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Highlights:
= intelligent bus system model with multi-bus-lines and time-varying passenger flow;
= jointly optimize bus speed on dedicated bus lanes and intersection signal priority;
= real-time rescheduling framework by using TSSA;
= simulate the multi-pattern search foraging of salp swarm to enrich search behaviours.
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including multi-bus-lines, time-varying passenger flow, bus-speed-control only on DBLs, and intersection signal
control. In this study, the real-time framework of the multi-bus-line joint operation strategy with the Transform-
able Salp Swarm Algorithm (TSSA) is proposed. Moreover, the small optimization interval effectively reduces the
impact of bus-speed-control inaccuracy and the errors between the joint optimization scheme and actual op-
eration states. In the real-time framework, only the speed of the bus traveling on DBLs could be guided in the
form of real-number speed, and this bus-speed scheme is safe. Additionally, the strategy could compensate for
the travel time in the non-priority direction after buses pass through intersections, and this is effective to avoid
traffic congestion. As the online optimization algorithm, TSSA simulates the grouping activity of salp swarms.
Based on actual data from Beijing Bus Group, 6 test problems are constructed, and the joint operation strategy
outperforms others.
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AHDR - average headway deviation ratio; non-DBL — non-dedicated bus lane;

AVL - automatic vehicle location; MBGA — memory-based genetic algorithm;
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CV - connected vehicle; SSA — salp swarm algorithm;
DBL - dedicated bus lane; TSP — traffic signal priority;
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FIFS — 1st-in-1st-service; V2| - vehicle to infrastructure;
ICT — information and communication technologies; V2V - vehicle to vehicle.
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1. Introduction

In recent years, the area of modern big cities has dou-
bled, and the number of vehicles has increased rapidly. As
a result, urban traffic congestion becomes prominent, and
road traffic efficiency is seriously disturbed. For instance,
congestion costs in the US increased from 1982 to 2011
(Schrank et al. 2012). The congestion invoice for the cost
of extra time and fuel in 498 urban areas was (all values in
constant 2011 dollars): $24 billion in 1982, $94 billion in
2000, and $121 billion in 2011 (Schrank et al. 2012).
Public transportation has played a central role in the
urban transportation system. From 1982 to 2005, the sav-
ings on congestion costs caused by public transport ser-
vices increased by nearly 131% in the US (Moreira-Ma-
tias et al. 2015). This increase was 10% between 2005 and
2011 (Moreira-Matias et al. 2015). Moreover, the bus is the
primary travel mode of public transportation. The service
level of the bus system directly affects the travel choice of
urban residents. Thus, minimizing passengers waiting time
by bus has become an inevitable approach to improve the
efficiency of ground transportation networks.
The long waiting time of passengers is an important
reason for the deterioration of bus service. In Beijing (Chi-
na), emerging wireless communication technology and in-
frastructure construction could significantly improve the
quality of bus service. Detailed explanations are as follows:
= real-time information collection: with the large-scale
applications of ICT, intelligent bus systems based on
CVs, AVL, V2V, and V2I have been widely deployed in
modern big cities (Gong et al. 2019). Based on these in-
frastructures, intelligent bus systems collect real-time in-
formation on traffic congestion, vehicle information, and
passenger flow in many cities, such as Beijing (Shang
et al. 2019), Shanghai (Shan et al. 2019), Melbourne (Ma-
zloumi et al. 2010), and London (Hounsell et al. 2012),
and so on;

= speed guidance on DBLs: as the most fundamental in-
frastructure, DBLs are widely used and have played an

Figure 1. Research problem and scenario

essential role in reducing traffic congestion. It is worth
mentioning that the length of Beijing DBLs will be
1020 km in 2022. As shown in Figure 1, buses on DBLs
could realize speed guidance according to the control
instructions from the traffic management center. The
reason is that buses are not affected by private vehicles
on DBLs. Otherwise, on non-DBLs, buses and private ve-
hicles drive together and affect each other;

= intersection signal control systems: the traffic man-
agement center also controls intersection signal lights
to make buses pass through intersections, and this im-
proves the priority of buses at the intersection.

Generally, through intelligent bus systems and DBLs,
jointly optimizing bus speed and intersection signal prior-
ity for multi-bus-lines has become a feasible research ob-
jective to minimize passengers waiting time. This is good
to make more passengers travel by buses instead of pri-
vate vehicles, thus reducing congestion costs in the me-
tropolis.

To ensure the operation quality of bus lines, many re-
searchers have studied bus scheduling or control strate-
gies, such as holding strategy (Asgharzadeh, Shafahi 2017;
He et al. 2020), stop-skipping (Zhao et al. 2021), short
turning (Gkiotsalitis et al. 2019; Tian et al. 2022), overtak-
ing (Wu et al. 2017), passenger boarding limit (Zhao et al.
2016; Saw et al. 2020), speed control and guidance (Da-
ganzo, Pilachowski 2011; Varga et al. 2018; He et al. 2019;
Dadashzadeh, Ergun 2019; Bian et al. 2020; Deng et al.
2020; Ampountolas, Kring 2021), intersection signal pri-
ority (Li et al 2011, 2016; Ghanim, Abu-Lebdeh 2015; Jia
et al. 2019; Yang et al. 2019; Anderson, Daganzo 2020;
Hao et al. 2021; Lee, Wang 2022), joint operation strat-
egy (Wu et al. 2016; Li et al. 2019; Zhang et al. 2022; Wu
et al. 2022; Xu et al. 2019; Colombaroni et al. 2020; Zim-
mermann et al. 2021; Zhao et al. 2022), and so on. Due
to intelligent bus systems and DBLs, joint operation strat-
egy has become a research focus. Most joint operation
strategies combine signal priority, bus holding, and speed
control. However, the holding strategy means passengers
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need to wait for extra time at stops. From a passenger per-
spective, compared with travel time, the long dwell time
usually reduces passenger satisfaction. On the other hand,
some previous studies mainly focused on a single bus line.
However, there are often overlapping sections of multi-
bus-lines (i.e, multi-bus-lines pass through the same sec-
tion) in the real transportation network. Different buses
interact in these overlapping sections, which may degrade
the performance of the single-line optimization strategy.
Therefore, it is necessary to study the optimization strat-
egy of multi-bus-line.

To address this problem in Figure 1, a case study is
conducted in Beijing involving 12 bus lines and 242 stops.
A multi-bus-line joint operation strategy of optimizing bus
speed and intersection signal priority is proposed. The
main contributions include:
= intelligent bus system model considering real fac-

tors: previous studies rarely considered the discontinu-
ity of DBLs. An intelligent bus system model is designed
considering real factors such as discontinuous DBLs and
time-varying passenger flow to improve the practicabil-
ity of the model. Then, the passengers waiting time on
multi-bus-lines is formulated, and the optimization goal
is to minimize the passengers waiting time;
= joint operation strategy: the real-time optimization
framework based on rolling optimization intervals is
designed. Based on the intelligent bus system, the con-
straints of speed and signals to jointly optimize bus
speed and intersection signal priority are introduced.
Moreover, this strategy provides a solution for handling
signal conflicts and reducing non-priority phase delay at
multi-bus-line intersections;
TSSA: an online optimization algorithm named TSSA is
developed. TSSA simulates the mechanism of asexual
and sexual reproduction of salp swarm to balance ex-
ploitation search effort and exploration search effort.
Then, by simulating the multi-pattern search foraging
of salp swarm, the chain and linear patterns are innova-
tively used for exploitation search, and the cluster and
helical patterns are used for exploration search. This ef-
fectively improves the search performance of TSSA. The
case study results imply that the joint operation strategy
outperforms others.
The article is organized as follows:
current section 1 is an introduction;
section 2 presents a brief overview of related works;
section 3 introduces the description of intelligent bus
systems and model formulation;
section 5 introduces the multi-bus-line joint operation
strateqgy;
section 5 describes the case study in Beijing Bus Group;
last section 6 summarizes conclusions and future work.

