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In a low-visibility environment, the speed of traffic flow is more discrete on highways, which easily causes traffic accidents. To
improve the safety and efficiency level of low-visibility zones on highways, a comprehensive optimization control method is
proposed. (e method uses formations of a low-visibility zone to queue discrete vehicles from the upstream intersection. (en,
according to the relationship between the arrival time of the fleet and the phase state of the intersection, speed guidance and
trajectory optimization are carried out to improve the traffic efficiency of the fleet that enters the low-visibility zone. Finally, a low-
visibility zone of a highway segment is analysed with different traffic flows for the main road and the secondary roads, and the
results show that the proposed optimization control method can prevent trajectory overlap and effectively decrease traffic delays
on highways.

1. Introduction

Highways are an important intercity traffic link for the
transportation of passengers and freight, and they have a
remarkable distributed function. (e composition of mixed
categories of vehicles travelling on highways is complex,
which causes a dispersed speed distribution of the vehicles.
(e visible distance can be reduced by fog and heavy pre-
cipitation, as well as wind-blown snow, dust, or smoke. (e
speed variance can also increase. Especially in a low-visibility
environment where the visible distance is less than 200m, a
driver cannot effectively judge the running state of a pre-
ceding vehicle, which can affect the normal operation of the
traffic flow [1]. (e complex situation of low visibility and
discrete speed reduces the level of highway traffic safety.
Statistical data have shown that traffic accidents caused by
severe weather, such as fog, account for 15%–25% of road
traffic accidents; the death rate is up to 40% higher in a few
frequently foggy highway segments [2]. Hjelkrem and Ryeng
[3] showed that low-visibility weather presented a greater
risk for safe car following. Low-visibility weather can also

easily lead to erroneous driver manoeuvres such as over-
reactions, physiological fluctuations, and psychological
fluctuations, which can be reflected in driving safety [4].
Yannis et al. [5] noted that accident severity increased with a
reduction in visibility.(erefore, the traffic safety problem of
highways in low-visibility environments is very serious.

Speed is often considered the most intuitive character-
istic value affected by the weather. Speed dispersion caused
by a low-visibility environment is a major reason for traffic
accidents. (e speed variance is directly proportional to the
traffic accident rate, which means that, with the increase in
speed variance, the accident rate also increases [6]. Larger
speed variance is related to visibility reduction [7]. Several
scholars have also studied the characteristics of speed dis-
persion in a low-visibility environment. For example, Gao
et al. [8] established a driving simulator to explore the in-
fluence of hazy weather on different driving behaviours and
showed that the sensitivities of drivers to speed and distance
differences were significantly lower during hazy days than
clear days. Li et al. [9] collected traffic flow and meteoro-
logical data of expressways in Beijing, Hong Kong, and
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Macao and found that the speed variance was smaller than
that in fine weather when visibility was 100 to 200m.
Nevertheless, the speed variance was evidently greater than
that in fine weather at 50 to 100m. (e travel following
distance based on driving speed is also a major issue in traffic
safety. However, a low-visibility environment reduces visual
perception and hinders many drivers from maintaining a
safe driving distance from the preceding car in foggy weather
[10, 11].

Traffic efficiency is also the other parameter that should
be considered when improving traffic safety in low-visibility
environments.(e influence of the fleet on signal control has
been confirmed in related studies for optimizing intersection
signals [12–14]. At the same time, some signal optimization
methods have also been proposed to improve traffic effi-
ciency and reduce traffic delays [15–17]. For instance, Liu
et al. [18] proposed a fleet-based signal control method to
improve traffic efficiency at intersections. A few car-fol-
lowing models have been established to describe the
movement of a fleet under normal weather conditions
[19, 20]. In recent years, connected and automated vehicle
(CAV) technologies have been used to improve driving
safety and traffic efficiency in low-visibility environments
[21]. For example, Han et al. [22] proposed a trajectory
optimizationmethod to reduce the total fuel consumption of
a CAV platoon through a signalized intersection. To im-
prove traffic flow throughput and driving safety, Gong et al.
[23] applied a mathematical modelling method to study and
control fleets mixed with human-driven vehicles and con-
nected automatic vehicles in a dense fog environment on a
highway.

(e existing methods based on normal weather can
barely be directly applied in low-visibility environments. To
meet the demand for effective control and safety on low-
visibility highways, this paper proposes a comprehensive
optimization method of vehicle formation and trajectory
optimization. By mainly using speed guidance and signal
induction, the vehicles in the formation can pass through a
signalized intersection without stopping as much as possible.
(e rest of this paper is arranged as follows. Section 2
conducts formation control for upstream vehicles. Section 3
optimizes the fleet trajectory by speed guidance coupled with
signal control. Section 4 discusses a case analysis, and
Section 5 presents the conclusions and future work.

