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Abstract— The transits constitute the traffic skeleton of the
city. With the installation of the high-tech sensors and the
emergence of the high-speed communication, interest to grant
bus priority via traffic signals grows rapidly during recent
years. Pre-signal is an additional traffic signal located upstream
of the main signal, which is used to discontinue the private cars
and accordingly allow buses jumping the car queue. Compared
with the traditional dedicated bus lane through the whole link,
the pre-signal can provide bus priority meanwhile minimizing
the negative impacts on car traffic. In this paper, we propose
an adaptive signal strategy for a traffic network by adjusting
the pre-signal as well as the main signal in order to minimize
the total passenger delay. A macroscopic model based on cell
transmission model is developed, where the link is partitioned
into the car cell, the bus cell and the mixed cell. The merging
and the diverging of the car flow and the bus flow are elaborated
modeled for each type of the cell. With the aim to obtain the
signal setting in real time, the harmony search algorithm is
adopted to solve the optimization problem. Finally, the case
studies illustrate the efficacy of the proposed strategy.

Index Terms — bus movement management, dedicated bus
lane, adaptive pre-signal setting, harmony search algorithm

I. INTRODUCTION

Transit services are undoubtedly effective solutions to
tackle the traffic congestion in modern urban cities due
to its large ridership, lower resource consumption and
environmental-friendly characteristics. Therefore, many stud-
ies have been proposed and implemented to improve the
traffic performance of transit vehicles, which leads to a
positive cycle that more passengers are attracted to select
public transits and the usage of private cars is consequently
reduced.

Transit signal priority (TSP) control, as a commonly used
strategy to provide bus priority, facilitates the bus movement
by adjusting the intersection signal to get buses through
the intersection without stopping by red signals [11]. Many
conditional priority strategies are proposed with the aim to
provide bus priority to minimize the schedule deviation but
also reduce the additional delay bringing to other traffic user-
s. Ma et al. propose a model-based signal control strategy by
extending green time or early terminating red time to smooth
bus movement through the corridor [12]. A multi-modal
traffic signal strategy is presented by combining a mixed-
integer linear programming (MILP) model with the actuated
signal control, where a constraint involving virtual requests
is developed in MILP to enhance the signal coordination [7].
Hu et al. design a coordinated transit signal priority approach
by presenting a MILP model incorporating the green re-
allocation strategy instead of traditional strategies called
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“green extension” and “red truncation” [8], which is later
extended to consider multiple requests in [9]. Although many
strategies are proposed in TSP, its inevitable disadvantage
is that the provided priority would definitely increases the
delay of private cars in other directions, and the additional
received green time may increase the potential possibility of
the congestion at the downstream link [11].

Beside the TSP control, dedicated bus lane (DBL) is also
a typical approach to provide bus priority. However, DBL
occupies a complete lane, which may cannot be provided in
some urban areas due to the insufficient road space. Also,
the setting of DBL reduces the link capacity and it becomes
redundant especially when bus frequency is low [3]. In view
of this, intermittent bus lane (IBL) is accordingly raised in
order to increase the link discharging flow. Viegas and Lu
firstly introduce the concept of IBL, which is defined as a
lane whose status changes according to the presence of the
bus: the lane changes to DBL if a bus is driving on the
lane, otherwise, it opens to other traffics [14]. After that, the
IBL is theoretically analyzed in [1], which indicates that the
IBL does not significantly reduce the link capacity but is not
recommended when the link is near the capacity.