2. Literature review

In intelligent bus systems, speed control and guidance,
intersection signal priority, and joint operation strategy
are strongly related to the research problem. The latest
research is reviewed as follows.

2.1. Speed control and guidance

The development of CVs, AVL, V2V, and V2I provides new
opportunities for realizing speed control and guidance.
The recent research about speed control and guidance has
been proposed to guide drivers to adjust bus speed, avoid
unnecessary parking, and reduce bus delays. Daganzo &
Pilachowski (2011) proposed an adaptive control scheme
that continuously adjusts the bus cruising speed based on
a cooperative 2-way-looking strategy. This scheme could
yield regular headways with faster bus travel. Varga et al
(2018) presented a selected rolling horizon control scheme
to choose proper speed profiles for the bus such that it
keeps the timetable schedule and achieves desired head-
ways. Bian et al. (2020) proposed an optimization-based
speed control method. This method focused on one-way
transit corridors and considered the phenomenon of bus
queuing. However, none of the above schemes analyses
the realizability of vehicle speed control in practice. When
the road is crowded, with the influence of the complex
traffic environment, the bus may not travel at the recom-
mended or optimal speed.

In many cases, only the speed of the bus traveling on
DBLs can be adjusted. He et al. (2019) studied a bus speed
adjustment strategy by looking at multiple critical time
points on DBLs. This method stabilized a strongly unsta-
ble bus line and shortened passengers’ waiting and riding
time. Dadashzadeh & Ergun (2019) provided a combina-
tion of variable speed limits and ramp metering strategies.
This method effectively reduced delay times on the Metro-
bus system. Deng et al. (2020) proposed a real-time bus-
speed-control method. They modelled signal intersection
delay and heterogeneous roadway, and considered other
common variables such as passenger boarding/alighting
times. Ampountolas & Kring (2021) defined a platoon of
buses operating in the same transit line as leader-follower
dyads. The driver of the following bus could observe the
position and speed of the leading bus. The leader trans-
mits information to control the speed of the follower to
eliminate bunching.

2.2. TSP

TSP is effective to improve the efficiency of public trans-
port services. Li et al. (2011) provided an architecture
overview of adaptive TSP systems. Then, they proposed
an adaptive TSP optimization model to minimize the
weighted sum of transit vehicle delays and other traffic
delays. This means that signal timing could be adjusted
to make buses with higher priorities over private vehicles
passing through intersections. Ghanim & Abu-Lebdeh
(2015) proposed a real-time optimization method of dy-
namic TSP and used a genetic algorithm and artificial neu-
ral network method to address this problem. Considering
the 3 priority strategies of green extension, red trunca-
tion, and phase insertion, Li et al. (2016) developed a dual
objective optimization method of transit signal priority to
minimize passenger delay and bus-schedule deviation. To
improve intersections' traffic efficiency and environmental
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benefits, a multi-objective optimization method for inter-
section signal timing was proposed by Jia et al. (2019).
They considered the optimization goals, such as delay per
capita, vehicle emission, and intersection capacity. Yang
et al. (2019) proposed a TSP algorithm using CV informa-
tion for multimodal traffic control. Anderson & Daganzo
(2020) evaluated a CSP, in which the bus sends priority
requests only when the request improves reliability. They
analysed 3 forms of driver control, and the results showed
that CSP greatly reduced the number of priority requests,
thereby improving reliability. Hao et al. (2021) proposed
a bus signal priority model with the consideration of the
proportion of the arriving traffic at the intersection be-
tween bus and non-bus. And they introduced the phase
clearance reliability of the bus and non-bus phases in the
model. Lee & Wang (2022) proposed a PACT system. PACT
performed signal optimization through the rolling horizon
procedure to reduce bus delays.

2.3. Joint operation strategy

Most existing TSP studies usually assume that bus speed is
fixed as a constant. Recently, due to the ICT applications in
intelligent bus systems, more researchers have proposed
joint operation strategies to improve bus punctuality. Most
of them are based on the combinations of TSP, speed con-
trol and guidance, and holding strategy. Wu et al. (2016)
proposed a bus operation control approach with speed
control and holding control strategies to minimize the to-
tal cost of bus signal delay, bus holding delay, bus travel
delay, and acceleration cost. By combining the bus hold-
ing strategy with the operating speed control strategy, Li
et al. (2019) studied a robust dynamic control mechanism.
This approach could reduce the bus bunching phenom-
enon. Zhang et al. (2022) combined the boarding limit
strategy and bus holding strategy to improve bus service
and minimize bus headway. Wu et al. (2022) designed
a new flexible multi-type bus shuttle system, integrating
ride-matching and flexible timetabling. To improve the
flexibility of bus schedules, they introduced stop-skipping,
speed adjustment and bus holding strategies. Xu et al.
(2019) combined traffic signal optimization with vehicle
speed control for CAVs, which may improve both trans-
portation efficiency and fuel economy. Colombaroni et al.
(2020) developed a simulation-optimization method for
signal synchronization with bus priority and driver speed
advisory to CVs. Simulation results implied that offline
signal optimization and online signal priority reduce the
travel times and delays of buses. Zimmermann et al. (2021)
jointly optimized bus holding, speed guidance, and multi-
ple traffic signals for regularizing bus headways. They gave
a bus trajectory model, formulated a multi-objective func-
tion, and finally solved it through a lexicographic method.
Zhao et al. (2022) used speed control and green light ex-
tension strategies to dynamically optimize bus scheduling
on overlapping sections.

However, the above research usually assumes that all
buses travel on DBLs or in a 100% CAVs environment. In

the real transportation system, discontinuous DBLs in-
crease the difficulty of speed control. Moreover, there are
usually overlapping sections of multi-bus-lines, making the
optimization strategy more complicated.

3. Intelligent bus system
and model formulation

With CVs, AVL, V2I, and V2V continuously emerging, wait-
ing time and improving bus punctuality are feasible by
optimizing bus speed and intersection signal priority in
intelligent bus systems. In this section, the multi-bus-line
joint operation problem is formulated to minimize passen-
gers waiting time. Mathematically speaking, this optimiza-
tion objective depends on adjusting each bus speed and
intersection signal control in multi-bus-lines.

3.1. Description of intelligent bus system

On assumptions. In this model, intelligent bus systems
make full use of CVs, AVL, V2I, and V2V technologies.
Moreover, all buses and intersections are the connected
devices of the traffic management center in intelligent
bus systems (Miller 2008; Kaiwartya et al. 2016). The traf-
fic management center could collect all information in
real-time, adjust bus speed, and control intersection sig-
nal priority.

