on occupancy time

In our scheduling model, 3 types of occupancy time based con-
straints are used to avoid collisions, that is, the time constraint of AVs
passing WA to enter CA, the safe distance with the previous AV in the
current lane, and the collision prevention with the scheduled AVs at the
CPs in CA. Therefore, the time constraint of AVs passing WA to enter CA
is t > tq+1,,,. Considering the safe distance with the previous AV in the
current lane, there are nl.T, nl.S , nlB AVs in lane ll.T, If , IR, respectively,
in total. 1, € {I¥,1F,IR} is the lane direction of the j-th AV scheduled
in lane /;, whose entering speed is v;() and the entry time is #;(). Then
the last AV in the lane enters CA at t,-(N") 2 max{t,V}, Vj=1,-,m
) & ¢, (N1) ... 4, (N12)y indicates the last scheduled time to enter
the CA, and a 12-dimensional vector 7g 2 (1,,--,1,)" represents the
safety time constraint to guarantee the safe distance. The constraint
for the safe distance is t > V) + .

Subsequently, we consider collision prevention with the scheduled
AVs at CPs. The relationship between the collision lanes and occupancy
time at typical CPs is shown in Table 1.

The time occupied by lane IR at CSS is o";s;/ The arc center an-
gle of the left and right turning AVs enterlng and leaving CA is 7 /5, so
the arc driving time is Ti] = ma/2v;. The left and right turning AVs take

Tl.2 =af \/EU,- to leave the arc to the first CP or to leave the last CP from

the arc, and they spend TI.3 = \/Ea/ v; to drive between two CPs. The
time spent by a straight-driving AV to drive from the start point to the
first CP and or between CPs is Tl.4 =2a/v;. The occupied time period of
all AVs within CPs extends forward and backward at the time point in
the center of CPs, and the extended length is Tl.5 =rg/v;. The curve ex-
tension length of left or right-turning AVs driving through the first or
last CP can be simplified on the premise of safety by adding r, so o; =
(t;+ X TF=T3, 1, + X, T} + T7]. To prevent collisions, the occupancy
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Table 1

Mapping between typical CPs and collision

lanes.
CP Collision lanes ~ Occupation time
csy, 105 1]?]"71125&1
csy, LI 152, ol
N S L
AV e
cst, LY ottt ot
oSt I Aol
cst, LI ot ol
css L 51, o101 o1

time of a CP should not intersect with each other. Take CSf | as an ex-

ample, 6,3 N3 =t +2a/v, T2t +a/v, + T2 (1), +8a/vj; -

t?z,tlz + 8a/v, + T152] = ¢, that is, |(t; + 2a/v)) — (t;5 + 8a/vyy)| =
[t, —t1 +2a/vy —8a/v|,| = ry/v| +ry/V5. Other CP constraints can
be obtained similarly.

The collision prevention constraints are listed for 12 lanes in pairs.
Finally, the 234 constraint inequalities are represented by |Af + b| >
c,AeRB™I2 e RI2Z p ¢ e R?3, but most of them will not occur in
the actual scheduling, because an AV can only choose one of the routes.
We replace #; with #,¥) and remove duplicate constraints to get complete
constraints as |A;t+b,| > ¢;, Vj=1,, n;, i =1,--+,12. Take lf as an

example, ¢ £ (tl,t(zj), vt JE{L ), LY = lf, and we get (1).

i

|tg) -3+ (7r+ \/5) a/ZU(Zj) - (7r+ \/5) a/2vs| Zro/vg) +rg/03

or |t(2j) —t3+ <n+3\/§) a/ZU(zj) —3a/vs| > ro/v(zj) +ro/U3

|t(2j) —tg+ (n+2\/§> a/v(zj) - (n’+8\/§) afuvg| Zro/u(zj) +ro/vg
1D 1y + (n+3\/§) a/20y) - <7r+ 19\6) a/204] > ro /0 + ro vy
|tg) -t + <7r+2\/5> (Z/U(zj) —14a/vyy| Zro/v(zj)+r0/vll