Another approach to provide bus priority is the pre-signal
setting. It does not take a whole lane away from private
cars like DBL and also does not change the lane status like
IBL, which may confuse drivers and leads to corresponding
safety issues. Pre-signal is a traffic signal located upstream
of the main signal to either provide bus priority to allow
bus to jump car queues or relocate the traffic queue without
additional road construction to increase link discharging rate
[15][16]. When a link, formed by a dedicated bus lane and
other normal traffic lanes, sets a pre-signal upstream of the
main signal to provide the bus priority, all lanes are used to
discharge car traffics after the pre-signal if no bus is coming,
otherwise, the pre-signal will change to red for cars to release
buses [2]. The impacts of the pre-signal was firstly analysed
in [15], however, the settings of the pre-signal and the
main signal are all fixed, which is extended and analytically
investigated in [2] and [3], where an offset between the pre-
signal and the main signal is considered in order to let buses
jump car queues when the main signal is red and minimize
the car delay as much as possible, also, the pre-signal will
change to red once the bus is approaching and change back
to green when it passes. And this strategy is implemented
in VISSIM, a commercial traffic simulator, and validated via
field data to further investigate the impacts it brings to buses
and private cars [5]. After that, Guler et al. found that the
application domain of the pre-signal depends on three major
factors: saturation degree, bus frequency and bus occupancy
[4]. Based on the three factors, an adaptive pre-signal setting



is proposed with the aim to smooth bus movement as well
as reduce the influence on the car side [6]. Moreover, a pre-
signal control strategy is presented in [10] from the optimal
control perspective, however, the model is continuous and
not realistic to be implemented in the real world. Although
many studies have been conducted on the pre-signal, few
studies discuss the adaptive tuning on both pre-signal and the
main signals, also, studies develop the model for an isolated
intersection under the queuing theory without considering
the coordinated one. Therefore, this paper is proposed to fill
the gap.

This paper proposes an adaptive signal strategy for the pre-
signal as well as the main signal, Adaptive Main Signal with
Adaptive Pre-signal (AMAP), with the aim to minimize the
total passenger delay for a connected urban traffic network.
The paper is organized as follows. The descriptions of the
flow-based model are presented in Section II. Simulation
results are described in Section III. Conclusions are drawn
in Section IV.

II. FORMULATION OF A NETWORK-BASED BUS-CAR
MIXED-FLOW MODEL

A. Problem statement

The road network in the paper is defined as a directed
graph G = {7, L}, where J is the set of junctions, and £
is the link between two adjacent junctions, which is drawn
in Fig. 1. Also, the dedicated bus lanes and the normal car
lanes are all existed in the road network, which are denoted
as LY and L£°, respectively, and we have £ £¢ C L. As a
coordinated network is considered in the system, CTM, one
of the macroscopic model, is adopted here to capture the
vehicle flow characteristics on the one hand and guarantee a
real-time control under a network-based large problem scale
on the other hand.
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Fig. 1: Layout of the network with pre-signals and main
signals

Two levels of control is considered in the system: the main
signal in each intersection and the pre-signal upstream of the
main signal. The link is partitioned into three types of cells:
the bus cell, the car cell and the mixed cell, are highlighted in
red, blue and yellow in Fig. 2, respectively. Fig. 2 only draws
one lane for each type of vehicles, and it can be multiple
lanes when the specific background is involved, which is
also a variable in our model.
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Fig. 2: Layout of the link with pre-signals and main signals

B. Model Description

The bus cell and the car cell only involve buses and other
cars, respectively. While both buses and cars can driving on
any lanes of the mixed cell.

1) Volume dynamics in each bus cell: The update of the
volume of bus cell j is determined by the incoming bus flow
32, f1;(k) and the outgoing bus flow >, f7,(k):

(VieClqe Ol?)
Ch(k+1)

+Zm =S kD

where 4, j and ¢ are the index of the cell, CJ’? is the set of
upstream cells providing incoming bus flows for cell j, and
(’)? is the set of downstream cells receiving outgoing bus
flows from cell j. C’;’(k) represents the number of buses in
the cell j at k. ff’j(k) is the bus flow from cell i to cell j
during k.

2) Volume dynamics in each car cell: The update of the

volume of car cell j is determined by the incoming car flow
> [§;(k) and the outgoing bus flow >_ f7, (k):

(VieCi,qe O‘?)

Ci(k+1) = Z (k)= > f5,(k) @

where Cf is the set of upstream cells providing incoming
car flows for cell j, and OJC- is the set of downstream cells
receiving incoming car flows from cell j. Cf(k) represents
the number of cars in the cell j at k. f{;(k) is the car flow
from cell ¢ to cell 5 during k.