On multi-bus-lines. There are multi-bus-lines with
fixed routes that include different stops and intersections.
And there are many buses in each bus line. For instance, in
bus line 601, there are 20 buses to be scheduled every day.
The start time of all buses is 6:00 AM, and the departure
interval is 15 min. Then, the bus departure time of the nth
bus in the ith bus line D, is 6:00 AM + (n —1)-15 min. Note
that the headway of adjacent buses may not be equal to
15 min because of various uncertain times (e.g., uncertain
time that passengers get on/off).

3.1.1. Bus speed model

Benefits of speed guidance. The travel speed of one bus
determines its travel time on the road segment and the
time to reach the intersection, which further affects the
traffic of the bus at intersections and the time to reach
stops. Therefore, effective speed guidance could reduce
the waiting time of passengers.

The feasibility of speed guidance. The development
of CVs has significantly increased driving accuracy, re-
duced the high uncertainty related to manual driving, and
improved the efficiency of city traffic. The Internet of vehi-
cles provides technical support to obtain the actual posi-
tions and speeds of vehicles in real-time. Thus, it becomes
possible to accurately control the vehicle speed based on
CVs, AVL, V2|, and V2V technologies. Moreover, the small
optimization interval ensures the feasibility of speed guid-
ance, which will be described in Section 4.1.

From a bus-speed-control perspective, only buses on
DBLs could be managed to realize speed guidance by the
traffic management center. There are 2 different scenarios:



= on DBLs: when buses travel on DBLs, they are not af-
fected by private vehicles. Thus, the traffic management
center transmits control instructions to buses on DBLs to
realize speed guidance. Then, these buses could acceler-
ate or decelerate as needed. Besides, one bus speed on
different DBLs is guided by different control instructions
in real-time. When the nth bus of the ith line travels
on the road section R,, (road section between the mth
node and the (m + 1)th node in the ith bus line) of DBL,
its speed is V" . In practice, bus speed should be con-
strained by the maximum speed V" and the minimum
speed VM of V" . In this model, V7 and vV are ob-
tained from the real statistical data on R,

= on non-DBLs: when buses travel on non-DBLs, they are
affected by traffic congestion. Considering traffic safety,
it is difficult to realize speed control. Thus, the traffic
management center does not control bus speed on
non-DBLs in this model.

3.1.2. Intersection signal model

Introduction of standard ring-and-barrier. The traffic
signal timing manual (Koonce et al. 2008) is referenced to
illustrate a typical ring-and-barrier model. Figure 2a shows
a typical 4-leg, 2-lane (in each direction) intersection.
There is a left-turning lane and a through /right-turning
lane in each intersection direction. Figure 2b demonstrates
a standard ring-and-barrier signal control design (Koonce
et al. 2008). One intersection includes 8 phases (i.e., phases
1...8) after combining the through and right turn move-
ments for the same direction. The sequence of phases is
shown as they occur in time, proceeding from left to right.

The signal timing of the ring-and-barrier model.
The signal timing of the ring-and-barrier model in a signal
period is explained as follows. It is worth noting that the
traffic management center could adjust these phase times
by using real values. Figure 3 presents the signal control
design used in this model. The phase-switching proce-
dure is phases 185 (east-west left) — phases 286 (east-
west through) — phases 3&7 (north—south left) — phases
488 (north—south through). The phase time is the sum
of the green and yellow light times. For example, the uth
phase time p,, is given by:

pu:gu+yul (1)

where: p, is the uth phase time of a signal; g, is green
light time; y, is yellow light time that is equal to 3 s in
this article.

Therefore, the sum of all phase times at an intersection
is a signal period, given by:

h
Clight = Z Pur @
u=1

where: Cjgp is the signal period that is equal to 150 s in
this article; h is the total number of phases.

In Figure 3, there are 4 phases. Thus, h = 4. Note that,
according to the historical traffic flow statistics, the traf-
fic management center could compute the relatively ideal
phase times of an intersection signal.
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®

Figure 2. lllustration of the phases of one intersection and its
phase switching rules:

@ — schematic diagram of intersection;
@ — standard ring-and-barrier diagram

Figure 3. lllustration of the phase switching and timing scheme

Then, these relatively ideal times are usually used as
the conventional values of the phase times of an intersec-
tion signal. Meanwhile, to avoid the long waiting time for
pedestrians, the signal light time should be constrained by:

Clight =9y +yu +ru;

g, >t 3)
r <tr

u — "max’

where: r, is the red light time; t7.is the minimum green
light time; ¢/ the maximum red light time.
Generally, p, is optimized to improve bus priority to

pass through intersections.

3.2. Model formulation

This model considers the scenario that the nth bus in the
ith bus line arrives at the zth stop. That is to say, before
the zth stop, there are (z — 1) stops, f intersections, and
(f+z—1) road sections in the ith bus line. Then, the time
of arriving at the zth stop for the nth bus in the ith bus
line is given by:
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where: 77 is the time of the nth bus in the ith bus line
arrives at the zth stop; Ty, is the departure time of the
nth bus; T,o4q is the time sum of passing through (f +z 1)
road sections; T;,; is the time sum of passing through f in-
tersections; Ty, is the time sum of passing through (z - 1)
stops; N is the mth node in the ith bus line (N may
be a stop or an intersection); D, is the nth bus departure
time in the ith bus line; V™ is the real speed of the nth
bus in the ith bus line when passing through the mth sec-
tion road.

There are explanations:
= d N{",N{””) returns the distance between N™ and

N/ In real scenarios, these data could be obtained
by using map queries (such as Google Maps and so on).
According to these data and real bus locations, the traf-
fic management center could select one rational speed
for each bus;

s Ty (1, n, q) returns the time of passing through the gth
intersection /, of nth-bus in the ith bus line. If the phase
of the bus driving direction is green, T, (t n, q) 0.
Otherwise, T, (t, n, q) is equal to the real waiting time.
In intelligent bus systems, T, is obtained according to
the phase duration of these f traffic lights;

= at the kth bus stop Sk, the waiting time of one bus
tbamdmax(ﬁ{(( ) ok, .B ) is equal to the product of
the maximum number of passengers who get on/off this
busand t, .. t,.. isthe time for one passenger to get
on/off the bus. In this article, t, ~=2s. Bf-‘ (t) is the
passenger drop-off rate function of bus stop S in the
ith bus line at time t, which is the ratio of the number of
disembarking passengers to the number of passengers
on board (Luo et al. 2019). When the number of pas-
sengers on board is 0, Bk (t)_O ok, is the number
of passengers on the nth bus of the ith bus line, before
it arrives at bus stop S, . Bk( ) <, 1s the number of
passengers who get off this bus. Bl’[n is the number of
passengers boarding at bus stop S¢ for the nth bus of
the ith bus line. max(B{F (t) k. BK n) is the maximum
number of passengers who get on/off this bus.