2. Control Process and Parameter Declaration

(e highway segment considered in this paper is located in a
densely populated area. As shown in Figure 1, a low-visibility
environmental highway segment crosses many secondary
roads, with intersections controlled by traffic signals. (e
distance between two adjacent intersections is approxi-
mately 1000m to 2000m. (e traffic flow speed distribution
on the highway is relatively discrete for the high proportion
of trucks. During the control process, formation can be
applied at any signalized intersection upstream of the low-
visibility highway segment. If there is no signalized inter-
section, then a certain upstream pedestrian crossing position
can be considered the control location.

In the scene, the traffic flow speed of the main road is
high, and the traffic volume of the main road is remarkably
larger than those of secondary roads (less than 100 veh/h).
(erefore, the control method mainly considers the priority
of the main road. To a certain extent, the traffic efficiency of
the main road can be increased by sacrificing the traffic
efficiency of the secondary roads.

2.1. Formation Control (FC) Process. (e control area is
divided into three parts: guidance, formation, and low-
visibility zones (Figure 1). (e control processes in accor-
dance with the functions of the three zones are discussed as
follows:

Step 1: in the guidance zone, the variable message sign
issues the remaining waiting time of each lane and
induces the arriving vehicle to select the formation lane
with the shortest waiting time according to the signal
phase state. (e aims of induction are to shorten the
formation time as soon as possible and to reduce ve-
hicle delays.
Step 2: when the lead vehicle (the first vehicle of every
formation) arrives at the stop line of the formation
zone, the recommended fleet speed value is given from
the speed range selected by the formation control
scheme depending on the vehicle type. On this basis,
the formation time is determined, that is, the red time
of signal control. (e dissipation time is calculated as
the green time.(e formation and dissipation processes
of the fleet in the formation zone can be regarded as a
signal cycle, and the vehicles arriving in a cycle in a lane
can be regarded as a fleet.
Step 3: in the low-visibility zone, the fleet is given a
reasonable speed limit depending on the speed of the
previous fleet, and its trajectory is optimized with the
signal timing of the intersection in the low-visibility
zone.

2.2. Formation Parameters. To achieve formation control,
three assumptions of the scene are given as follows. First,
each vehicle in the fleet is barely kept at the approximate
speed, and the speed of the vehicle is allowed to fluctuate
slightly at the recommended interval after vehicles enter the
low-visibility zone. Second, each vehicle is not allowed to
break away from the fleet. (ird, the fleet follows the first-in
first-out rule, and no overtaking occurs between fleets.

To maintain the above assumptions, in the control
process, a voice prompt system at the intersection is used to
indicate requirements to the vehicle when the vehicle enters
and leaves each highway segment, and the entry and exit
time of the vehicle can be obtained by the monitor at the
intersection. Meanwhile, human-driven vehicles do not have
the intention to leave the low-visibility highway after leaving
the fleet; otherwise, they will be punished. (us, the vehicles
can keep following together as a fleet.

(e formation control parameters of formation time R,
dissipation time G, and the longest formation Rmax/dissi-
pation time Gmax are calculated as follows.

2 Journal of Advanced Transportation



2.2.1. Formation Time. V1 is the front fleet speed, and V2 is
the current fleet speed. If V1 ≥V2, then the former and
current fleets will not meet in the area, and the formation
time is the minimum formation time Rmin, which is de-
termined by the actual intersection signal control timing
scheme. Otherwise, if V1 <V2, then V1 and V2 should satisfy
the following condition to ensure that the front and rear
fleets do not overlap in the low-visibility zone:

V1
L

V1
− R0  + V1 · R0 ≥V2

L

V1
− R0 , (1)

where R0 is the fleet formation time, h; L is the length of the
low-visibility segment, km.

Considering that the minimum safety headway of the
front and the rear fleet is not less than 3 s [24], the formation
time can be expressed as

R0 ≥
L

V1
−

L

V2
+

3
3600

. (2)

2.2.2. Dissipation Time. (e dissipation time is related to the
length of the current queue and traffic state:

G0 �
3600n

S0 − q0( 
, (3)

where G0 is the fleet dissipation time, s; n is the number of
queued vehicles in the current phase, veh; S0 is the saturation
flow, veh/h; and q0 is the traffic volume of the segment, veh/
h.

2.2.3. Maximum Formation/Dissipation Time. (e maxi-
mum formation time Rmax is set according to traffic flow and
intersection parameters to ensure that the fleet is not
overlong. (e maximum dissipation time Gmax is set
according to traffic flow.

2.3. Vehicle Speed Constraints in Low-Visibility Zone

2.3.1. Vehicle Speed Constraint Based on Safe Stopping Sight
Distance. Under different visibility environments, the safe
stopping sight distance of the vehicle should be less than the
visibility [25], that is,

S1 + S2 + S3 ≤LV + S4, (4)

where S1 is the distance travelled by the rear vehicle during
the reaction time t1, m (t1 is usually 2.5 s); S2 is the distance
travelled by the rear vehicle during the braking time t2, m; S3
is the safety distance between the front and rear vehicles, m
(usually 5m); LV is the visibility distance, m; and S4 is the
distance travelled by the front vehicle at time t1 + t2, m.