19 =11y + (74 V2) @720 = 1afoial 2 ro/o) +ro /vy
(€}
For I%, jE

1,-,n ,l(j)le,where
{ 2} 2 2

we can get its constraint matrix |A§t + b%l > R,

ro/U(zj)+"0/U3

ro/vy” +ro/vg
)

ro/v2’ +ro/vg
)

ro/vy +ro/vn

)
ro/vé’ +ro/v1n

() () L
-ty = (7r+ \/5) a/2v;’ + (7[ + \/E) af2vs,13=1;
or—tg) - (7‘[+3 2) a/ZU(zj) +3a/205,13 = lgq
) )
—5-—@+2V®aw2+(n+&ﬁ>W%
—1(2” - (7r+3\/5) a/2u(2’) + (n:+ 19\/5) a/2v,
—I(Zj)— (n+2\/§> a/ug)+ 14a/v,
—tg) - <7r+ \/E) a/ZU(zj) +1la/vy,

Similarly, we get the constraints of other lanes. Finally, the opti-
mization problem is expressed as P1:

001000000000
000000010000
000000001000 [cR&
000000000010
000000000001

()
2

0 a
b2R -

Pl:mine't (2a)

S.t.tzto‘i't (2b)

min
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Fig. 2. Workflow of communications between vehicle nodes and UISC nodes.

1> e (20)
|t + b9 > ¢, V=1, mpyi= 1,0, 12 2d)
where e=(1,---,1) € R!2. Optimization objective (2a) is to minimize

the time for AVs to enter CA. (2b) is the time constraint of AVs passing
WA to enter CA. (2c) is the safe distance from the previous AV in the
current lane. (2d) is the collision prevention constraint with the sched-
uled AVs at the CPs in CA.

3.3. Edge intelligence optimal entry time scheduling system

In our scheduling framework based on occupancy time, the UISC
consisting of computing and communication equipment is the key com-
ponent of the scheduling process. The UISC also helps reduce packet
loss rates in cases of poor channel quality to improve algorithm ro-
bustness by feedback retransmitting. The computing power and storage
required for scheduling are supported by the edge cloud. As shown in
Fig. 2, the AV first transmits relevant information, such as arrival time,
heading direction, and arrival speed to the roadside node, and then the
roadside node communicates with the UISC to request driving instruc-
tions until receiving feedback from it. After receiving the request, the
UISC computes and returns the feedback to the vehicle node for confir-
mation in case of packet loss. Then the UISC, whose computing power
is supported by the edge cloud, combines the received information to
calculate the optimal entry time and then transmits the scheduling in-
structions via roadside nodes to the AVs until receiving the feedback
from them. Finally, the AVs drive into CA according to the instructions.
To make the EI-OET algorithm executable, we make the following as-
sumptions:

a) All AVs have communication capabilities and are equipped with an
on-board Unit. It is reasonable to ignore the movement within each
unit information duration in the transmission process because the
messages sent by AVs to the UISC are usually in the order of mil-
liseconds [30].

The transmission delay can be ignored due to the maximum AV
movement of 0.035 m when the average delay of packet transmis-
sion is 1.6 ms [31].

The AVs and UISC adopt DSRC for data transmission, which is based
on the IEEE 802.11p [32].

b)

)
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The edge intelligence scheduling mechanism is proposed to solve
optimization problem P1, where for each UISC node, only 1 AV needs
to be scheduled for each scheduling slot. To ensure this, each scheduling
slot is set to safety time 7. Since P1 is an AVP problem [33], UISC can
assign the optimal solution with linear computational complexity.

To reconstruct the constraint matrix, j’.S =1,-,n" represents the
AV that has been scheduled in I7. Take [X as an example, £

(U0 1y, e 1gU8)Y =1, oy, i=1, -+, 12, and we get (3).

[t — fgj;) + <7r + \/5) al2v, — (,; + \/§> a/2U£j3L)|
(%)

2ro/vy+ro/0y

Ity —1 E"» +( +3\/_)a/2u2-3a/u<3)|zr0/u2+r0/u§’5)

Ity = tgst) + (7[ +2\/§> a/vy - (n 4 8\/5) a/vgj;)l
() -

2ro/ vy +19/vg
|t, — tgng) + (7: + 3\/5) af2v, — (7: + 19\/5) a/21;§j9L>|
()

2ro/vy+ro/vy

123 —t(j]S]> + <7r+2\/§) afv, — 14a/v<j]s]>| >rg/Us +r0/v<jlsl>

11 11

.S i
( + \/E) a/2v, — lla/uglz>| >ro/vy +"0/U812)
R_
my

For IR, mR = nk +nS +nl +nl +n¥ +n and |t,e+by| > &, where
Dt (5 vE)ar2en = (V2 a2l
’) (n+3\/i)a/2u2—3a/2u3<j35)
132é ( +2\/_>a/vz (ﬂ+8\/§>a/v§j§>