As shown in Figure 4, the passenger flow is time-var-
ying in this model. Thus, the number of passengers ar-
riving at different times is different, which corresponds
to the time for one passenger to get on/off the bus

tbuam-max(ﬁik( ) ok, Bk n) For instance, the passenger
flow in the morning is different from the passenger flow

in the afternoon, as shown in Equation (7) and Figure 4.
These are consistent with the real application scenario of
the traffic management center. However, this increases the
complexity of the optimization problems. The detailed ex-

planations of tbomd-max(ﬁff( ) O,k n,Blk n) are as follows:
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Figure 4. The number of passengers arriving at stops in one
day

= in Equation (5): C is the maximum passenger capacity of
a bus; WX is the number of passengers waiting at bus
stop S; for the nth bus of the ith bus line; the number
of passengers boarding at stop S is the minimum value
between the remaining passenger capacity of the nth
bus and the number of passengers waiting at stop S;

= the number of passengers on the nth bus when it arrives
at stop S, is obtained by using Equation (6); the number
of passengers is the sum of the number of passengers
when the bus arrives at the previous stop and the num-
ber of people getting on and off at the previous stop;

= Equation (7) shows that passenger flow is time-varying;
)\ik (t) is the passenger arrival rate function of bus stop
S in the ith bus line at time t (Luo et al. 2019); L, is
the number of passengers who don't board the (n — 1)
th bus at bus stop S; in the ith bus line; the number of
passengers waiting at stop S, is the sum of the number
of passengers not boarding the (n — 1)th bus and the
number of passengers arriving within the time interval
between the (n — 1)th bus and the nth bus arriving at
stop Sy

= in Equation (8), the number of passengers who do not
board the (n — 1)th bus at stop S is the difference be-
tween the number of passengers waiting at stop S, and
the number of passengers boarding the (n — 1)th bus.

BK , =min(C—OF ,+BK (t)-OF ,, WX, ); )
Ok 0, k=1, 6
i=n Tl Ok T4 Bk B '(t)-0k1, otherwise; ©
T,
)\11‘( (t)dt, n="1;
Di—n
wk, = o )
f AX (t)dt+L’lf_(n_1), otherwise;
Di—n
k _wk  _pk
Li—(n—1) - VV[—(n—1) Bi—(n71)' )]

Generally, the optimization objective is to minimize the
waiting time of all passengers that is given by:

=1 Ny

m!i)?’i‘r/?ji:e Z Z ZW ; 9)
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where: Wk s the total waiting time of passengers in the
time interval between the (n — 1)th bus and the nth bus
arriving at stop S;; N, is the number of lines; N; is the
number of stops in the ith bus line; Ny; is the number of
buses in the ith bus line.

4. Multi-bus-line joint operation strategy

4.1. Framework

From a rolling-optimization-interval perspective, the multi-
bus-line joint operation strategy is an online optimization
strategy performed in each optimization interval. Fig-
ure 5 explains the real-time framework of the multi-bus-
line joint operation strategy. Specifically, there are n_max
optimization intervals in one day’'s bus operation time.
The traffic management center executes TSSA to obtain
the best solution based on the real-time information col-
lected from buses and intersections. The decision variable
of TSSA includes bus-speed-control and signal timing
(Sections 4.2.1 and 4.2.2). Through multiple iterations and
repairing the infeasible solution (Section 4.2.3), the optimal
solution of TSSA is obtained (Section 4.3). According to
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the best solution, the traffic management center trans-
mits control instructions to buses and intersections at the
beginning of each optimization interval. Then, the bus ad-
justs its speed on the next DBLs according to the received
speed guidance suggestions. The intersection adjusts the
signal timing in corresponding signal periods and com-
pensates for the non-priority phase when no bus passes,
reducing the traffic congestion of private vehicles. In gen-
eral, the traffic management center continuously repeats
the previous process.

In real scenarios, the difficulty of speed control is
greater than that of signal light control. However, a small
optimization interval (i.e., 150 s) could reduce the influence
of uncertain factors on speed guidance. For example, if the
actual operating speed deviates from the expected speed,
this deviation can be adjusted in time in the next interval
through signal control and speed guidance to reduce the
impact of inaccurate speed control.

4.2. Development of joint optimization scheme
4.2.1. Decision variables

In Equations (4) and (10), the waiting time of passengers is
affected by the departure time of the bus T, the trave-
ling time of the bus on the road T,,,4 the waiting time of
the bus at the intersection T;,, and the time required for
passengers to get on and off Ty, For buses with fixed
departures, it is difficult to control Ty, and Ty, Therefore,
this scheme optimizes T,,,4 and T;,; to reduce the wait-
ing time of passengers. These 2 times are affected by bus
speed and light timing. According to the above analysis,
the decision variable is designed.

Figure 5. The real-time framework of multi-bus-line joint operation strategy
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The decision variable is the real-number sequence.
Quite simply, the real-number decision variable is the best
solution of TSSA in every optimization interval. According
to the decision variable, the speed of buses on DBLs and
the signal timing of each intersection could be obtained.
Then, the traffic management center transmits control in-
structions to buses and intersections. Note that the deci-
sion variable includes 2 parts:
= bus speed on DBLs V™ ;
= intersection signal timing P,

As shown in Figure 6, there are 4 combinations for the
stop-intersection section:
= the road section between stop and intersection (like Ry);
= the road section between 2 adjacent intersections (like

Ry);
= the road section between intersection and stop (like R3);
= the road section between 2 adjacent stops (like Ry).

Considering the 1st and 2nd combinations, the code
sequence is composed of the mid-block speed and 4 typ-
ical phase times when the bus arrives at the intersection
(like Codel and Code2). For example, Codel includes the
bus speed V', on section Ry and the signal timing p;...p,
of intersection /4. In respect of the 3rd and 4th combina-
tions, the downstream of the road section is not an in-
tersection. The code sequence consists of the mid-block
speed (like Code3 and Code4). For example, Code3 is the
bus speed V3, on section R3. Note that only the speed
of the bus traveling on DBLs could be guided.

4.2.2. Speed and signal constraints

of joint optimization

Speed and signal should be further constrained when the

optimal decision variables are computed using TSSA.

Speed constraint. From a bus-speed-control perspec-

tive, this strategy only adjusts the bus speed V/”  on DBLs.

Detailed explanations are as follows:

= due to the influence of private vehicle driving, realizing
speed guidance for the buses on non-DBL is difficult.
Therefore, the bus speed on non-DBL cannot be con-
trolled;

= considering road sections with DBLs, there is almost no
road congestion. This means buses could choose the
proper speed according to instructions of the traffic
management center;

= when planning a bus line, designers consider many ob-
jectives, such as passenger safety, minimizing passengers
waiting time, ensuring bus punctuality rate, and so on.
Then, they could obtain a reasonable plan for this bus
line that includes the bus-speed baseline of each DBL.

s vl Rzr/l T s, R
Code |- Code 2 Code 3 Code 4
vi || 2] ps]pa| [2] pi] p2] 3] P4 Vi, v,

Figure 6. The real-number decision variable
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Thus, the proper speed range is also obtained based on
the bus-speed baseline of each DBL.