3) Volume dynamics in each mixed cell: The update
of the volume in mixed cell j is determined by the

incoming&outgoing car flow 3 fr;(k), >_, f5, (k) and the
incoming&outgoing bus flow >, ( )2y [, (K):

(VreCj ,qEOc zer,pGOb)
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C (k) = CY(k) + CS(k)

where r is also the index of the cell, and C" (k) represents
the total number of cars and buses in the mixed cell j at k.

4) Bus flow constraints: The bus flow fibj(k) is different
according to the type of the cell it comes from: (1) If the bus
flow is from the bus cell which is not the one just in front of
the pre-signal, then the bus flow is determined by the current
cell volume C?(k), the saturation flow rate A\’k*v*/\ and the
remaining space of the downstream bus cell Capy, — Cjb(k)

(3b)



(2) If the bus flow is from the bus cell just in front of the pre-
signal, then the bus flow is determined by the current cell
volume C?(k), the saturation flow rate A’k*v*/\ and the
remaining space of the downstream mixed cell L%(Capm -
Cs(k) fBCjb(k))J (3) If the bus flow is from the mixed cell,
then it is determined by the bus demand in current mixed cell
under turning ratio of; (k), of;(k)C?(k), the saturation flow
rate of the mixed cell (A’ + A°)k*v* /A and the remaining
space of the downstream bus cell Capy, — C’]l? (k) which is
located in another link.

min{C} (k), \’k*v* A, Cap, — C2(k)}
if i€ (EN\ED)
min{C?(k), \’k*v* A,

g L5(Capm — C5(k) — BCY(K))]} if i€ &)
min{a?; (k)CP (k), (A" + X)k*v* A,

Capy, — CY(k)} if icgEm

(4a)

where A is the time interval between k and k+ 1, and Cap,
is the capacity of the bus cell, while C'ap,, is the maximum
number of cars that cell m can accommodate. £ and £™ are
the set of bus cells and the set of mixed cells, respectively.
55 is the set of bus cells just upstream the pre-signal. S is
the parameter to transform bus to the equivalent car. a?j(k)
denotes the turning ratio of buses from link i to link j. A
and A\° are the number of bus lanes and the number of car
lanes, respectively. k* and v* are the critical density and the
critical speed, respectively, and its multiplication determines
the saturated flow rate. By transforming the bus volume to
corresponding car volume, Cap,,, —C (k) — BCJI-’(k) denotes
the remaining number of cars that cell j can accommodate.
5) Car flow constraints: The car flow ff;(k) is also
different according to the type of the cell it comes from: (1)
If the car flow is from the car cell which is not the one just
in front of the pre-signal, then the car flow is determined
by the current cell volume Cf(k), the saturation flow rate
Aek*v* /A and the remaining space of the downstream car
cell Cap, — C;(k). (2) If the car flow is from the car cell
just in front of the pre-signal, then the car flow is determined
by the current cell volume Cf(k), the saturation flow rate
A°k*v* A and the remaining space of the downstream mixed
cell Capy, — C¢(k) — |BCY(k)]. (3) If the car flow is from
the mixed cell, then it is determined by the car demand in
current mixed cell under turning ratio o (k), of; (k)C(k),
the saturation flow rate of the mixed cell (\’+\°)k*v* A and
the remaining space of the downstream car cell Cap.—C5 (k)
which is located in another link.
min{Cf (k), \k*v* A, Cap. — C5(k)}
if i€ (EN\E)
min{C¢(k), \k*v* A,
Capm — CS(k) — [BCL(K)]} if i€&S
min{ag; (k)C (k), (A" + X9)k*0* A,
Cap. — C§(k)} if ie&m
(5a)

where Cap, is the capacity of the car cell, and £°¢ is the
set of car cells. £ is the set of car cells just upstream the
pre-signal. afj(k‘) denotes the turning ratio of cars from link
7 to link j.

i (k) =

6) Main signal logic: The main signal at the intersection
controls the right of way of traffic flows, under our discrete-
time model, only one phase can be activated at each time
interval, as shown in equation (6a). Constraint (6b) indicates
that the flows, buses and cars, under the same phase must be
0 if the traffic light state for this phase is red. Also, constraint
(6¢) restricts that the duration of each phase cannot less than
the minimum green duration.