)4
+( +3\/§) a/202—<ﬂ+19\/§)a/2U§jQL>
U +(n+2\/§)a/vz—l4a/uffﬁ>

. g
_151212)4_(,,4. \/E)a/zuz—lla/US;IJ .

ro/ vy +ro/v3 5"
ro/vy +ro/v3 ()
ro/vy +ro/vgs")

(

(

(

[}

Kl
1>

;L
ro/ vy +ro/vg\
ro/vy+ro/v j“s
ro/vy +ro/v,U2”)

N

myRx1
Next, we can obtain the complete |t,e + b;| > ¢, j=1,-,n;, i =
1,---,12, and transform P1 into
min t; (4a)
sitot; 210+ £mn (4b)
2™y (40)
|Ie+b|>c,,J_1 Jn, i=1,,12 (4d)

A N; .
To further simplify the problem, we let #; = max{ti( i) +1, t? +17M},

then the optimization problem is expressed as P2:

P2: mint; (52)
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st > 1 (5b)

ltie+b,|>¢, j=1,-,n;, i=1,-,12 (5¢)

where b, (k) is the k-th line of b;, ¢; (k) is the k-th line of ¢, k=1, ,m
(5¢) is equivalent to #; > & (k) — b; (k) or t; < —¢; (k) — b; (k), Vk =
1, .-, m;. Our proposed EI-OET is summarized by Algorithm 1.

Algorithm 1: Edge Intelligence Optimal Entering Time
Scheduling.

Input: entering lane and direction D, entering time ¢, safety time 7,
entering speed uf.’, WA memory, time memory, speed memory
for scheduled AVs.

Output: entering time ¢#;, current time vector ¢t and CA entering speed

v; for each AV.
while there are still vehicles to be scheduled do

1

2 Update WA memory and time memory;

3 if ¢ updates to the new slot then

4 | Calculate v; according to traffic load;

5 end

6 Calculate th');

7 fori=21t012 do

8 Input #%, 0¥ and calculate 7,,5;,¢;;

9 Set t,, =1;
10 if ¢, (1)—b,(1) <7, <¢ (1)—b; (1) then
1 |t = (D)= B (1;
12 end
13 for k=2 tom; do

14 if —& (k) = b, (k) <t,,, <&, (k) — b, (k) then
15 if
—¢, (k = 1)=b, (k — 1)<¢, (k)=b, (k)<&, (k — 1)=b, (k — 1)
then

16 | tow=0(k—1)=b; (k-1
17 else

18 | top = (k)= b; (K);

19 end

20 end

21 end

22 Update 1} =1,,;
23 end
24 end

Further, an Edge Cloud Computing Coordination Protocol (ECCCP)
is proposed to realize an edge cloud computing power system that
ensures sufficient computing power support and helps reduce packet
loss rates in cases of poor channel quality to improve algorithm ro-
bustness. The computing and storage resource requirements in each
scheduling period are allocated to the edge clouds for distributed stor-
age and computing. Then the core cloud allocates resources for multiple
unsignalized intersections, where the scheduling of one intersection is
performed by the EI-OET algorithm in the distributed structure. The
uniform feedback of the computing results provides UISC with com-
puting power and storage support, thus building the computing power
network based on edge clouds. The specific steps are as follows:

a) Collecting messages: The UISC receives messages about AVs entering
the WA from roadside nodes, uploads them to an edge cloud, and
stores them in the edge cloud memory.

b) Computing data: The edge clouds assign computing tasks and com-
pute the optimal entering time and speed for the newly arriving AVs
according to the EI-OET algorithm.

¢) Upload data for coordination: Upload the computed instructions to
the core cloud for coordination among various edge clouds.

d) Download for instructions: The core cloud confirms the non-
confliction between instructions from adjacent edge clouds for dif-
ferent intersections and broadcasts feedback.
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e) Transmit instructions to AVs: Edge clouds receive permission from
the core cloud and then transmit instructions to AVs via UISC.

3.4. Personalized scheduling considering priority

To meet the emergency requirements during scheduling such as re-
quests from ambulances and fire trucks, high-priority AVs can reserve
lanes. After receiving the request, the UISC will instruct AVs in this di-
rection to leave a green lane with high priority in advance, and the
high-priority AV will drive into the green lane.

