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- ABSTRACT

‘@ @ \ Tram signal priority control is a crucial approach for enhancing the reliability of tram ope-
rations and has been implemented in various cities. Nevertheless, unpredictable tram ope-
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optimal control (CRC) technique for tram signal priority. This method entails considering
Publisher: the stochastic number of passengers boarding and alighting at stations with multiple lines.
Faculty of Transport Furthermore, tram delay calculation models at intersections are established and integrated
and Traffic Sciences, into an objective function. The main objective of this strategy is to enhance tram operation
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reliability and maximise tram operation efficiency while reducing the adverse impact of tram
priority on other vehicles at the intersection. A case study was conducted to evaluate the
effectiveness of the CRC method. The results indicate that the CRC technique significantly
improves tram operation reliability and efficiency.

KEYWORDS
tram control; robust optimal; operational reliability; public transit.

1. INTRODUCTION

The tram system operates along a dedicated lane within the general roadway, yet must share the right-of-way
with other vehicles at intersections. This semi-exclusive privilege necessitates interactions between trams and
other vehicles, compounded by stochastic dwell times at stations, resulting in an unpredictable tram operation.
Implementing signal priority control mechanisms at intersections constitutes an efficacious avenue towards en-
hancing the appeal and reliability [1] of tram services. Signal priority control methods include passive and active
priority strategies. Passive priority control [2] employs signal control schemes based on historical data without
requiring detection equipment at intersections, and its specific techniques include cycle length reduction and pha-
se splitting [3]. However, static signal control schemes often fail to accommodate variable traffic environments,
negatively affecting priority control efficiency and tram operational performance. In contrast, active priority [4]
utilises intersection detectors to capture vehicle information, thereby enabling the adjustment of signal control
schemes via priority strategies such as green extension, red truncation or phase insertion, which are more widely
applicable.

The concept of active priority encompasses two priority types, namely unconditional and conditional priority.
The former confers priority to every vehicle belonging to the target type, but an excessive number of priority
requests may interfere with signal coordination and disrupt other vehicles’ operation [5—7]. Thus, conditional
priority has been introduced and is predominantly applied in the realm of public transit priority control to enhan-
ce network and single-line reliability, as demonstrated by previous studies [8—11]. Historically, scholars have put
forward various methods to improve bus service quality, including signal priority control for late buses proposed
by Furth and Muller [12], and intersection signal timing adjustment based on traffic data collected by loop detec-
tors and vehicle location devices, resulting in maximised bus service reliability, as discussed by Chow et al. [13].
However, conflicts often arise due to multiple conflicting priority requests associated with bus signal priority,

Promet — Traffic& Transportation. 2023;36(1):177-192. https://doi.org/10.7307/ptt.v36i1.351



Promet — Traffic& Transportation. 2024;36(1):177-192. Transport Technology

which has prompted further research. For example, various novel approaches have been proposed to address
this issue, such as the multi-agent transit signal priority (TSP) control method for the network level problem
presented by Xu et al. [14], and the regional coordinated signal priority control method accounting for pedestrian
and passenger delay on the traffic network, presented by Li et al. [15]. A majority of research on bus priority has
been conducted within the framework of bus lanes, where space priority can reduce passenger delay while the
effectiveness of time priority hinges on the automatic adaptation level and signal setting, as demonstrated by Fa-
rid Yashar et al. [16]. To more accurately depict actual public transit operations, stochastic programming models
have been constructed, taking into account the randomness of public transit operations, as suggested by Truong
et al. [17], and heuristic approaches have been employed to solve these models, as explained by Pena et al. [18]
and Behbahani and Poorjafari [19].