Considering that the worst traffic condition of the front
vehicle is stationary, that is, S4 � 0, the safe stopping sight
distance of the vehicle should satisfy

S1 + S2 + S3 ≤LV, (5)

S1 �
v

3.6
· t1, (6)

S2 �
v
2

2g · f · 3.62
, (7)

where v is the rear vehicle speed, km/h; g is the gravity
acceleration, 9.8m/s2; and f is the road friction coefficient,
which is in the range of (0.29, 0.44) [26] and takes 0.3 here.

By substituting (6) and (7) into (5),

v

3.6
· t1 +

v
2

2g · f · 3.62
+ 5≤Lv, (8)

further calculation of inequality (8) can be obtained:
0≤ v≤ (− 0.694 +

�������������������
0.482 + 0.052 · (Lv − 5)


/0.026).

(e relationship between the maximum safe driving
speed vf and Lv is

vf �
− 0.694 +

�������������������
0.482 + 0.052 · Lv − 5( 



0.026
, (9)

where vf is the maximum safe driving speed (the safe free
flow speed), km/h.

2.3.2. Maximum Speed Based on Traffic One-Way Driving
Lane. According to the relationships among traffic volume,
density, and velocity, that is, Q � k · v [27], the velocity-
density equation k � f1(v, vf, kj) is

Q � k · v � f1 v, vf, kj  · v. (10)

(e maximum value of v is

vmax � f2 Q, vf, kj , (11)

where f2 is the inverse of f1.
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Figure 1: Control scene.
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If (dQ/dk) � 0 and (dQ/dv) � 0, the critical speed vm is

vm � f3 vf, kj ,

kj � f4 km, vf .
(12)

2.3.3. Speed Limit Model of Highway Segments in a Low-
Visibility Environment. Given the stopping sight distance
S � S1 + S2 + S3, when v � vm, the corresponding stopping
sight distance Sm is

Sm �
2.5vm

3.6
+

v
2
m

2g · f · 3.62
+ 5 � f5 vm( . (13)

(e reciprocal of the stopping sight distance Sm is the
critical density km, and Sm � (1000N/km). N takes 1 here.
(en, km � (1000/Sm),

kj � f4 km, vf  � f4
1000
Sm

, vf , (14)

where vm and vf have a certain relationship, that is,
vm � f6(vf). Accordingly, (14) can described as

kj � f4
1000

f5 vm( 
, vf  � f4

1000
f5 f6 vf  

, vf
⎛⎝ ⎞⎠. (15)

By substituting (9) and (15) into (11), the relationship
between vmax and Q, which is the speed-limiting model
considering the visual distance of low-visibility and traffic
flow, is

vmax � f2 Q,
− 0.694 +

��������������������
0.482 + 0.052 · LV − 5( 



0.026
, f4

1000
f5 f6 vf  

, vf
⎛⎝ ⎞⎠⎛⎜⎜⎝ ⎞⎟⎟⎠. (16)

If (10) uses the Greenshield velocity-density equation,
(16) can be described as

vmax �
1
2
vf 1 +

������������������������

1 −
Q 0.347vf + 0.003v

2
f + 5 

500vf




⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠. (17)

Taking the single lane traffic volume of 600 veh/h as an
example, the theoretical recommended speed limit value is
calculated. (e result is shown in Table 1.

3. Trajectory Optimization of Fleet in Low-
Visibility Zone

If there is no intersection in the low-visibility highway
segment (Figure 1), driving safety and traffic efficiency can
be improved by the abovementioned formation control. If
there are a few intersections in the low-visibility highway
segment, the signal timing of the intersection and fleet speed
should be adjusted in combination with the arrival fleet to
reduce the influence of the intersections on the trajectory of
the main road vehicles.

3.1. Detector Settings. Figure 2 shows that two types of
detectors, namely, vehicle and fleet detectors, are established
at the intersection. d1 is the distance of the vehicle detector
to the stop line, and d3 is the distance of the fleet detector to
the stop line. Speed guidance within d3 and signal opti-
mization control within d1 are performed for fleets.

3.2. Speed Induction of Fleet. Speed induction is the first step
of formation control in the low-visibility zone. According to
the relationships of the arriving fleet speed with 9 signal

states of the downstream intersection, the speed guidance of
the fleet is shown in Figure 3.

In states 1, 2, 6, and 7, the fleet can directly pass the
intersection without the need to change its movement
trajectory. In states 3, 4, 5, 8, and 9, the fleet will encounter a
red light. In this situation, trajectory optimization is im-
portant to prevent the fleet from stopping when passing the
downstream intersection.

3.2.1. Speed Induction. Assume the induced speed of the
fleet is vg, the initial speed is vP, and the length of the in-
duced area is d3. According to the arrival time of the fleet, the
induction methods of states 3, 4, 5, 8, and 9 are given as
follows.