Personalized EI-OET (PEI-OET) is presented in Algorithm 2, where
we add the priority request input and the WA driving lane output, and
set the WA storage queue to record the lane and sequence of AVs enter-
ing the WA. Before starting a scheduling round, we check whether there
is any priority adjustment request. If so, priority scheduling is executed
for the AVs in the green lane.

Algorithm 2: Personalized Edge Intelligence Optimal Entering
Time Scheduling.

1 while there are still vehicles to be schedules do

2 if exist request from priority lane I, then
3 Run instructions for existing AVs in WA of lane /,, to switch to
other lanes;
4 Update WA, time and speed memory;
5 Calculate v; according to traffic load and th‘);
6 while WA[/,]! =0 do
7 | Operate EI-OET for AVs in W A[l ol
8 end
9 else
10 | Run EI-OET;
11 end
12 end

4. Communication system and protocol for framework
implementation

The AV scheduling process in Section 3 involves various V2I commu-
nications. This section proposes a communication system and protocol
of the unsignalized intersection, providing a communication implemen-
tation for the AV scheduling framework designed in Section 3. This
method combines the idea of CSMA/CA with the method of TDMA
proposed in [15] to build the CVMAC protocol. The proposed CVMAC
protocol dynamically adjusts the working mode according to how busy
the channel is to solve the problem of node information access conflicts,
which maximizes the efficiency of communications and effectively re-
duces the communication delay when the node density is low.

4.1. Communication system model

As shown in Fig. 3, the communication system consists of the ve-
hicle nodes, UISC node, and the time slot synchronization node, and
completes data transmission according to the CVMAC protocol. The
system determines the protocol type according to the estimated node
density, uses CSMA/CA when the density is low, and uses Vehicular
MAC (VeMAC) for transmission when the density is high. The standard
for distinguishing the high and low access densities is determined by
the number of AVs to be scheduled when the throughput of the two
protocols is equal. When the actual number of access AVs exceeds the
standard, the access density is considered high; otherwise, the access
density is considered low.

The proposed communication system design is applied to the four-
way 12-lane unsignalized intersection scenario in Section 3. The road-
side nodes function as AV information collectors, the UISC node serves
as the roadside computing and communication unit, and the time slot

1605

Digital Communications and Networks 10 (2024) 1600-1610

@ Uplink transmission

B Roadside node

éﬂ' UISC node :
% E(i)mee slot synchronization

I Transmit complete
[ Idle timeslot
[] Transmit collision

@O-@ Road direction
1-12 Lane
. A-H Vehicle node

/ \

2 (b)

@

©

Dynamic slot
Idle timeslot
multiplexing

Fig. 3. Communication system structure and time slot design.

synchronization node leverages outdoor GPS modules when the actual
intersection is in a position where GPS signals are abnormal.
The roadside node is equipped with the following processing units:

* A listening unit is used to listen to whether the channel is idle

when the scheduling demand is triggered at the unsignalized inter-

section, analyze the access density from the data packets received,
and determine the protocol type according to the density.

A CSMA/CA scheduling unit is used to send the data packet con-

taining its own AV information and demand information to the

UISC node when the access density is low, and receive feedback

from the UISC node. When the request fails, a collision backoff al-

gorithm is used to resend the request, and the number of failures is
added to the data packet.

+ A VeMAC transmission unit is used to receive the idle time slot
identification sent by the UISC node when the access density is
high, select the suitable time slot according to the direction of its
AVs, send information to the UISC node, add the number of the
request failure times into the data packet, and feedback it to the
UISC node.

The roadside node data frame structure includes the header ad-
dress (Header ADDR), which is mainly used to confirm the channel of
the data packet and provide transmission authorizations. The AV data
packet (AV_Data) is mainly used to carry the information of its associ-
ated AVs. In this scenario, the generated AV information, the request
data packet (Request_Data), which is mainly the target direction of the
AV, and the channel state information generated by the MAC proto-
col all need to be sent to UISC. In addition, security proof information
(Security_Message) is added to prevent external interference.

The UISC node is equipped with the following processing units:

+ An access density analysis unit is used to analyze the collision back-
off information or channel utilization information from the data
packets of the roadside nodes, obtain the access density, send the
access density information to the roadside nodes, and guide the
roadside nodes to adopt a specific transmission mode.
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+ A vehicle request processing unit is used to analyze the request
information in the data packet of the AV, calculate the time when
an AV enters CA, and send it to the waiting AV.