S 6lk) =1 (6a)
oe’
(Vie &™)((i,5) € F)
0 (k) =0 — f/"(k) =0 (6b)
07 (k) =0A0)(k+1)=1—
| i |
IT ¢/k+i)=1 (6¢)
=1

where 7 is the set of phases in intersection .J with each
phase 0 € Q7, and F/ denotes the set of flows passing
intersection J under phase o. (k) is a binary variable,
which denotes the state of phase o for the main signal at k.
If it is equal to 1, phase o is activated and corresponding
compatible flows obtain green, otherwise, the signal state is
red. Gnp 1is the minimum green duration for each phase.

7) Pre-signal logic: If the pre-signal changes to red, the
corresponding car flow should be 0, which makes it possible
for buses to jump car queues.

(Vi€ &) 07(k) =0— f5(k) =0 )

where 67 (k) is a binary variable, which denotes the state
of the pre-signal in link / at k. If it is equal to 0, the signal
changes to red, accordingly, cars are blocked and the priority
is provided to buses, otherwise, the pre-signal is green.

C. Cost Function

In order to minimize the total passenger delay, the cost is
formulated as follows:

J=min Y Y [We(CF(k)— £ (k) + Wy (CF (k) — £ (k)] A
k1
(8)

where W, and W, are the average number of passengers for
each private car and each bus, respectively.

The flow equations in the model are formulated by piece-
wise functions, which requires to introduce many additional
variables to transform into associated linear constraints.
Therefore, it is tedious to transform our problem into a
MILP problem and is also time-consuming to solve a MILP
problem with many variables especially when the problem
scale is large. In view of this, the harmony search (HS)
algorithm, one of the evolutionary algorithm, is adopted here
to solve our problem due to its high performance on many
traffic problems [18][17][19], although the optimal result
cannot be guaranteed, a good result in real time is more
necessary from the application perspective.



III. SIMULATION RESULTS

In this section, we test the proposed algorithm, AMAP,
under several different cars’ arrival rates, bus occupancies
and bus headways on a three-intersection corridor, as shown
in Fig. 3. The strategy with only Adaptive Main signal (AM),
the traditional Fixed Main signal strategy with the Fixed Pre-
signal setting (FMFP) and the traditional Fixed Main signal
strategy without pre-signal setting (FM) are also applied
on the studied corridor, and the comparison between the
proposed algorithm and the other three methods are analyzed
to investigate the efficiency of the proposed method.

The corridor in the case study has 3 intersections and 10
links, and two bus lines are located at the arterial approaches
from left to right and from right to left, respectively. Accord-
ingly, 6 pre-signals are set in front of the 3 main signals
for two bus lines under opposite directions. The average
car arrival flow rates are listed for the column links, which
is shown in Fig. 3. The arrival flow rate for two arterial
approaches, Ay g and ARy, are listed in Table I according
to the different congestion levels. Also, each main link (row
links in Fig. 3) involves two bidirectional car lanes and two
bidirectional bus lanes, and only two car lanes with opposite
directions are considered for each minor link (column links
in Fig. 3). Two phases drawn in Fig. 4 are discussed in the
experiments, and the turning flows involving more phases
will be further studied in our future work.

Table II enumerates 12 test cases under the low car
arrival rate for main links, various bus occupancies and
bus headways. The low car arrival rate for the test cases
is 1080 veh/h, which is also listed in Table I. The ratio
between the car arrival rate and the saturation flow rate is
used to represent the corresponding congestion level. Three
different bus occupancies, 30, 80 and 160, and four bus
headways, 1 min, 3 min, 6 min and 9 min, are selected
in the simulation. For cases 13 to 24 and cases 25 to 36,
their bus occupancy and the bus headway are the same as
the cases 1 to 12, the only difference is that cases 13 to
24 and cases 25 to 36 correspond to the medium car arrival

flow rate (ALS/RL = 1.0) and the high car arrival flow rate

(M = 1.4), respectively. Also, the car occupancy is set
as 1 for all test cases.