(1) In state 3 (Figure 3(c)), the fleet will meet the red
signal if it still drives at the current speed. In this
case, the fleet should accelerate to pass the inter-
section, and the adjusted speed satisfies

vg − vP

a
+

d3 − v
2
g − v

2
P /2a

vg

+ NP − 1(  · hP ≤G′,

(18)

where a is the fleet acceleration, m/s2; G′ is the
remaining green time when the fleet arrives at the
fleet detector, s.

(2) In state 4 (Figure 3(d)), the fleet has difficulty ac-
celerating through the intersection during the last
green light. (e optimal scheme controls the fleet
arriving at the next green light, and the adjusted
speed satisfies
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G′ + RN + T
1
d ≤

vP − vg

a
+

d3 − v
2
P − v

2
g /2a

vg

+ NP − 1(  · hP ≤G′ + RN + GN, (19)

where RN is the red time of the next red light phase, s;
GN is the green time of the next green light phase, s;
and T1

d is the dissipation time of the queued fleet
before arriving at the intersection, s.

(3) In state 5 (Figure 3(e)), the signal remains red when the
fleet arrives at the intersectionwithin the current speed.
At this time, the speed of the fleet should be reduced to
ensure that it can pass the intersection during the green
time phase. (e adjusted speed meets

R′ + T
2
d ≤

vP − vg

a
+

d3 − v
2
P − v

2
g /2a

vg

+ NP − 1(  · hP

≤R′ + GN,

(20)

where R′ is the remaining red time when the fleet
arrives at the fleet detector, s; T2

d is the dissipated
time of the fleet that has been queued before the real-
time fleet arrives at the intersection, s.

Notably, T1
d is a predicted value of the queue dis-

sipation time during the red light phase that has not
yet started, where a constant is taken; T2

d is a real-
time variable determined by the number of queued
vehicles in the current red light phase, T2

d � (H/vd),
where H is the number of queued vehicles and vd is
the fleet dissipation speed.

(4) In state 8 (Figure 3(h)), the fleet should accelerate
through the intersection, and the adjusted speed meets

R′ + T
2
d ≤

vg − vP

a
+

d3 − v
2
g − v

2
P /2a

vg

+ NP − 1(  · hP

≤R′ + GN,

(21)

(5) In state 9 (Figure 3(i)), similar to state 4, the fleet
should decelerate to ensure its arrival at the next
green light, and the adjusted speed meets

R′ + GN + RN + T
2
d ≤

vP − vg

a
+

d3 − v
2
P − v

2
g /2a

vg

+ NP − 1(  · hP ≤R′ + RN + 2GN. (22)

Table 1: Low-visibility speed limit.

Visibility (m) Calculated value (km/h) (eoretical recommended value (km/h) Utah speed limit (km/h)
<50 Suggest road closure No entry 40
50∼100 41∼66 40∼65 50
100∼150 66∼87 65∼85 65
150∼200 87∼104 85∼100 80
>200 Normal driving Normal driving Normal driving
Note: the calculated value and the theoretical recommended value do not consider the speed limit of the highway segment.
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…
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Main road

Secondary road
Variable message signs

d2

Stop line
Vehicle detector
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Figure 2: Detector distribution at the intersection of low-visibility road segments.
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Traffic shock waves are a set describing the movement or
propagation of “traffic flow state change,” which is caused by
external interference or an interruption of traffic flow [28].
(e wave velocity equation is

uw �
Δq
Δk

�
q2 − q1

k2 − k1
�

k2v2 − k1v1

k2 − k1
, (23)

where q1, k1, and v1 are the traffic volume (pcu/h), density
(pcu/km), and speed (km/h) behind the shock wave front;
q2, k2, and v2 are the traffic volume (pcu/h), density (pcu/
km), and speed (km/h) in front of the shock wave front; and
uw is the wave speed.

When the front fleet needs to slow down at the inter-
section, i.e., at states 4, 5, and 9, the traffic shock wave will be
generated to the rear fleets, which is marked asw1.(e traffic
flow state of the front fleet after deceleration is (qf, kf, vf),
and that of the rear fleet is (qf, kf, vf). (e wave velocity
equation u1 can be expressed as

u1 �
qf − qr

kf − kr

, (24)

When vf > vr and qf > qr, kf < kr, so u1 < 0; that is, shock
wave w1 propagates along the opposite direction of traffic

flow. At this time, there will be no clustering between the
front fleet and rear fleet.

Otherwise, when vf < vr and qf < qr, kf > kr, so u1 < 0;
that is, shock wave w1 propagates along the opposite di-
rection of traffic flow. At this time, there will be clustering
between the front fleet and rear fleet. If the rear fleet
overtakes the front fleet upstream of the intersection, the two
fleets will form a team and drive through the intersection at
the speed of the front fleet. If it fails to catch up with the
vehicle ahead, it will accelerate to the speed before decel-
eration after passing the intersection.