Compared with the roadside node data frame structure, apart from
the normal packet transmission time frame, the UISC node also needs
to broadcast the current time slot allocation and reservation status. The
time synchronization node mainly verifies the header address data, time
information packet, and security packet to ensure high-quality real-time
synchronization of time slots.

4.2. Communication protocol of roadside nodes and UISC

As shown in Fig. 3, 2 protocol access methods and 1 variant are
based on CSMA/CA with binary exponential backoff and VeMAC with
TDMA, respectively. Fig. 3(a) shows the CSMA/CA protocol, where AVs
in 4 directions are in the arriving sequence. If two AVs, for example,
AVs E and G, have access conflicts in the same direction at the same
time slot, their access time slots are adjusted according to the backoff
rule.

According to VeMAC, Figs. 3(b) and (c) set the time frame in ad-
vance. In 4 directions, each lane is set with a time slot of 25 ms. Thus
the size of one frame is 300 ms, and the time synchronization signal is
checked every 10 frames. AVs from each direction receive channel sta-
tus information every 3 frames in advance and select the nearest frame
and time slot to wait for transmission. In addition, Fig. 3(c) shows the
low-density case where access conflicts are infrequent. The time-slot
distribution of four-way 12 lanes can be simplified to that of four-way
4 lanes, which can substantially reduce the overheads in large time
frames. After the fixed 4-direction slots are allocated, dynamic slots are
allocated according to the node density. When the node density is high,
to cope with large communication overheads, the number of dynamic
time slots is increased. When the density turns medium, the communi-
cation overhead declines, and the number of time slots in each direction
can be reduced. When the lanes in the same direction compete for time
slots, AVs A and B can temporarily occupy the idle time slots in other
directions.

To confirm the performance cut-off point between CSMA/CA and
VeMAC, we have deduced the mathematical model of the two protocols
and found that when the throughput of CSMA/CA and VeMAC is close,
the cut-off point appears. When the number of AVs is less than a certain
n, CSMA/CA is more suitable; otherwise, the performance of VeMAC is
better.

Assuming that n competing AVs can send data at the same time and
the probability of data packet transmission p follows a Poisson distribu-
tion, the probability of successful transmission P, and the probability
of collision P, can be expressed as

P,=px(1-p)" ', P.=1-P ©

where n represents the number of AVs. The expected number of col-
lisions before a successful transmission, E[N,_], namely the estimation
of the number of times to wait for transmission can be calculated as
follows

E[N]=P,/P,=1/[px(1-p)'1-1 %)

The time involved in each transmission includes Distributed Inter-
Frame Spacing (DIFS) time D, which is the response time to detect
whether there is an idle time slot, also known as DIFS transmission de-
lay, and file transmission time s. Thus the transmission time of a packet
is Tj,qus = s + D normally. T,,,, indicates the time to wait for a suc-
cessful transmission before its own turn to start the transmission, which
is
T,

vop = ELN 1% (s + D)

(8)
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At the same time, the average backoff time caused by collisions can
be calculated as follows. The average backoff time of retransmission can
be calculated by the exponential backoff algorithm. Assuming that the
mean value of backoff time is E, and the mean value of backoff times
is m, so the average backoff time of conflict retransmission is
T,

queue

=Ex(14+2+2% 4 +2"H=E x@2"-1) ©)

Therefore, the total time of a successful transmission can be ex-
pressed as

Ttotal = Tprop + Ttrans + Tqueue (10)
The throughput of the CSMA/CA protocol is
Gesya =n#S/Tya an

where S represents the size of the packet. In CSMA/CA, the core TDMA
idea in VeMAC is also used. The number of lanes is 12 in 4 directions.
Therefore, 12 small timeslots from a large timeslot as the transmis-
sion interval for AVs coming from different directions. N indicates how
many small timeslots a large time frame is divided into, which is set
to 12 in this protocol, so the throughput of VeMAC can be expressed
as

Gyepmac=n=*S/N (12)

To maximize the protocol performance, we make Gegpyra = Gyemrac
and derive the number of AVs for switching the protocol:
h log(s+d)/[12p— E x (2™ — 1)p]

log(1 - p)

To further realize the above protocol switching, in the CSMA/CA
scheduling unit of roadside nodes, the binary exponential backoff al-
gorithm is used to deal with access conflicts. When the number re-
quest failure times reaches a threshold, the UISC triggers a switch from
CSMA/CA to VeMAC. When using VeMAC for transmission, the UISC
node carries out a statistical average on the slot occupancy in multi-
ple frame cycles. If the slot occupancy is less than the threshold, UISC
switches to CSMA/CA.