In recent years, numerous studies have utilised signal priority control methods to enhance the operational ef-
ficiency and dependability of trams. These methods include adjusting signal timing at intersections, emphasising
on some quality of service indicators [20], such as minimising total tram travel time, which are used to reduce
negative impacts of signal priority control on other vehicles [21, 22], and decrease passenger waiting times [23].
As computer technology evolves, modern technologies have been incorporated into signal control methods. For
instance, Guo and Wang [24] and Zhang et al. [25] employ reinforcement learning techniques to investigate
signal priority control in modern trams, thereby decreasing the number of stops required by trams [26]. Since
trams are semi-exclusive right-of-way vehicles, their operation reliability is influenced by dwell time at stations.
To enhance the reliability of TSP under stochastic tram dwell time [27], schedule compliance is employed as a
reliability index to optimise multi-period tram schedules by adjusting signal timing at intersections [28].

Accurately predicting tram dwell time has been shown to enhance the reliability of tram operations through
various studies such as those conducted by Wang et al. [29] and Liu et al. [30]. To predict tram dwell time at
stations, Yang et al. [31] proposed a support vector machine model. Furthermore, Zhang and Guo [32] developed
simultaneous tram schedule and dispatch optimisations to achieve multiple objectives, including minimising
tram operation time. Zhou et al. [33] designed an integrated optimisation model based on tram schedule and
signal priority to minimise delay between trams and other vehicles caused by extending or inserting green pha-
ses for trams at intersections. Additionally, coordinated signal control can decrease the number of vehicle stops,
and Bai et al. [34] presented a coordinated signal control model for continuous intersections that accounts for
unique features of both trams and vehicles. This model is applicable to tram signal priority control at non-stop
intersections.

After conducting the aforementioned analysis, the majority of the research on tram signal control appears
to disregard the stochastic nature of tram dwell time, which is a critical factor that influences the dependability
of tram operations, ultimately affecting the effectiveness of signal priority control at intersections. Thus, it is
essential to incorporate the stochastic tram dwell time when administering tram signal priority control. Additio-
nally, in several studies, the number of passengers present at public transit stations is indeterminate, while this
information is available through the swiping rules at tram stations for most trams. Thus, integrating the precise
passenger count at the station during the prediction method of tram dwell time can significantly enhance the ac-
curacy of dwell time calculation. Lastly, most of the research that pertains to tram signal priority control focuses
on a solitary line, resulting in scenarios where a station may serve multiple lines being overlooked. Hence, there
is a need to develop a signal priority control method for tram dwell time at stations that service multiple lines.
The main contributions of this research are as follows:

1) To enhance the reliability of tram operations, new tram delay calculation models are formulated that con-
sider stochastic tram dwell time at intersections where there is an upstream station serving multiple tram
lines.

2) Using the newly formulated tram delay calculation models, a capped robust optimisation control method
for tram signal priority is proposed. This method is designed to optimise tram operational efficiency while
ensuring normal traffic operation at the intersection.

3) The effectiveness of the proposed tram delay calculation models is verified through simulation experi-
ments using actual intersection data. The results of the experiments demonstrate the effectiveness of the
method proposed in this paper.

The rest of this paper is organised as follows. The problem to be solved in this paper is described in Section
2. Section 3 formulated tram delay calculation models as function models for Section 4, which proposed the
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objective function and control process of the CRC method. In Section 5, the validation and availability of the
CRC method are proven by a case study. The conclusion of this paper is given in Section 6.

2. PROBLEM DESCRIPTION AND ASSUMPTIONS

To make transfers more convenient and facilitate a safe access to stops by crosswalks, tram stations are ty-
pically located near intersections. This study focuses on the scenario where the tram station is located upstream
of the intersection. However, to allow sufficient time for signal control adjustments, the tram detector must be
placed far upstream of the tram station, as depicted in Figure 1. The tram lane is a closed lane, free from distur-
bances from other vehicles on the road, and is regulated by signals at intersections. The lane is a medium-sized
lane, and the station is positioned in the middle of the road. Passengers enter and exit the station through the
crosswalk at the intersection. The detector placed upstream of the station detects the time when the tram arri-
ves at the detector. Additionally, the passenger swiping gate accurately records the number of passengers who

swipe in and out of the station, while the tram can detect the number of boarding passengers at each station and
record the total number of passengers onboard.
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Figure I — Research scenario

The formulation of a capped robust optimal control model for trams is based on several key assumptions.

1) The detection device onboard the tram can accurately record the number of passengers boarding and
alighting.