When the front fleet stops and waits at the intersection, it
will form a queue cumulative shock wave, which is recorded
as w2. Traffic flow changes from a free flow state (qa, ka) to a
blocked flow state (qj, kj). (e wave velocity equation u2 can
be expressed as

u1 �
qj − qa

kj − ka

, (25)

where qa and ka are the average arrival rate (pcu/h) and
average density (pcu/km) of upstream vehicles in the cycle.

Because qa > qj � 0 and kj > ka, u1 < 0, and the shock
wave travels in the opposite direction to the traffic flow.
When the rear fleet follows the front fleet to stop in line, the
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rear fleet and the front fleet form a new fleet, which drives in
line according to the speed of the front fleet.

3.2.2. Fleet Speed Constraints. In a low-visibility environ-
ment, the speed value of the fleet has a certain range in
formation control, and this range should satisfy the con-
dition of vehicle acceleration or deceleration. (e influence
of speed dispersion on traffic capacity is quantified as a
correction coefficient, and the correction coefficient meets
[29]

fv � 1 − 0.0063D, (26)

where fv is the correction coefficient of the speed dispersion
on traffic capacity and D is the speed dispersion.

Equation (26) shows that a large speed dispersion cor-
responds to a small correction coefficient. (e correction
coefficient value and speed dispersion intervals are [0.85,
0.95] and [7.9 km/h, 23.8 km/h], respectively, to ensure the
traffic capacity. In this study, 15 km/h is taken as the al-
lowable variation of the speed discrete value. (erefore, the
adjusted speed meets the following constraints.

(1) (e adjusted fleet speed meets the speed limit of low
visibility, as follows:

vmax − 15 + c≤ vg ≤ vmax, (27)

where c is the influencing factor of the length of the
low-visibility zone on the speed range selection,
c ∈ (0, 15).
If the speed range is too small, then the fleet is easily
beyond the range after induction. Considering that
fleet speed guidance is only for acceleration and

deceleration of the induced area, the speed value of
the low-visibility zone is not affected. (e advised
speed range is

vmax − 25 + c≤ vg ≤min vmax + 10, Vmax( , (28)

where Vmax is the maximum speed limit of the road
segment, km/h.

(2) If the fleet accelerates, then it should not collide with
the former fleet in the guidance zone d3 to ensure
that the trajectory does not overlap after guidance.
(e adjusted fleet speed meets

vp × Hp ≥ vg − VF  ×
d3

VF

. (29)

If the fleet decelerates, then it should not collide with the
rear fleet in the guidance zone d3. (e adjusted fleet speed
meets

VB − vg  ×
d3

vg

≥VB × HP, (30)

where VF is the previous fleet speed before the current fleet,
m/s; VB is the next fleet speed behind the current fleet, m/s.

(e adjusted speed interval vg ∈ [v, v] can be obtained by
(27)–(30), where v is the lower bound of the speed ad-
justment range and v is the upper bound of the speed ad-
justment range. If this interval exists, then the adjusted speed
value of vg will decrease the delay of the fleet. (e driving
time of the fleet in the induction zone is
(|vg − vP|/a) + (d3 − (|v2g − v2P|/2a)/vg), and the trip delay is
DT � (|vg − vP|/a) + (d3 − (|v2g − v2P|/2a)/vg) − (d3/vmax).
(erefore, the value of vg satisfies

min DT(  � min
vg − vP





a
+

d3 − v
2
g − v

2
P



/2a 

vg

−
d3

vmax

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠, vg ∈ v, v . (31)

If the range vg ∈ [a, b] does not exist, then the vehicle
will have no acceleration or deceleration chance under the
constraint condition.

3.3. Signal Control Optimization. (e vehicle trajectory is
optimized based on formation control after the fleet speed is
adjusted. Signal optimization is conducted according to the
fleet arrival time, which can be divided into two situations.
(e first situation is that when the fleet is detected and the
green light will be ended, the fleet has insufficient time to
reach the intersection in the remaining green time. To avoid
a stop, the green light time can be extended according to the
arrival status of the fleet to allow the fleet to pass the in-
tersection directly. In the second situation, the remaining
red light time is longer than the time that the fleet travels
from the vehicle detector to the stopping line, and the fleet
has no deceleration space and has to wait when it arrives at

the stopping line. Red light time can be shortened. (e
method of adjusting the green light phase in the bus priority
control strategy is adopted here [30]. (e red light time is
also shortened according to the corresponding fleet
characteristics.

3.3.1. Parameter Settings

(1) Green Time. (e green time should satisfy the dissipation
time of the fleet [31, 32]:

Gmin � max GP, GP
′ , G

major
min , (32)

where GP is the dissipation time, s; and GP
′ is the queuing

dissipation time of the intersection considering the vehicle
detector distance. We assume that the saturated flow rate is
Q veh/h, and the dissipation time can be estimated as
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GP
′ �

2d1

l
+
3600

Q
, (33)

where l is the average queuing distance of the queued ve-
hicles, m, and G

major
min is the minimum green time of the main

road, s.