The flow chart of the roadside node executing the CVMAC protocol
is shown in Fig. 4(a). First, the roadside node triggers the scheduling re-
quirement listening for whether the channel is idle. If the analyzed data
in the packet demonstrates the node access density is low, the road-
side node sends the data packet containing AV information and request
information to the UISC node. A transmission is completed when the
ACK feedback from UISC is received. If the request fails for k times,
wait (2% + T,) ms, where T, represents a randomly generated period
of time within 50 ms if kK <9. The number of failed requests is set as
k < 16. If k equals 16 for 3 consecutive times, k is cleared for retrans-
mission. If the number of conflicting nodes and the number of nodes
with k = 16 increase, UISC will calculate the number of AVs and » for
protocol switching. Because the transmission probability is affected by
the times of transmission back-offs with a range of 0 — 16, there will
be a fixed range of influence on the n value at different times. To de-
termine the number of AVs, n will be recalculated every time when the
protocol is switched.

When the analyzed data in the packet demonstrates the node den-
sity is high, VeMAC is executed to transmit the data. The second control
channel module is opened to receive channel state data packets and
select the appropriate time slot according to the direction to send infor-
mation. The UISC node will take the slot occupancy P,;,;. Py, <50%
indicates that the current number of AVs is low and the roadside node
switches to the low-density protocol. When AVs enter dense traffic, it is
necessary to dynamically expand the size of the frame and time slot. In
addition, the congestion direction can occupy the idle time slots of other
directions. If the occupancy rate of each time slot is high, the directional
time slot of the next time frame is selected for collision avoidance. The
k value and the frequency of occurrence are recorded as the feedback
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to UISC, which is the indicator of the congestion degree in the same
direction. If AVs in the same direction collide in a time slot due to
transmission delay or lane sharing, VeMAC should expand the number
of directional time slots in the frame to improve throughput.

The flow chart of the UISC node executing the CVMAC protocol is
shown in Fig. 4(b). The UISC node first analyzes the AV information
packet data of the roadside node, and obtains the node density by the
number of AV backoffs or the slot occupancy. If the density is low, this
information will be sent and the roadside nodes are instructed to adopt
the corresponding transmission method. Otherwise, the UISC node turns
on the second control channel transmission module, uses the VeMAC,
and broadcasts the free time slots in all directions and node density
information to AVs. Finally, the UISC node analyzes the request data
packet of AVs, calculates the time when an AV enters the unsignalized
intersection according to the EI-OET algorithm, and feedbacks it to the
AV.

5. Experiments

In this section, we mainly carry out simulation experiments on the
EI-OET algorithm and describe the environment parameters and sys-
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Table 2
Key parameters employed in experiments.
Para. Value Interpretation
A Default AV flow index.
a 1.5m Half lane width
ro 2m Radius of CP
1 05s Time of safety distance
Uppax 80 km/h ~ Maximum speed in WA
Aoy 4m/s? Maximum acceleration in WA
A pin -3 m/s* Minimum acceleration in WA
lwa 80m Length of WA
N 24 High threshold to change speed
N l’,!",”/; 8 Low threshold to change speed
60
55 | — Straight direction
—-—- Left or right direction
50 - B
45 4 E
40+ E
<
£ 1
D
3 30 o < B
»
25 B
20 + B
15 4 B
10 | | | | | |
0 5 10 15 20 25 30 35

Number of AVs in WA

Fig. 5. AV speed assignment function.

tem operations. The proposed EI-OET is compared with baselines that
distinguish the lane direction with the same scheduling method and a
baseline in the traditional traffic light scene. It is confirmed that EI-OET
has significant advantages in throughput, delay, and throughput stabil-
ity when the direction of traffic changes.

5.1. Experimental parameters and implementation settings

The AV flow in the simulation environment is generated by SUMO
[34], which includes the trajectory and flow density in real-time. Com-
bined with the data generated by SUMO, the simulations are carried out
on an Intel(R) Core(TM) i7-12700H with MATLAB 2022A. The radius
of UISC for DSRC is set to 500 m [31]. To make the experiment typical
and practical, important parameter values are shown in Table 2.