As discussed in Section 3.1.1, bus speed on DBLs is
constrained by the minimum and maximum speeds, which
is:

Vrrr:?n SVlrfn SV[Z;X. (11)

Signal constraint. From an intersection-signal-control
perspective, the strategy adjusts the signal timing p, to
improve the priority of buses passing through the inter-
section. Signal control should be constrained to reduce the
impact of adjusting signal timing on vehicles and pedestri-
ans in non-priority directions. Intersection signal optimal
control considers green, yellow, and red light times. The
constraint of each phase is given by:

m|n+yu<pu<cllght (hf’l) (m|n+yu)' (12)

where: y,, is yellow light time that is equal to 3 s; h is the
total number of phases; Cugm is the signal period.

In a signal period C,,»ght, Zoin T Y, is the minimum value

of each p,. Note that, (h—1)~( o in +yu) is the sum of the
minimum values of other phases. C;p,, f(h 71) ( in +yu>

is the maximum value of each p,, which is obtained by
subtracting the sum of other phase minimum values from
a signal period Cjgp. In addition, another constraint is in-
troduced, that is, a signal cannot accept 2 timing schemes
in one signal period.

4.2.3. Multi-bus-line optimization

The goal is to minimize passengers waiting time for multi-
bus-lines. Therefore, when TSSA is used to obtain the op-
timal decision variable (i.e., bus speed on DBLs and inter-
section signal timing like Figure 6), the code sequence of
all departing buses on all lines is computed in the present
optimization interval.

Conflict of signal timing for multi-bus-lines. There
are often overlapping sections of multi-bus-lines. When
multiple buses pass through one intersection in the same
signal period, their timing schemes for that signal may be
inconsistent. As shown in Figure 7, the intersection’s cod-
ing requirements are different when the buses A,_, and
A,_,, pass through intersection /;. Thus, this is not a feasi-
ble solution. The conflict is explained as follows.

(
|
|
|
|
|
|
|
|
|

Figure 7. Multiple buses pass through one intersec-
tion in the same signal period
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1st, the period number of the signal when the bus ar-
rives at the intersection could be predicted by:

d (N, Nm)
€ = floor vm

Clight

Flony | 11, (13)

where: floor() is the round function toward negative in-
finity; d(N{", N{"+1 is the mth road section length; v is
travel speed; Cygp, is the signal period; Copyyy, is the time
that the bus enters this road section.

2nd, if Aq_, and A,_, arrive at the intersection /; in
different signal periods, the signal light uses the timing
scheme in the corresponding period. Otherwise, the signal
timing scheme conflicts in the same signal period. Because
the intersection cannot implement 2 timing schemes in the
same signal period.

Handle conflicts and repair infeasible solutions.
A simple rule for handling conflicting requests is the FIFS
policy. However, it has been discovered that the FIFS is
not an excellent solution to handle conflicts (Ye, Xu 2017).
Another way to handle conflicts is to set priorities for dif-
ferent TSP schemes. Priority represents the necessity for
a single bus to need priority signals, which is determined
by the current operating conditions (Kim et al. 2012), such
as headway delay, the number of passengers on board,
bus delay, and so on. In this scheme, headway delay is se-
lected as the index to evaluate requests. The headway de-
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where: tp,4 is the headway delay; TX is the arriving time
at S, for the nth bus in the ith bus line.

Comparing the head delay between each bus and its
adjacent front buses in the same line, the coding of buses
with larger headway delay is used (i.e., execute the sig-
nal timing requirements of buses with larger headway de-
lay). The larger headway delay means that the distance
between 2 adjacent buses is far, which may lead to the
long waiting time for passengers on this route. Therefore,
the signal timing scheme of this route is given priority.
Although headway delay is used to handle the conflict of
signal timing scheme, it does not contradict the optimiza-
tion goal of minimizing passengers waiting time. Headway
delay is only a judgment index for the solution of the sig-
nal conflict, which has little impact on the joint optimiza-
tion results of the whole line.

Discussion on buses passing through intersections.
The joint optimization strategy improves the priority of
buses passing through intersections. There are several
possible situations for the control results of the joint op-
timization scheme:
= as shown in Figure 8a, buses need to stop and wait at

the intersection before optimization. By using the joint
optimization of speed guidance and signal control, the
bus could directly pass through the intersection;

- 2t,, (14)
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Figure 8. Sample situations of buses passing through an intersection:
@ — a bus passing directly through the intersection; @ — a bus cannot pass through the intersection;

@ — multiple buses passing through the intersection
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= as shown in Figure 8b, buses may have to wait at the
intersection in some scenarios. Although the joint op-
timization scheme is used, the bus still cannot pass
through the intersection directly. The reason is that the
constraints of speed and signal light affect the optimi-
zation results. For example, speed cannot be guided on
non-DBLs, and the single signal control cannot achieve
satisfactory results. Moreover, due to various uncertain
factors in real-world driving, such as traffic accidents
and human factors, the implementation effect of the
joint optimization strategy is impacted. This also leads
to the parking and waiting of some buses;

= as shown in Figure 8c, when multiple buses pass through
one intersection in the same signal period, the timing
scheme of the bus with the larger headway delay is ex-
ecuted for the conflict of signals. Therefore, other buses
at this intersection need to wait.

Although the above scenarios exist, the optimization
interval is short. Thus, the influence of uncertain factors
is small in one optimization interval and could be han-
dled in time in the next optimization interval. Generally,
the scheme is to improve the priority of buses.

Non-priority phase compensation. The joint optimi-
zation strategy improves the priority of buses at intersec-
tions, which may affect non-priority vehicles. For example,
when the bus passes through the intersection by extend-
ing the green light of the priority phase, the green lights
of the non-priority phases are shortened. The reason is
that one signal period Cg, is fixed. Therefore, after the
bus passes through the intersection, compensating for the
non-priority signal phase is beneficial to enhance the traf-
fic capacity in the non-priority direction (Lian et al. 2020).
The signal priority strategy only adjusts the signal timing
in the corresponding bus-passing period. When no bus
passes through the intersection, the phase-time loss in
other non-priority directions could be compensated:
= in Figure 9a, to improve bus priority with east-west
through to pass through intersections, the duration of
non-priority phases 1&5 is reduced by t, in the previous
bus passing period;
in Figure 9b, the duration of non-priority phases 1&5 is
compensated by t, in the next signal period without bus
passing. The signal priority is constrained by Equation (12).
Thus, the compensation signal is also constrained. This
is good to reduce the impact on social vehicle travel
time and decrease the probability of traffic congestion.

4.3. TSSA

In this study, the model formulation takes into account
the real bus operation scenario involving multiple lines,
various constraints, and complex nonlinear factors, which
cannot be solved by conventional mathematical program-
ming methods. Therefore, a meta-heuristic algorithm
named TSSA is designed to compute the approximate
optimal solution.

Figure 9. The example of intersection signal control and
compensation:

@ — the duration of non-priority phases 1&5 is affected;
@— the duration of non-priority phases 1&5 is compensated

Specifically, SSA is a swarm intelligence optimization
algorithm in a meta-heuristic algorithm proposed by Mir-
jalili et al. (2017). SSA simulates the group behaviour of
salps when they move and forage in the ocean, and is
a novel algorithm for solving single-objective optimiza-
tion problems. SSA has the advantages of simple structure,
few parameters, and easy operation. However, similar to
other swarm intelligence algorithms, SSA also suffers from
slow convergence speed, loss of population diversity in the
late iteration, and difficulty in balancing its exploration and
exploitation. Therefore, SSA can be improved to address
these issues by introducing asexual and sexual reproduc-
tion (Section 4.3.2) and multi-pattern search foraging (Sec-
tion 4.3.3) in TSSA.