2) The equipment used to detect relevant information on the road is accurate and can transmit real-time data
to the signal controller, including the arrival time of the tram and the total number of passengers boarding
and alighting at the station.

3) The intersection experiences low tram traffic frequency with no conflicting priority requests.

4) Trams are prioritised during traffic flat peaks, and traffic flow is not congested at the intersection, so there
are no queues for the tram.

3. TRAM DELAY CALCULATION MODEL

In order to accurately implement tram signal priority control, it is necessary to calculate the delay that the

tram experiences at intersections. This information can then be used in combination with the signal control
state to adjust signal timing.

3.1 Tram operation process analysis

The tram travel time from the detector to the stop line is calculated as the sum of the tram’s driving time
from the detector to the stop line without any stops and the dwell time at the station, as shown in Figure 2. The
driving time from the detector to the stop line can be considered constant. However, the tram dwell time is

determined by the stochastic number of passengers that get on and off. This section will analyse tram operation
and formulate models to calculate the delay incurred by the tram at the intersection.
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Figure 2 — Tram operation process

Tram driving time from detector to stop line without delay (z) can be calculated by Equation 1.

(b ()

where [ is the distance from the detector to the stop line, v is the average operating speed of the tram on a
section of the track.

The tram dwell time ¢ at the station is determined by the time taken by passengers to get on and off, as well
as the time taken for the doors to open and close. The door opening and closing time is generally considered a
constant value ¢. This can be calculated using Equation 2:

to=a-(n, +n,)+q @)

where o refers to the average time of a passenger getting on or off, n represents the number of passengers
getting on, and n_ p is the number of those who are getting off. The time of the tram arriving at the intersection
(stop line) ¢, can be obtained by tram driving time and dwell time shown in Equation 3.

t,=t,+t, +1, 3)
where /£ is the time of the tram arriving at detector.

The tram delay at an intersection can be attributed to its arrival time and corresponding signal state. If the
signal state is green when the tram arrives, it can pass through without any delay. However, if the tram arrives
during a red signal, the delay can be calculated by subtracting the time of the tram arriving at the intersection
from the end time of the red signal. It is important to note that each signal cycle, which spans a duration of C,
starts with red and ends with green for trams as illustrated in Figure 3. The red signal lasts for r, and the green
signal lasts for g. The signal cycle during which the tram arrives at the detector is considered the first signal
cycle, with the sequence number of subsequent cycles incrementing over time.

J/ d
T T T T
Signal cycle 1 Signal cycle 2 Signal cycle m Signal cycle m+1

Figure 3 — Signal cycle

As shown in Figure 3, when the tram arrives at red in signal cycle 2, the tram delays ¢, at the intersection,
calculated by Equation 4.

0, Tram arriving at intersection during green

= “)
m-C—-g—t, else

where m is the signal cycle number, with the signal cycle corresponding to the time of tram arrival at the de-

tector as the first signal cycle.
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3.2 Tram delay expectation and variance calculation model

For the case of a station serving a single line. When the station only serves a single tram line, passengers
swipe their cards at the station. The number of passengers waiting to get on is known. Only the number of
passengers getting off at the station is stochastic. The number of passengers getting off the tram obeys binomial
distribution [23]. n is the number of passengers on the tram before arriving at the station. The probability of a
passenger getting off at the station is y, and the probability of n, - passengers getting off at the station is P{n
shown in Equation 5.

fo} ?

Pin,}=B(n,n,)- yh e A=y)" My =0,1,2... (5)

where B represents the calculation method of permutation and combination. Based on tram delay and its pro-
bability, tram delay expectation can be calculated based on discrete number of passengers getting off shown
as Equation 6.

E(t,)=)t,-Ping}t=> (m-C—g—t,)-B(n,n)-y"" -(1—y)""" (6)
o Mo
According to the variance calculation method of discrete distribution, tram delay variance D(z,) calculation
model at the intersection can be obtained by Equation 7.