AM only considers adaptive main signal without pre-
signals, which means the major structure of AMAP is
reserved without constraint (7). FMFP refers to the fixed
main signal with fixed pre-signal setting, and the set of pre-
signals follow the traditional principles: If the main signal is
red, then the pre-signal is red, otherwise, it changes to green
[15]. FM only has fixed main signal without considering pre-
signals. The setting of the fixed main signal is listed in Table
III: As our method is developed based on a discrete-time
model with time interval A = 10s, the duration of each
phase is also the integer times of A. Jy, Jo and J3 refer to
the intersections in Fig. 3 from left to right, respectively. The
ratio of phases ¢, and ¢, for each intersection is determined
by the critical lane volume, which can be found in [13].
Based on the above initial inputs, a half hour simulation is
conducted under various car arrival rates, bus occupancies
and bus headways.

Fig. 5, 6 and 7 illustrate the total passenger delay for

Appy =720vehfh  App, =360veh/h  Aggy = 360 veh/h

Agry = 360veh/h  Agr; =720veh/h  Agpy = 360 veh/h

Fig. 3: Layout of the studied corridor
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Fig. 4: Phase setting in the case study

TABLE I: The traffic volume inputs of the case studies

The ratio between the car arrival rate

and the saturation flow rate Saturation flow rate

Arr/S=0.6,Ar, /S =0.6 S = 1800 veh/h
ALR/S:LO,ARL S=1.0 S = 1800 veh/h
ALR 5:1-47ARL S=1.4 S = 1800 veh/h

TABLE II: The case lists for Cases 1 to 12

ALR/RL . Bus Bus Headway
S Ratio Occupancy (min)
Case 1 0.6 30 1
Case 2 0.6 80 1
Case 3 0.6 160 1
Case 4 0.6 30 3
Case 5 0.6 80 3
Case 6 0.6 160 3
Case 7 0.6 30 6
Case 8 0.6 80 6
Case 9 0.6 160 6
Case 10 0.6 30 9
Case 11 0.6 30 9
Case 12 0.6 160 9
TABLE III: The main signal setting for the fixed-time
strategy
¢1-J1 | pa-J1 | ¢1-J2 | da-Ja | d1-J3 | ba-J3 Cycle Time [\
(s) (s) (s) (s) (s) (s) © (s)
Signal Sett
e S B 20 30 20 40 10 50 10
Signal Sett
fo:gggsesci 3"};;4 40 20 40 20 50 10 60 10
Signal Seft
fo:ggzsese;;[‘§6 60 20 60 20 70 10 80 10

cases 1 to 12 when car arrival flow is low, cases 13 to
24 when car arrival flow is medium and cases 25 to 36
when car arrival flow is high, respectively. Clearly, with the
increase of the bus occupancy, the passenger delay increases
accordingly, e.g., the delay comparison between case 1, case
2 and case 3. Also, a huge increase slope can be found when
the bus frequency is high, and this is clearly shown in the
increasing slope from case 1 to case 3, which is larger than
the increasing trend between case 4 to case 6. And the largest
passenger delay is obtained when the bus headway is 1 min,



bus occupancy is 160 and the car arrival rate is high, namely,
the yellow bar of case 27.