Moreover, compared with the exact algorithm, the
meta-heuristic algorithm can obtain satisfactory solu-
tions in the limited time for large-scale problems, which
is more suitable for online scheduling. In MATLAB (https://
se.mathworks.com), the computation time of running TS-
SA once is about 27.96 s when the number of iterations
is 400 and population size is 50. This computation time is
much less than the optimization interval (i.e., 150 s). This
means that TSSA could satisfy the real-time requirement
as an online algorithm.

Note that a salp of TSSA is the real-coding sequence
corresponding to a solution of adjusting bus speed on
DBLs V" and intersection signal timing p,. And the best
solution (i.e., the best fitness salp) of TSSA is the output of
TSSA, which is the decision variable.

4.3.1. Algorithm procedure

As a new variant of the SSA (Mirjalili et al. 2017), TSSA is
inspired by the salp philosophies of asexual and sexual
reproduction and multi-pattern search foraging. The pro-
cedure of TSSA is shown in Figure 10, and its pseudo-
code is given in Algorithm 1. TSSA simulates the asexual
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Figure 10. The procedure of TSSA

and sexual reproduction mechanisms of salp swarms to
balance exploitation search effort and exploration search
effort. Furthermore, TSSA simulates the foraging behav-
iours of 4 patterns (i.e., chain salp, linear salp, cluster salp,
and helical salp patterns) to ensure the search-behaviour
diversity of salp swarms.

4.3.2. Asexual and sexual reproduction

TSSA simulates the grouping activity of the population
to achieve the coexistence of multiple salp patterns. The
grouping activity strategy is the important kernel of TSSA.
Salps are divided into 2 groups according to fitness. The
1st 50% of individuals are updated by chain salp pattern
search or linear salp pattern search. The 2nd 50% are up-
dated by cluster salp pattern search or helical salp pattern
search. In the iterative process, exploitation and explora-
tion always coexist to realize multi-pattern search behav-
iours.

As shown in Figure 10, salp reproduction ways are con-
stantly changing due to environmental influences:
= sexual reproduction: in the bad times when food is
scarce, salps create multiple candidate genes through
sexual reproduction. This reproduction mechanism could
retain favourable genotypes and eliminate unfavourable
ones to ensure population quality;
asexual reproduction: in the favourable conditions of
abundant food, salps amplify the favourable genotypes
through asexual reproduction, resulting in exponential
population growth.

Algorithms 2 and 3 introduce sexual reproduction and
asexual reproduction. Generally, salp warms alternate be-
tween asexual and sexual reproduction. This special life
cycle enables salps to have high fertility, low generation
time, and high survival rate.

Algorithm 1: TSSA

1 |initialize the salp population X%, i =1, 2, .., N

2 |evaluate each salp X!

3 | while (stop condition is not satisfied)

4 rank salps according to fitness

5 F*= the best solution X" (the best fitness salp)

6 update the leader salp X! by using the 2nd-best fitness
salp

7 grouping activity

8 amend the salps based on the upper and lower bounds
and repair infeasible salps

9 evaluate each salp X!

10 |end

11 |return X*

Algorithm 2: Sexual reproduction
1 evaluate the front 50% updated population
2 | rank salps according to fitness

3 | randomly generate the number of eliminating the poor
fitness salps N,; N, should satisfy the low limit constraint
of population size (i.e., population size > the low limit of
population size)

4 |according to N,, delete the poor fitness salps from the
front 50% updated population

Algorithm 3: Asexual reproduction

1 | randomly generate the number of the new-born salps N,;
N, should satisfy the upper limit constraint of population
size (i.e., population size < the upper limit of population
size)

2 |randomly select N, salps from the back 50% updated
population

3 | for each selected slap, select a coding segment, use
random mutation, and obtain new-born salps

4 | copy these new-born salps into the back 50% updated
population
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4.3.3. Multi-pattern search foraging

Through the long history of evolution, salps form a unique
way of swimming and foraging. There is a variety of ar-
rangement patterns in Figure 11 (Madin 1990).

Two patterns of exploitation search. Exploitation
search (i.e., intensification search) is defined as the swim-
ming that salps move towards the food source F. The
chain and linear salps both have leader, followers, and F',
which are determined: according to fitness, the best fitness
salp in the population is defined as F". Then, in the chain
salp swarm (or linear salp swarm), the best fitness salp is
defined as the leader, and other salps are followers:

1) The chain salp pattern search. In Figure 11a, chain
salps are at right angles to the chain axis. In the salp
chain, the leader salp at the front is to guide the
salp chain by using:

o _101, 05<¢ <Y,

L — 15
J|a,, 0<¢<0.5; (1>)

2
4.0

a1:fj+2.e [L] ((Ubj_lbj)c2+lbj)’
,Fq

a,=f-2-e ! ((ugj—lp)~c2+wbj)

where: x} is the jth position of the leader X; f; is the
Jjth position of the food source F” (i.e., the best solu-
tion X); ub; ub, lb; are the upper and lower bound
of the jth position, respectively; ¢, € [O, 1], [ 6[0, 1]
, and they are random numbers; ¢; indicates if the
next position in jth position should be towards
positive infinity or negative infinity; ¢, indicates a
random number between 0 and 1; [ is the current
generation number; L is the maximum number of
iterations.

The position of the follower is updated by:
xj.:%~(x5+xj.‘1), (16)
where: xj. is the position of the ith follower in the
jth position; i >2;

2) The linear salp pattern search. In Figure 11b, lin-
ear salps are arranged along the axis of the chain
and connected with opposite, anterior, and poste-
rior animals. The leader L' is also updated by using
Equation (15). For followers (i.e., other linear salps L!
and (>2), the angle of linear salps with the chain
axis is defined as @. 1st, randomly select N, con-
secutive genes. Then, randomly generate an angle
from 0° to 90° as @. The selected jth position of the
ith salp is updated by:

R
=l —gn@(@ —@y A7)

where: l; is the jth position of the ith salp.
In principle, Equation (17) ensures that each linear salp
moves closer to the previous follower.
Two patterns of exploration search. Exploration
search (i.e., diversification search) is defined as the swim-
ming that salps move away from the food source F":
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Figure 11. Patterns of arrangement of aggregate salps:

@ — chain salp pattern;
@ — linear salp pattern;
@ — cluster salp pattern;
@ — helical salp pattern

1) The cluster salp pattern search. In Figure 11c, each
slap in cluster salps is connected by a long ventral
peduncle to the cluster's center. The shape of clus-
ters is irregular. The cluster center is defined as F
(i.e., salp with the best fitness). These cluster salps
always move away from F". In the cluster salps, the
Jth position of the ith salp cj- is updated by:

b, f,—ci<0;

=1 J = (18)
b, f;—c;>0;
. Ly

b1:c‘j+a~e L-g(ubj—le-);

%_q_aei;@@—@)

where: [ is the current generation number; L is maxi-
mum number of iterations; a is a random number
from 0 to 1; f; is the jth position of F, (ubj —lbj>/_7>

limits the variation of ¢! to fit the coding range; e ¢

controls the outward exploration of cluster slaps.
[

With [ increasing, e L gradually decreases the
outward expansion of the distance between the slap
and F*

2) The helical salp pattern search. In Figure 11d, the
highly asymmetric salps explore forward in the form
of a dual helix. In the helical salps, the jth position
of the ith salp hj is updated by:

. |c1, f,—h.<0;

ht =

i (19)

¢ fi—h>0;

2
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C,I:hj—F%De [L '[COS[S'Z'T['G'Z +1
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R
1

() :hj —2.D.e[L] .[Sin[S.z.n.a.[[- +1

]

where: D= ‘fj —hj.