D(t,)=E*(t,)—E(t,}) =) t,- Pin, 1) = > 1,2 Pn,,} (7
Mgy K
For the case of a station serving multiple lines. When a station serves multiple tram lines, passengers wa-
iting at the station may be waiting for different tram lines. As such, the number of passengers boarding each
arriving tram from the station is uncertain. For a specific tram, the number of passengers arriving at the station
follows a Poisson distribution [35]. The probability of & passengers waiting to board the target tram at the
station is P{k}.

(/1 . At)k . e—ltAt

Pk} = -

,k=0,1,2... (8)
where / is the passenger arrival rate at the tram stops for a specific tram route, Az is the headway between a
specific tram and the preceding tram of the same route, measured by the time of arrival at the station.

The total number of passengers waiting at the station should be allocated reasonably among the various
tram lines, taking into account the different possibilities of the number of passengers boarding each line. Tram
dwell time should be calculated based on the number of passengers boarding in order to estimate tram delay
expectation at the intersection.

Take the station serving two trams from different lines as an example to solve the number of passengers get-
ting on target tram and its probability. Suppose the two trams are tram A and tram B, respectively. Before target
tram A arrives at the station, NV passengers are waiting at the station. Among them, i passengers are waiting for
tram A with probability P(4)), and j passengers will get on tram B with the corresponding probability P(B).

If the number of passengers entering and leaving the station cannot be recorded, resulting in the total num-
ber of passengers at the station being unknown, there are infinite possible number combinations for passengers
to get on tram A and B, as shown in 7able 1. However, when the accurate total number of passengers at the
station can be transferred to the control centre, there are N+1 combinations for N passengers to get on. Only
when the total number of passengers waiting for tram A and B is N, it is in line with the reality. The selection
and corresponding possibility for the N passengers waiting at the station to get on trams is shown in the highli-
ghted part of Tuble 1.

The N passengers waiting for the two trams is recorded as event O, and probability of event O occurring
is P(O). The arrival of passengers for the two trams is independent. The number of passengers arriving at the
station for tram A and B obeys the Poisson distribution with two different parameters. The total number of pas-
sengers arriving at the station also follows the Poisson distribution due to Poisson distribution’s addition, and
its parameter is the sum of the Poisson distribution parameters of those two. It is considered that the number
of passengers arriving at station for tram A is subject to Poisson distribution P(4 -Az,), and that for tram B it is
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Table 1 — Selection of passengers and corresponding possibility
j 0 1 N-1 N N+1

0 P(A4,)P(B,) P(4,)P(B,) P(A4,_)P(B) P(4,)P(B,) P(4,,)P(B)
1 P(A4,)P(B)) P(4,)P(B)) P(4, )P(B) P(4,)P(B)) P(4,, )P(B))

N-1 P(4)P(B,_) P(4)P(B,_) P(4,, )P(B,._) P(4,)P(B,_) P(4,.)PB, )
N P(4,))P(B,) P(4))P(B,) P(4,_)P(B,) P(4,)P(B,) P(4,, )P(B,)

N+1 P(4,)P(B,.,) PA)P(B,.)) P(4,_)P(B,,) P(4,)P(B,. ) P(4,,)P(B,.)

subject to P(4,At,). Therefore, the total number of passengers arriving at the station follows Poisson distribu-
tion P(4 At + A, At)). Then, P(O) can be calculated by Equation 9.

(A - AL+ Ay Aty)Y - Ctianin)
N! ©9)

where 4, and 4, are the arrival rates of passengers at the station for trams A and B, respectively. Az, represents
the headway between tram A and last tram from the same line as tram A at the station. It has a similar meaning
for At,. According to the conditional probability theory, under event O, the probability of i(i<N) passengers
waiting for tram A and j(j<N) passengers waiting for tram B is P{n_}, written by Equation 10.