(2) Unit Green Light Extension Time. (e unit green light
extension time considers two situations: one is that the fleet is
about to arrive at the end of the green light, and the other is
that the remaining green time is insufficient to enable the
entire fleet to pass the intersection.(e green extension time is

G0i �
d1

vP,i

+ NP,i − 1  · hp − GD, (34)

where G0i is the unit green light extension time obtained by
the ith fleet requesting the green light, s; vP,i is the fleet speed
of the ith fleet at the current time, m/s; NP,i is the number of
vehicles in the ith fleet; and GD is the remaining green time
of the green light phase in the intersection when fleet i
arrives at the vehicle detector, s.

(3) Unit Red Light Shortening Time. In addition to the
remaining red light time and fleet speed characteristics, the
dissipation time of the queuing vehicle should be considered.
(e shortening time of the red light is

R0i � RD + Td −
d1

vP,i

, (35)

where R0i is the unit red light shortening time obtained by
the ith fleet, s; RD is the remaining red light time of the
current red light phase when fleet i arrives at the vehicle
detector, s; and Td is the dissipating time of the queue vehicle
during the red light.

(e shortening of the red light in the direction of the
main road simultaneously reduces the green time of the
secondary road direction. Notably, the green time of the
secondary road should satisfy the minimum green time. In
addition, the red light shortening time varies with the dif-
ferent values of the fleet. (en, the formation time meets

R≥ 3600
LD

V
new
1

−
LD

V
new
2

 , (36)

where LD is the distance between the current signalized
intersection and the next signalized intersection, km; Vnew

1 is
the front fleet speed adjusted by the current signalized in-
tersection, km/h; and Vnew

2 is the speed of the current fleet
updated by the current signalized intersection to meet the
new formation requirements, km/h.

(4) Maximum Green Time. (e maximum green time of the
main road is not an unlimited extension and can be set
according to the traffic volume of the secondary road.

3.3.2. Phase-Switching Method. (e rights of the main and
secondary roads will be converted at the end of the green
light extension time and when no new fleet arrivals are

detected or the green time of the main road reaches the
maximum green time. When the secondary road obtains the
right of way, an initial minimum green time is first set. (en,
the right of way is converted according to the demand in-
formation of the main road.

In the direction of the main road, one phase of the same
signal control intersection corresponds to the traffic flow
arriving in the opposite direction, and the traffic flows to
arrive in these two directions are different. Specifically, the
factors, such as the size and speed of the fleet, are different.
(erefore, the green light extension time or the red light
shortening time required for both directions are different. A
common time should be set to meet the traffic demands in
both directions.(e two fleets to arrive in both directions are
NP,1 and NP,2, the speeds are vP,1 and vP,2, and the times to
reach the vehicle detector are tP,1 and tP,2.

If tP,1 � tP,2, then both fleets arrive at the vehicle detector
at the same time, and the unit green/red light time only
needs to be extended/decreased. (e value is expressed as

G0 � max
d1

vP,i

+ NP,i − 1  · hp − GD, i � 1, 2 ,

R0 � max RD + Td,i −
d1

vP,i

, i � 1, 2 .

(37)

If tP,1 ≠ tP,2, then the two fleets cannot reach the vehicle
detector at the same time. Moreover, only extending/de-
creasing one unit of green light/red light time is insufficient.
Furthermore, the extension/reduction of two units of green
light/red light time will cause time coincidence. (us, the
time difference between tP,1 and tP,2 should be considered as
follows:

G0 � 
2

i�1

d1

vP,i

+ NP,i − 1  · hp − GD  − tP,1 − tP,2


,

R0 � 
2

i�1
RD + Td,i −

d1

vP,i

  − tP,1 − tP,2


.

(38)

Based on speed guidance and signal optimization, a
comprehensive optimization control method of vehicles
passing through multiple signalized intersections in a low-
visibility environment can be obtained. (e whole control
process is shown in Figure 4.

During signal control, the signal cycle is dynamic, but
the maximum green time and the minimum red time are
limited. When the current signal cycle ends, the cycle time
and green light time of the next signal cycle update to the
original time. In this paper, the speed guidance and signal
timing scheme is calculated for each fleet according to the
fleet speed at the detector and the current intersection signal
status.

3.4. Trajectory Optimization. (e purpose of trajectory
optimization is to improve road traffic efficiency under the
constraints of (4)–(17). For the very low traffic flow of
secondary roads in highway systems, the main road traffic
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delay is the main indicator used for evaluation. (e main
road traffic delay mainly includes the travel delay in the
speed guidance zone and the parking delay of the fleet
through the intersection.

(e travel delay of the fleet decelerating through the
guidance zone is

DT
′ �

vg − vP





a
+

d3 − v
2
g − v

2
P



/2a 

vg

−
d3

vp

. (39)

(e parking delay of the fleet that cannot pass the in-
tersection is

DR � G′ + R′ + R(  −
d3

vp

+ ts. (40)

When G′ ≠ 0, R′ � 0.When R′ ≠ 0, G′ � 0 and R � 0. ts is
the vehicle start delay time, and ts � (vp/2a). If the fleet
passes through the intersection without stopping, DR � 0.