; ‘ is the absolute value; f; is
the jth positizon of F*; a is a random number from
!
Oto1; e [L] controls the outward exploration of
helical slaps.

Generally, with generation increasing, many combina-
tions of chain salp, linear salp, cluster salp, and helical salp
patterns are generated by using the grouping activity. This
is the cornerstone of steadily improving TSSA's search per-
formance. On the other hand, cluster salp and helical salp
patterns are based on the circle and helical curve equa-
tions. Equations (18) and (19) are usually used for exploita-
tion search (i.e., intensification search). In previous studies,
the circle and helical curve equations are rarely applied to
exploration search (i.e., diversification search).

5. Case study

5.1. Description of network and data

On test problems. The bus data in Beijing Bus Group are
used to construct 6 test problems in Table 1. These data
include the actual operation information of multi-bus-
lines, bus stops, intersections, distances, DBL, non-DBLs,
and so on. This is consistent with the real road networks,
as shown in Figure 12.

On experimental metrics. Referring to (Chen et al.
2015), passenger demand p is defined as a passenger
flow multiplicator. Passenger demand p = 1 means that
the time-varying passenger flow is daily passenger flow
(see Figure 4). Passenger demand p = 2 implies that the
time-varying passenger flow is 2 x daily passenger flow.
Moreover, the AWTP w in Equation (20) and the AHDR
s in Equation (21) are used as evaluation criteria. Note
that the AWTP calculation includes all bus stops of all bus
lines in one day.

N, Ng—1 Ny

=1 k=1 b
N N N
>3, ™)
i=1 :[ n= 7Atd
D (N (Ny =)
Tod = =1 A 100%, (21)

where: At, is the departure interval, At; = 15 min.
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Figure 12. Multi-bus-lines of the real road networks in Beijing:
@ — test problems F1...F4;

@ — test problem F5;
@ — test problem F6
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On comparison data. The sources of comparison data
are divided into 2 groups as follows:
= the 1st group is used to demonstrate the effectiveness
of the multi-bus-line joint operation strategy. The actual
operation data from Beijing Bus Group is used to repre-
sent the non-optimized result without speed guidance
and signal priority. The non-optimized result comes
from the statistical bus traveling data on 15 August
2021, in Beijing;
the 2nd group is used to demonstrate the general per-
formance of TSSA, including MBGA (Luo et al. 2019),
SSA (Mirjalili et al. 2017), and SHC (Gkiotsalitis 2021)
as compared algorithms (i.e., replacing TSSA with one
compared online optimization algorithm, as shown in
Figure 5). These algorithms use the same population ini-
tialization and repair strategy as TSSA. Moreover, they
use the same decision variables as TSSA to jointly opti-
mize signal priority and speed control. SHC and MBGA
use the rescheduling strategy based on a rolling horizon
idea. MBGA stores the information of high-quality his-
torical solutions into the memory for updating the next
generation population. SHC considers the bus layover
and capacity constraints and obtains a near real-time
rescheduling solution by exploring only part of the
whole-day timetable. In addition, exact algorithms are
not selected for comparison because they usually cannot
meet the requirement of online optimization intervals.

Table 2 provides the used parameter setting in this ar-
ticle.

Note that, the boarding time of passengers is easy to
obtain from bus billing systems in practice. However, the
time of passengers arriving at stops is challenging to mon-
itor and obtain. Thus, obtaining real data of passengers

Table 1. Test problems

Total number

Problem | N, | N; | Ns | N, Bus lines of passengers
F1 1 (10| 24 | 33 601 17206
F2 1118 | 25| 42 510 15891
F3 2 | 29|45 | 83 1,2 27027
F4 2 | 26 |39 | 64 24,101 30288
F5 3 11556 |7 67, 74, 96 34513
F6 3 | 24 | 53 | 76 | 342, 435, 667 37466

Notes: N, is the number of bus lines; N; is the number of
intersections; N is the number of stops; N, is the number of
roads.

Table 2. Used parameter setting
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waiting time is not very easy. Therefore, the simulation
data of passengers waiting time is used based on some
real historical data of passenger flow in Figure 4. The total
number of passengers in these test problems is large, such
as 17206 passengers in F1 and 37466 passengers in F6.

5.2. Comparison of the AWTP

Passenger satisfaction is important to make more pas-
sengers travel by buses instead of private vehicles. And
AWTP is a critical factor in evaluating passenger satisfac-
tion. Smaller AWTP, better passenger satisfaction. In this
section, only TSSA is compared with the 3 compared on-
line optimization algorithms and not with the actual data
of passengers waiting time. The reason is that real data
of passengers waiting time cannot be obtained. There are
2 kinds of comparisons:

= daily passenger flow;

= different level passenger flow.

On AWTP for daily passenger flow. Figure 13 pre-
sents the mean of AWTP results for daily passenger flow.
TSSA is better than other algorithms in all cases. For ex-
ample, for all 17206 passengers in the F1 test problem, the
AWTP difference between MBGA and TSSA is 5850.04 min
(ie., 17206-(7.79-7.45) = 5850.04). Besides, with the test
problem size increasing, TSSA could always obtain AWTP
performance. Compared with SSA, TSSA has an obvious
performance improvement. Moreover, the standard devi-
ation of TSSA is very small. This shows that it is no coin-
cidence that TSSA obtains the optimal solution, but al-
ways maintains stable performance. The reason is that TS-
SA makes full use of asexual and sexual reproduction and
multi-pattern search foraging. This also indicates that the
grouping activity of salp swarms could balance exploita-
tion search effort and exploration search effort. In addi-
tion, premature convergence is also a common pain point
of swarm intelligence optimization. TSSA introduces clus-
ter salp and helical salp patterns, which use reverse diffu-
sion to prevent premature convergence. The results show
that many combinations of multi-pattern search are effec-
tive to ensure the search performance of TSSA.

On Wilcoxon results for AWTPs. To further demon-
strate the effectiveness of TSSA, the Wilcoxon test is used
with a significance level of 0.05 for AWTPs in 20 runs. In
Table 3, the symbols of (+), (~), and (- indicate that TSSA
is superior to, approximately equivalent to, and inferior to
one compared algorithm, respectively. In all test problems,
TSSA outperforms other compared algorithms.