P(0) =

by P(AB)_PA)PB)
= o o)

The distribution and corresponding probability of boarding passengers at stations serving multiple lines
can be derived according to the case of a station serving two lines. When a station serving y lines is marked as

, i+ j=N) (10)

lines D"(h=1,2,3...y) and the probability of n, =i (i,<N) passengers waiting for line D'(h=1,2,3...y) is p(D"),
the probability of event O can be obtained by Equation 11. '

N S
j =D A,
Dh

Lo M

1 (11)

N+1
There are Z N’ combinations for passengers getting on at the station. In the event O, the probability of

N =0
i,(i,<N) passengers waiting for line D*(h=1,2,3...y) at the station is P{n_}, calculated by Equation 12, where

i, =N.
h

P(HDL’ ] [1r@)

Pin,} =——" =t

"} P(0) P(0) (12)
The expectation calculation model of the tram delay at the intersection when the upstream station is serving

multiple lines can be obtained by Equation 13.

E@t,)= Zztd 'P{no[f}'P{non}

Mon Mgy

12D (13)

= 2 mC g t,) Blnny )y (=)

n,,=0 Moy

Accordingly, the variance calculation model of tram delay at intersections E(¢)) can be obtained through
Equation 14.
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D(td):Ez(td)_E(tdz):[Zztd 'P{no//"}'P{nan}] - thz 'P{nq/f}'P{non

Mon Nofy on Moff
[1PoHY
= (m-C—g—t,) B(nn, )y -(L—y)" " e
Z; i P(0) (14)
[120)

> (m-C—g—t,)-B(n,ny)-y" -1=p)""" hPT

o Moy

4. CAPPED ROBUST OPTIMAL CONTROL METHOD

4.1 Objective function and constraints

This paper proposes a capped robust optimal control method to prioritise trams and enhance the reliability
of tram operations, based on the available data on the number of passengers waiting at the station. The objecti-
ve function of the proposed method comprises of three components. The first component aims to minimise the
tram delay expectation, thereby ensuring minimal delays for trams at the intersection. The second component
endeavours to minimise the variance in tram delay, which contributes to enhancing the robustness of the tram
operation process. The third part involves signal timing adjustments which brings negative impacts on other
vehicles at the intersection. This measure is imperative to restrict the duration of signal adjustment to mitigate
these negative effects.

f =min S, -EQt,)+ B, - D(t,) + B, - (Ag +Ar) (15)
s.t. B+B,+p,=1 (16)

Ag-Ar=0 * (17)
0<Ag<Ag,..AgeN (18)
0<Ar<Ar, ,AreN’ (19)

where f(i=1,2,3) is the weight coefficient of objective function. Equazion 16 defines the weight assigned to each
component of the objective function. To simplify the solution of multi-objective programming, a transforma-
tion is applied by weighting the components and treating it as a single-objective problem. Equation 17 specifies
that two priority control strategies, namely green extension and red truncation, are mutually exclusive. Further-
more, Equations 18 and 19 impose constraints on the maximum and minimum signal adjustment times, respecti-
vely, where the time values are integers measured in seconds.

4.2 Control process

As illustrated in Figure 4, the control centre receives input from variable parameters, historical statistics and
detectors. Signal priority is exclusively granted to trams that are scheduled to arrive later. The signal priority
time intervals are determined based on different strategies, with priority given to shorter intervals. Various si-
gnal control schemes with differing signal adjustment times are utilised, and the delay expectation and variance
for each scheme are computed. Both the expectation and variance are incorporated into the calculation of the
objective function. The optimal control scheme is selected by comparing the objective function values, and the
corresponding scheme with the minimum objective function is implemented at the intersection.

5. CASE STUDY

To investigate the efficacy of the CRC method proposed in this paper, a simulation platform was established
for a real intersection located in Shanghai. The intersection includes tram lanes situated at the centre of the
road, and the entire signal cycle lasts for 100 seconds with trams being allotted 30 seconds of green time and 70
seconds of red time. A tram station is positioned approximately 100 meters upstream of the intersection, whe-
rein a tram detector is installed to record the arrival times of trams. In the simulation, the number of passengers
waiting for the target tram, which serves multiple lines, conforms to a Poisson distribution with a parameter
of 10. Additionally, the count of passengers alighting at the station for the target tram line follows a binomial
distribution with an alighting rate of 10%.
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Figure 4 — Control process
5.1 Verifying the tram delay calculation model