In addition, due to the different safety speed requirements of coun-
tries on AVs turning at intersections and throughput requirements, we
adjust the high and low thresholds and the speed assignment function
in the simulation to find optimal parameter values, as shown in Fig. 5.
The high threshold Ng7¥ of employing the .minimum speed 15 km/h
is 24 AVs in WA and the low threshold NJ", of employing the maxi-
mum speed is 8 AVs in WA. Within the high and low threshold range,
we adopt an adjusted cosine function to assign the speed.

To conduct a comprehensive simulation of the model, we make the
traffic density and average AV generation interval 7;,, of each lane sepa-
rately adjustable and follow an exponential distribution with parameter
A. Under the condition of a large traffic volume generated in a lane,
assuming that the average length of AVs plus AV spacing is 4.5 m, the
average speed of 81 km/h will result in #;,, = 0.2 5. Therefore we change
t; from 0.2 s to 10 s through the adjustment of A in the simulation and
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Fig. 6. Throughput over simulation time for different systems. (a) Heavy traffic with 7;,, = 0.3 s. (b) Medium traffic with #;,, = 1 s. (c) Light traffic with #,,, =5 s.

observe the impact of traffic flow density on system throughput. In ad-
dition, because the models and algorithms proposed in this paper have
improved the flexibility of lane directions, we simulate uneven traffic
flow. The traffic flow density of left and right turn is equal, but the pro-
portion between straight-driving and turning is selected as [0.5, 1, 2,
8], that is, AVs generated with straight direction account for 20%, 34%,
50%, and 80%, respectively, and the trends of system performance un-
der different algorithms are observed.

To compare the performance of different algorithms, we choose the
intersection controlled by traditional traffic lights [35] and EI-OET with
fixed lane directions [36]. For the intersection controlled by traditional
traffic lights, we set the red light and green light to last for 30 s re-
spectively, with the yellow light for 5 s between them. For EI-OET with
fixed lane directions, it is also a two-way six-lane scenario, and 3 lanes
in each direction are set for the left turn, straight, and right turn, respec-
tively but AVs can only drive into the corresponding lane after passing
the intersection. The right-turning AVs do not participate in scheduling
because they will not collide with other AVs.

5.2. Performance evaluation

The system model adopted in this paper has 3 dimensions of perfor-
mance evaluation:

 Throughput: The system throughput is expressed by the number of
scheduled AVs at an intersection in the unit time, which is set to 1
min in this paper. Throughput can directly measure the efficiency
of the scheduling system. However, when comparing the efficiency
of 2 intersections with different numbers of lanes, we use equiv-
alent throughput instead, that is, the lanes can be extended to a
consistent throughput or the proportion of the number of AVs suc-
cessfully scheduled in a unit time.

Delay: It refers to the average waiting delay of all AVs passing
through the intersection in a period of time, expressed as the time
interval between reaching the waiting line in the WA and getting
the instruction to enter the CA.

Computation time: It refers to the average calculation time required
to schedule one AV in a period of time. It is an indicator to measure
the computational complexity and the timeliness of the scheduling
system.

1) Even densities of traffic flows in all directions

First, we change the traffic density to make the average AV gen-
eration time interval of 0.3, 1, and 5 s, respectively. In Fig. 6, as the
simulation time goes on, the system throughput rapidly rises and sta-
bilizes near a certain level. Under 3 different levels of traffic density,
EI-OET is slightly below or close to OET with fixed directions and is
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Fig. 7. Scheduling completion rate versus ¢;,,.
larger than the traditional traffic light solution. When ¢,,, =0.3 s, the

throughput of EI-OET is slightly higher than that of fixed-direction OET,
which are 895 AVs/min and 880 AVs/min respectively. When ¢, =1 s,
the throughput of EI-OET is about 520 AVs/min. When ¢;,, =5 s, the
throughput of EI-OET is about 140 AVs/min, while that of the tradi-
tional traffic light solution is 300 AVs/min, 360 AVs/min, and 128
AVs/min respectively. In addition, with the traffic density, the advan-
tage of EI-OET is more significant. When #;,, = 1 s, the throughput of
EI-OET is 40% higher than that of the traditional traffic light solution.