Items Parameters
SHC population size N,; = 50
MBGA population size N, = 50; the crossover rate P, = 0.85; the mutation rate P, = 0.1
TSSA population size N, = 50; the upper limit of population size = 54; the low limit of population size = 12
SSA population size N,; = 50

Stop condition | stop condition is that the number of using the fitness functions = 20000; for example, by using SHC, its maximum

generation is 400 (i.e, 20000/50 = 400).
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On AWTP for different level passenger flow. The in-
crease of passenger flow usually leads to a significant in-
crease in the waiting time of passengers. This is an im-
portant reason why passengers are unwilling to travel by
bus. Therefore, to demonstrate the passenger satisfaction
performance for different level passenger flows, Figure 14
presents the mean of AWTPs when passenger demand p =
0.2, 0.6, 1.4, 1.8. In Figure 14, TSSA outperforms others in
all cases. Moreover, TSSA has more obvious advantages in
Figure 14 than in Figure 13, especially for the high-level
passenger flow (like passenger demand p = 1.8). This al-
so means that the multi-bus-line joint operation strategy
could ensure passenger satisfaction, even for high-level
passenger flows.

Generally, these results indicate that the multi-bus-line
joint operation strategy is effective to minimize passengers
waiting time. Moreover, TSSA could provide better results
of the waiting time for daily passenger flow and different
level passenger flow.

Table 3. Wilcoxon results for AWTPs in 20 runs between one
compared algorithm and TSSA when using daily passenger
flow (i.e., passenger demand p = 1.0)

Problem
Algorithm Sum (+) | Sum (-)
F1 | F2 | F3 | F4 | F5 | F6

SHC + + + + + + 6 0
SSA + + + + + + 6 0
MBGA + + + + + + 6 0

2 DA sHc XY SSA EEIMBGA [ TSSA
E\ll' S g
%10- 3 47 %
[
E 9-? o = <
< S s z g
B g4 EEQ' §i§_ %Eq?§£$
5 INE- % . N N=
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2 / =
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) 3
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Test problem

Figure 13. The mean of AWTPs for 20 runs when using daily
passenger flow (i.e., passenger demand p = 1.0)
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Figure 14. The mean of AWTPs for 20 runs when using dif-
ferent level passenger flows (i.e., passenger demand p = 0.2,
0.6, 1.4, 1.8)

5.3. Comparison of the AHDR

On AHDR. AHDR is one of the most important factors to
evaluate the stability of bus service. Smaller AHDR, bet-
ter stability of the bus service. To explore the feasibility
of TSSA in practical application, TSSA is compared with
the non-optimized result and 3 compared algorithms. The
non-optimized result comes from the statistical bus trave-
ling data on 15 August 2021, in Beijing. Figure 15 pre-
sents the AHDR results for all test problems. In all cases, all
algorithms are better than the non-optimized result (i.e.,
results without speed guidance and signal priority). This
implies that the multi-bus-line joint operation strategy
is effective to ensure the better stability of bus service.
Meanwhile, the AHDR results of TSSA are the 1st-best or
2nd-best. This demonstrates that TSSA could also ensure
the AHDR performance.

On the headway deviation ratio for daily passenger
flow. Morning rush hours are the key point for evaluating
the stability of bus service. To observe the morning-rush-
hour situation for daily passenger flow, Figure 16 shows
the bus headway deviation ratio at each stop of 10 buses
departing from 8:00 AM and 10:30 AM for F1. The head-
way deviation ratio of 2 adjacent buses is greatly affected
by headway. For example, one bus arrives at the stop S,
at 8:30 AM, and the next bus arrives at S, at 8:48 AM. The
headway between them is 18 min, and the departure in-
terval is 15 min. Thus, the headway deviation ratio is 20%
(e, [18 715‘ /15-100%). The headway is affected by traffic
and passengers. Besides, the stop behind accumulates the
impact of all previous stops. Thus, the headway between
adjacent buses is unstable, which leads to great fluctua-
tions in the headway deviation ratio curve.

The stability of bus service is evaluated from the fluc-
tuation and numerical value of the headway deviation ra-
tio curve. From a curve-fluctuation perspective, comparing
Figure 16a with Figures 16b~16e, the headway deviation
ratio of each algorithm is more stable than the non-opti-
mized result. Besides, the curve fluctuation results of TSSA
are the 2nd-best. Moreover, from a numerical perspective,
TSSA's results are also the 2nd-best. Generally, the AHDR
results of TSSA are satisfactory in most parts of the morn-
ing-rush-hour.
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Figure 15. The AHDR for all test problems when using daily
passenger flow (i.e., passenger demand p = 1.0)
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Figure 16. Bus headway deviation ratio at different stops between 8:00 AM and 10:30 AM for test problem F1 when using daily
passenger flow (i.e., passenger demand p = 1.0):
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On the headway deviation ratio for high-level pas-
senger flow. To further demonstrate the AHDR perfor-
mance for high-level passenger flow (i.e., passenger de-
mand p = 2.0), Figure 17 presents the headway deviation
ratio of each stop of 10 buses departing from 8:00 AM
and 10:30 AM for F1. The actual data for high-level pas-
senger flow cannot be obtained. Therefore, only TSSA is
compared with 3 optimization algorithms. Similar to Fig-
ure 16, the curves in Figure 17 are still fluctuating. Besides,
since the passenger demand doubles and the passenger
boarding and alighting time doubles, the headway devia-
tion ratio in Figure 17 is worse than that in Figure 16.

Compared with Figure 16, these headway deviation re-
sults of each algorithm get worse. However, from the per-
spective of numerical increase, the headway-deviation in-
crease of TSSA is relatively small (i.e., the maximum value
increases from 5 to 8). Moreover, from a curve-trend per-
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spective, the curve-fluctuation results of TSSA are still the
2nd-best. Generally, these results indicate that the joint
operation strategy could optimize the waiting time of pas-
sengers and provide satisfactory headway performance.

6. Conclusions

For the real requirements of intelligent bus systems in Bei-
jing, the real-time framework of the multi-bus-line joint
operation strategy is designed. The goal is to minimize
the passengers waiting time of multi-bus-lines to improve
the efficiency of ground transportation networks. In this
work, the practicality and effectiveness of the proposed
joint operation strategy are highlighted. From the perspec-
tive of practicality, the intelligent bus system model fully
considers many practical factors, such as real road condi-
tions and bus operation situations. From the perspective of
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Figure 17. Bus headway deviation ratio at different stops between 8:00 AM and 10:30 AM for test problem F1 when using high-

level passenger flow (i.e., passenger demand p = 2.0):
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effectiveness, the multi-bus-line joint operation strategy is
designed, which considers signal conflict and non-priority
phase delay. Then, TSSA is developed as an online opti-
mization algorithm, and the effectiveness of this method
is evaluated. As a result, it can be stated that this strategy
can indeed improve the availability and stability of bus
system services. However, the proposed method does not
consider the impact of time-varying traffic congestion on
real-time speed change in different sections.

In the future, the research will focus on the impact of
time-varying traffic flow on bus dispatching. Besides, the
application of artificial intelligence algorithms in transpor-
tation will also be further explored. For example, with the
rapid development of parallel computing, designing a par-
allel algorithm with fast operation speed and suitable for
large-scale DVRP is worthy of further study. Moreover,
based on emerging technologies such as big data, cloud
computing, and the Internet of Things, the traffic manage-
ment center will gather information from people, vehicles,
roads, stations, environments, and other public transport
elements to conduct diversified integration, analysis, and
processing of various dynamic data.
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