To validate the proposed tram delay calculation models presented in Section 3, a series of experiments were
conducted to simulate the operation process of trams at stations serving both a single line and multiple lines.
The accuracy of the calculation models was verified by comparing the results obtained from the theoretical
models with actual samples. The theoretical expectation and variance of tram delays were calculated using the
tram delay calculation models outlined in Section 3. In the sample experiments, trams arrived at the detector
every second throughout the signal cycle, with varying numbers of passengers disembarking at the station.
This process was repeated 100 times to ensure statistical significance. Moreover, it was assumed that 15 pas-
sengers boarded the tram at the single-line serving station. For stations serving multiple lines, three scenarios
were examined, with total numbers of passengers waiting at the station set to 5, 15 and 25, respectively. These
scenarios aimed to capture different passenger loads at the station. By comparing the outcomes from the sam-
ple experiments with the theoretically calculated delays, the validity and accuracy of the tram delay calculation
models can be assessed, thus verifying the proposed approach.

Figure 5 presents a comparison between the expected tram delay and its variance derived from the sample
experiments and the theoretical calculations for trams at single-line serving stations. The results indicate that
the average tram delay observed in the samples follows a similar trend to the theoretical tram delay expecta-
tion, with negligible differences in values. A similar trend is also observed for the delay variance between the
sample experiments and the theoretical calculations. These observations provide strong evidence supporting
the claim that the calculation models accurately predict tram delays at intersections for stations serving a single
line.
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—— Delay expectation Delay variance

Figure 5 — Verification of the tram delay calculation model with a station serving a single line
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At stations serving multiple lines, the number of passengers boarding and alighting from the target tram is
a random process. Figure 6 illustrates results of average delay obtained from sample experiments and the theo-
retical delay expectation for different numbers of waiting passengers (V). By comparing the results in Figures 6a
and 6b, it is evident that the calculation model for tram delay expectation at intersections with stations serving
multiple lines can accurately predict the tram delay expectation. The model takes into account the stochastic
number of passengers boarding and effectively captures the variations in delay caused by differing numbers of
waiting passengers.
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£ 40 ) g 407
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Time tram detected [s] Time tram detected [s]
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—— N=5 N=15 N=25

Figure 6 — Verify of tram delay expectation calculation model with station serving multiple lines

The study presents an empirical investigation on the variance of tram delays at intersections and compares
them with theoretical results. The comparison is conducted under varying passenger loads at stations. The
findings reveal that the calculated variances from the proposed model in this paper are consistent with those
obtained through empirical observations, as depicted in Figures 7a and 7b. Thus, the results support the efficacy

of the proposed model for accurately estimating tram delay variance at intersections.
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Figure 7 — Verification of tram delay variance calculation model with a station serving multiple lines

The study focuses on an empirical investigation of tram delay variances at intersections and compares them
with the theoretical results obtained from the proposed model. The comparison takes into account different
numbers of passenger loads at stations to capture real-world scenarios. The findings of the study demonstrate
that the calculated variances from the proposed model align closely with the empirical observations of tram
delay variances. This is illustrated in Figures 7a and 7b, where the trends in the empirical variances match those
predicted by the theoretical model. These results provide strong support for the effectiveness of the proposed
model in accurately estimating tram delay variances at intersections.

5.2 Vehicle operation analysis

To assess the efficacy of the proposed control method in this paper, two comparative tests have been de-
vised in this section. The first test involves an experiment conducted with no optimal control (NC), wherein
the signal control scheme remains unaltered. In the second test, the total number of passengers at the station
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is unknown, and the number of passengers boarding the target tram conforms to Poisson distribution without
upper limit, thereby it is referred to as the infinite robust optimal control method (IRC).

For the case of a station serving a single line. Figure 8 illustrates the delay expectation of trams under three
distinct control methods. The data indicates that the CRC method exhibits superior efficiency in reducing tram
delays, manifesting in nearly every second of the complete signal cycle. In contrast, the IRC method demon-
strates limited effectiveness, solely operating within a truncated interval, that is, between the 100- and 120-se-
cond marks in Figure 8. The heightened accuracy of the CRC method in predicting the arrival time of trams at
stop lines grants signal controllers greater capability to implement effective priority control schemes, which, in
turn, serve to minimise tram delays.