(en, the main road traffic delay is

Dm � DT
′ + DR. (41)

(erefore, the trajectory optimization objective is

min Dm(  � min DT
′ + DR( . (42)

4. Simulation Analysis

(e simulation scene is a 3000 m long highway segment with
multiple intersections, and the visibility is set to 150m. (e
traffic volume in the secondary direction is 50 veh/h, the
minimum green time of the secondary road is 20 s, the
longest green time of the main road is 100 s, the saturated
flow of the main road is 1600 veh/h, and the longest for-
mation time is set to 100 s. In this paper, MATLAB software
is used for simulation analysis. During the simulation
process, the initial vehicle headway and vehicle speed of the
traffic flow are randomly generated within a fixed range. (e
speed constraint range during the guidance zone is calcu-
lated by (9), (14), and (27)–(30) and considers a design speed
limit of 80 km/h. (e guidance speed constraint range is
shown in Table 2.

4.1. Trajectory Analysis. (e proposed control method
comprises three parts: formation control, speed guidance,
and signal optimization. (ree control methods of forma-
tion control (FC), formation control-speed guidance (FC-
SG), and FC-SG-SO are analysed to compare the control
results. In the FC method, the vehicle passes the signalized
intersection of the low-visibility zone only in the form of
fleets. In the FC-SG method, the vehicles enter the sensing
area of the intersection in the low-visibility zone in the form
of fleets. (en, the induction speed within the limited range
is given according to the current signal state. (e FC-SG-SO
method optimizes the vehicle trajectory by controlling the
signal light when the induction speed exceeds the limit range
based on the FC-SG method.

During analysis of the vehicle trajectory, the traffic
volume of the single lane on the main road is set to 600 veh/
h. Moreover, the expected values of fleet size, spacing, and
speed are 5 veh, 30 s, and 60 km/h, respectively. According to
[33], d3 � 600m is used as the scene simulation parameter.

(e proposed control methods are mainly aimed at how
to pass the highway segment safely and efficiently in a low-
visibility environment. For the highway segment between
two signalized intersections, if the fleet passes the current
intersection by speed guidance, the fleet continues to drive at
the guided speed vg. If the fleet directly passes the current
intersection at the original speed, the fleet continues to drive
at the initial speed vp. If the fleet stops at the current in-
tersection and waits, the fleet still drives at the initial speed
vp after restarting. If the rear fleet catches up with the front
fleet, the rear fleet needs to slow down to the same speed as
the front fleet, and the two fleets form a new fleet. Other
fleets drive according to this rule. When the fleet arrives at
the next intersection, the fleet trajectory optimization
method is the same as that of the previous intersection.

(e trajectories of the main road traffic flow under the
three control methods are shown in Figure 5.

Figure 5(a) shows that fleets wait during the red light
period of nearly every cycle when the FC method is used.
Furthermore, some fleets are cut off during the green light,
and not all fleets pass through the intersection. (e
stopping times of fleets under the FC-SG in Figure 5(b) are

Calculate the guided speed value vg

Formation control
to form fleets

Detect the arrival time of the
fleets and the status of the signal

Is the speed in safe
speed zone?

Signal timing
optimization

Pass through the current
signal intersection

No

No

Yes

The two fleets form a new fleet

Does the rear
fleet catch up with

the front fleet?

Yes

Need speed guidance?

Yes

No

Figure 4: Control process of comprehensive optimization control.
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Table 2: Control parameters.

Main road traffic volume (veh/h) Guidance speed range (km/h) Minimum green time (s)
400 [60, 80] 30
600 [55, 80] 35
800 [50, 80] 40
1000 [45, 80] 45
1200 [40, 75] 50
1400 [35, 70] 55
1600 [30, 65] 60
1800 [25, 60] 65
2000 [20, 55] 70
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Figure 5: Continued.
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significantly reduced compared with those in Figure 5(a).
Δv in Figure 5(b) is the slope (driving speed) of the fleet
trajectory changes and is the speed guidance process.
After guidance, the fleet can pass through the intersection
during green light. As a result, waiting delays are reduced.
Figure 5(c) shows the vehicle trajectories of the FC-SG-SO
method. Only three fleets are in queue during the 600 s
observation period. ΔG0 and Δv in Figure 5(c) are the
green light extension and speed guidance processes, re-
spectively. (e fleets obtain the right of passage in both
cases, and they can pass through the intersection without
waiting.

4.2. Delay

4.2.1. Vehicle Delays of Different Main Road Traffic Volumes.
(e traffic volume of the secondary road is set to 50 veh/h
when analysing the influence of the main road vehicle ar-
riving on delay, and the longest green time of the main road
is 100 s. (e simulation results under different traffic vol-
umes of 250 to 2000 veh/h of the main road are shown in
Figure 6.