To compare the throughput in more detail, we increase ¢;,, from 0.2
to 5 s. As shown in Fig. 7, the column represents the number of sched-
uled AV, and the broken line represents the scheduling completion rate.
When ¢, <5 s, the scheduling completion rate of fixed-direction OET
begins to decline, where it cannot complete all the scheduling tasks
of arriving AVs, while EI-OET can always complete all the schedul-
ing tasks. When t,,, = 0.2 s, the scheduling completion rate of fixed-
direction OET is about 82%. For the traditional traffic light solution,
the scheduling completion rate drops to 60% when t;,, =1 s.

As shown in Fig. 8, we further compare the average delay. When
t;e > 0.5 s, the average delay of EI-OET and fixed-direction OET is rel-
atively close and both around 1 s, but when ¢;,, < 0.5 s, the average
delay of fixed-direction OET starts to rise rapidly. When ¢;,, = 0.2 s, the
average delay of fixed-direction OET is more than 100 s, but the delay
of EI-OET is about 0.3 s. The delay is inversely proportional to the pas-
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sengers’ ride experience. When the traffic is large, EI-OET can greatly
reduce the average delay and bring a better ride experience to passen-
gers.

2) Uneven densities of traffic flows in directions

To verify the impact of the proportion of traffic flows in different
directions on the system performance, we carry out experiments un-
der different traffic densities and observe the throughput. As shown in
Fig. 9, t;,, is 0.33, 0.5, 1, and 5 s respectively, and the selected inde-
pendent variable is the number of straight AVs generated in unit time
compared with the number of left-turn or right-turn AVs, that is, the
proportion of left-turn, straight-driving and right-turn AVs is [0.4, 0.2,
0.4], [0.33, 0.34, 0.33], [0.25, 0.5, 0.25], and [0.1, 0.8, 0.1], respec-
tively.

For EI-OET, the uneven proportion of traffic flows in all directions
has no obvious impact on its throughput, but for fixed-direction OET,
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when the proportion in all directions is equal, it can obtain a close
throughput. When the inequality of proportions in all directions in-
creases, the throughput of fixed-direction OET decreases significantly.
Compared with the case of equal proportions in all directions, when the
proportion in all directions is [0.1, 0.8, 0.1], the throughput decreases
by 15.4%, 10.6%, 8.5%, and 0.2% with the change of ¢,,. For the tra-
ditional traffic light solution, the traffic density has reached the upper
limit of its throughput when ¢;,, < 0.5 s, so the proportion of each di-
rection does not change much. However, when ¢;,, > 1 s, the uneven
traffic flows in different directions also bring about a certain reduction
in throughput, which is around 9.7%.

It can be seen that the EI-OET has good stability. When the numbers
of AVs to be scheduled in different directions at the intersection are not
equal, EI-OET can well maintain the throughput at a high level and does
not reduce the throughput due to the restriction of lane directions.

The computational complexity of EI-OET is reflected by the aver-
age scheduling time. When ¢;,, = [0.335,0.5s, 15,55, 10s], the average
scheduling time of AVs is in the order of seconds, i.e., 7.29 s, 7.15 s,
5.35s,1.42 s, and 1.19 s, respectively. It can be seen that the scheduling
time of EI-OET has significant advantages and a relatively low compu-
tational complexity.

6. Conclusion

This paper proposed a collision-free scheduling algorithm for
unsignalized intersections based on edge clouds to provide comput-
ing power and storage support. This EI-OET algorithm has changed the
rules of the lane direction and division at traditional intersections. By
calculating the occupancy time of AVs at the collision point, the optimal
entry time can be allocated to AVs arriving at the intersection, so as to
achieve efficient collision-free scheduling at unsignalized intersections.
In this paper, EI-OET is used to solve the proposed AVP problem and the
scheduling scheme has a low computational complexity. Subsequently,
the CVMAC communication protocol and an applicable communica-
tion system based on CSMA/CA and VeMAC were proposed as a highly
reliable and low-latency communication solution for EI-OET. Finally,
the proposed algorithms were verified by simulations to prove their
advantages of high throughput, low latency as well as low computa-
tional complexity. In the future, we will further study the algorithm
in terms of trajectory optimization, optimize EI-OET for more complex
traffic scenarios, investigate collaborative scheduling of multiple inter-
sections, and verify the communication implementation and impact of
communication conditions on algorithm performance.
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