Moreover, the increase of the car arrival flow leads to the
increase of the total passenger delay, which can be deduced
by the increase of the range of the y axis from Fig. 5, Fig. 6
to Fig. 7. Also, all 36 cases indicate that AMAP outperforms
the other three methods regardless of the bus headways,
bus occupancies and car arrival rates. And the delay from
AM method is smaller than FM for all cases, however, the
comparison between its performance and FMFP depends on
the bus occupancy and bus headway. For example, when
the bus headway is large, especially for the cases when the
headway becomes 9 min, AM outperforms FMFP no matter
what the bus occupancy and the car arrival rate are. However,
as the bus headway decreases to 6 min, the performance of
AM and FMFP determined by the car arrival rate, which
is clearly shown in case 9 and case 33 in Fig. 5 and Fig.
7, respectively. The advantage of FMFP reduces as the car
arrival rate increases, this is understandable that the setting
of the pre-signal definitely sacrifice the interest from private
cars’ side, and the large sacrifice due to the high arrival flow
rates of private cars cannot be made up or exchange for
the reduction of the bus total delay, which leads to the delay
results shown in case 33. However, this phenomenon does not
appear between FMFP and FM, and the FMFP outperforms
FM in all cases. Also, the advantages of adding pre-signals
become increasingly obvious with the increase of the bus
frequency and bus occupancy.

In order to better illustrate the efficiency of the proposed
method, the delay differences between AMAP and the other
three methods under different car arrival rates are drawn in
Fig. 8, Fig. 9 and Fig. 10, respectively. For three subgraphs
shown in Fig 8/9/10, the upper left one indicates the delay
difference between AMAP and AM, the upper right one
refers to the delay difference between AMAP and FMFP, and
the bottom one is the delay difference between AMAP and
FM. The x-axis and y-axis of each subgraph represent the bus
occupancy and the bus headway, respectively. The positive
value of all bars reinforces the advantage of the proposed
method.

For subgraphs in each Figure, the height of each bar
increases with the increase of the bus occupancy and the de-
crease of the bus headway, which provides a large effects on
the delay difference especially when the compared method
does not consider the pre-signal setting, and this is clearly
shown in the upper left subgraphs and the bottom subgraphs.
However, the gap between AMAP and FMFP seems quite
stable under different bus occupancies and bus headways.
The above phenomena all indicate that the advantages of
AMAP or the setting of pre-signals become more obvious
when the bus services are frequent and the bus loading level
is high.

On the other hand, by comparing the subgraphs under
different car arrival rates, the gap of AMAP and other
methods also increases as the car arrival rate increases, which
can be found from the increase of the range of the y-axis.
Although the range of the y-axis of the upper left subgraph
and bottom graph in Fig. 10 does not change compared with
Fig. 9, its actual values indeed increase as the car arrival
flow ratio changes to 1.4, which is not reflected on the y-

axis range. Therefore, this indicates that the advantages of
AMAP become more obvious when the car arrival rate is
high.
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Fig. 5: Total passenger delay of four different methods under
cases 1 to 12
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Fig. 6: Total passenger delay of four different methods under
cases 13 to 24
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Fig. 7: Total passenger delay of four different methods under
cases 25 to 36

IV. CONCLUSION

In this paper we have proposed an adaptive traffic signal
strategy for the main signal as well as the pre-signal in
order to minimize the passenger delay from the private cars
and buses in the entire network. The link is partitioned
into three different types of the cell: the car cell, the bus
cell and the mixed cell. The states of the pre-signal and
the main signal all become the decision variables in the
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Fig. 8: Three delay difference graphs under the low car
arrival rate by comparing the proposed method with the other
three methods respectively
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Fig. 9: Three delay difference graphs under the medium car
arrival rate by comparing the proposed method with the other
three methods respectively

Delay difference when the ratio between the car arrival rate and the saturation flow rate is 1.4
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Fig. 10: Three delay difference graphs under the high car
arrival rate by comparing the proposed method with the other
three methods respectively

model, which is determined based on the objective, namely,
the total passenger delay is minimized. To overcome the
tedious transformation process and the high computational
complexity in traditional MILP problems, the HS algorithm
is adopted to solve the optimization model in real time.

The results of the case studies indicate that the proposed
AMAP strategy outperforms the other three strategies under
various traffic compositions, and the necessity to set pre-
signal becomes obvious when the bus occupancy and the
bus frequency are high. Moreover, in order to make the
simulation more realistic, multiple phases involving turning
flows and the connection with VISSIM should be considered
in our future work.
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