Figure 6(a) shows the delays of the three methods.
According to the results, the delays increase with the in-
crease in traffic volumes of the main road. When the traffic
volumes exceed 1800 veh/h, the delay caused by the FC and
FC-SG methods increases quickly. Compared with the two
methods, the FC-SG-SO method coordinates the fleet tra-
jectory and signal phase better, and the delay is the least and
exhibits no significant change even when the traffic volume
rises to 1800 veh/h.

Figure 6(b) shows the secondary road delay under dif-
ferent main road traffic volumes. Delays caused by the FC
and FC-SG methods are similar, and delays increase with
increasing main road traffic volume. (e FC-SG-SO method
is mainly concerned with the main road traffic flow; con-
sequently, the secondary road delay is the largest.

(e average delay of the entire intersection is shown in
Figure 6(c). (e various tendencies of intersection delay are
similar to those of the main road delay and increase with
increasing main road traffic volume. Although the FC-SG-
SO method causes the largest secondary road delay, the
traffic volume on the secondary road is very low and has no
effect on the total intersection delay.

4.2.2. Delays of Different Secondary Road Traffic Volumes.
(e traffic volume of the main road is permanently set to
800 veh/h, and the longest green time is 100 s.(eminimum
green time of the traffic direction under different traffic
conditions of the secondary road is shown in Table 3. (e
simulation results under different traffic volumes of the
secondary road are shown in Figure 7.

Figure 7(a) shows that the main road delay caused by the
FC method and the FC-SG method does not change evi-
dently with increasing secondary traffic volume. (e delay
caused by the FC-SG-SO method is slightly increased, but
the degree of increase is small. (e increase is related to an
increase in the minimum green time of the secondary road.
(e main road delay value of the FC-SG-SOmethod is lower
than that of the FC or FC-SG method.

Figure 7(b) shows the secondary road delays. (e delays
caused by the FC and FC-SG methods increase with in-
creasing traffic volume, and the delay caused by the FC-SG-
SO method slightly changes. (e delay of the FC-SG-SO
method increases with increasing secondary road traffic
volume, but the value is smaller than those of the FC and FC-
SG methods. (e reason is that the minimum green time of
the secondary road increases; that is, the right of way in-
creases as the traffic volume increases. As a result, the in-
crease in delay weakens.

(e delays of the entire intersection are shown in
Figure 7(c). Among the delays, the total delay caused by the
FC method is the largest, and the delay of the FC-SG-SO
method is the smallest.
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Figure 5: Vehicle space-time trajectory: (a) FC method; (b) FC-SG method; (c) FC-SG-SO method.
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5. Conclusions

Taking the low-visibility environment of a highway zone as
the object, a comprehensive vehicle formation and trajectory
optimization method is proposed. Some conclusions can be
gained from the simulation and analysis. First, the rea-
sonable FC-SG-SO method can not only avoid overlapping
trajectories in each fleet but also reduce the delay of the fleet.
Second, the improvement and supplementation of the FC

method and the FC-SG method can effectively improve
traffic safety and traffic efficiency in the low-visibility zone
and better optimize fleet trajectory. Finally, different vol-
umes have completely different effects on traffic delays of the
main road, the secondary road, and the entire intersection.
Meanwhile, the increase in traffic volume of the secondary
road has less effect on the main road traffic delay.

(e proposed method can be applied in low-visibility
highway segments, especially highway segments with

0

10

20

30

40

50

60

70
D

el
ay

 (s
)

500 750 1000 1250 1500 1750 2000250
Main road traffic (veh/h)

FC method 
FC-SG method
FC-SG-SO method

(a)

0

10

20

30

40

50

D
el

ay
 (s

)

500 750 1000 1250 1500 1750 2000250
Main road traffic (veh/h)

FC method 
FC-SG method
FC-SG-SO method

(b)

0

10

20

30

40

50

60

70

D
el

ay
 (s

)

500 750 1000 1250 1500 1750 2000250
Main road traffic (veh/h)

FC method 
FC-SG method
FC-SG-SO method

(c)

Figure 6: Delays under different traffic volumes of main road. (a) Main road delay. (b) Secondary road delay. (c) Total delay.

Table 3: Minimum green time for different traffic volumes of the secondary road.

Traffic volume (veh/h) (s) Minimum green time
50 20
100 20
150 20
200 25
250 25
300 25
350 30
400 30
450 30
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Figure 7: Delays under different traffic volumes of secondary roads. (a) Main road delay. (b) Secondary road delay. (c) Total delay.
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multiple signalized intersections. In reality, the complex
composition of vehicles, driver reaction time, and vehicle
braking performance in a highway segment affects the
running speed of formation. (erefore, complex traffic
factors are challenging tasks that require further investi-
gation. In addition, the location of the low-visibility zone
varies in some conditions. (us, future works should con-
sider moving the location of low-visibility highway segments
when establishing a dynamic control method.
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