Figure 8 showcases tram delay expectation under three different control methods. The data presented indi-
cates that the CRC method surpasses the other methods in terms of efficiency and reduction of tram delays
throughout the complete signal cycle. This is evident in the nearly continuous improvement in delay reduction
observed with the CRC method. On the other hand, the IRC method demonstrates limited effectiveness, with
its impact restricted to a specific time interval, as shown between the 100- and 120-second marks in Figure 8.
This suggests that the IRC method may not be as effective in minimising tram delays compared to the CRC
method. The heightened accuracy of the CRC method in predicting tram arrival times at stop lines plays a cru-
cial role in enabling signal controllers to implement more effective priority control schemes. As a result, tram
delays are minimised, leading to improved efficiency in tram operations.
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Figure 8 — Tram delay expectation when station serves a single line

The findings presented in Figure 9 demonstrate the delay variance outcomes resulting from tram arrivals
during successive signal cycles under three distinct control methods. Specifically, these results indicate that
the implementation of the IRC method is associated with an increase in tram delay variance within the 100 s to
120 s period, while offering no meaningful reduction in delay variance across other periods. Conversely, em-
ployment of the CRC method yields a significant reduction in tram delay variance, with notable improvements
observed within the 88 s to 103 s period. This outcome is attributed to the optimised control scheme which
effectively reduces and shifts the peak of delay variance.
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Figure 9 — Tram delay variance when station serves a single line
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Tuble 2 delineates the signal control strategies and associated performance indices of various control me-
thods in the time interval of 100 s to 140 s, presenting the information in a more comprehensible manner. The
table demonstrates that during the period of 100 s to 115 s, a minor modification of signal timing utilising the
CRC method can substantially diminish the expected delay and variance of tram transportation. For instance,
at 105 s, employing a priority time of 15 s can reduce the anticipated delay by approximately 61 s. Conversely,
under the IRC approach, the expected delay remains constant as the priority time increases, while the delay
variance is even larger than that of the NC method. From 120 s to 135 s, the priority time of the CRC technique
is significantly shorter than that of the IRC method, yet the use of IRC fails to mitigate the delay in compari-
son with the utilisation of NC, which indicates its ineffectiveness during this interval. Through calculating the
average value of tram priority control within two consecutive signal cycles, the CRC method delivers a more
substantial reduction effect on delay expectation and variance with less signal adjustment.

Table 2 — Control scheme and performance index

t(s) | 100 | 105 | 110 | 115 | 120 | 125 | 130 | 135 | 140 | Average(s)

NC | 30 | 30 | 30 | 30 | 3 | 30 | 30 | 3 | 30 30

Gree[‘;]ﬁme IRC | 30 35 40 | 45 44 | 45 44 45 39 38.9

CRC | 44 | 45 | 44 | 45 | 39 | 39 | 39 | 39 | 39 38.5

NC | 70 | 70 | 70 | 70 | 70 | 70 | 70 | 70 | 70 70

Red[‘st]ime IRC | 70 65 60 55 56 55 56 55 61 61.1

CRC | 56 | 55 | 56 | 55 | 6l 61 61 61 61 61.5
NC 0 0 0 0 0 0 0 0 0 0

Pri"ri[g time IRC | o 5 10 | 15 | 14 | 15 | 14 | 15 9 8.9
CRC | 14 | 15 | 14 | 15 9 9 9 9 9 8.5

NC | 374 | 614 | 582 | 53.1 | 487 | 432 | 375 | 33.7 | 286 24.4

Delay e’[‘ge“ation IRC | 374 | 333 | 344 | 315 | 47.6 | 432 | 375 | 33.7 | 196 17.8

CRC | © 05 | 13.1 | 315 | 397 | 342 | 285 | 247 | 19.6 11.2

NC | 327 | 115 | 44 | 39 | 39 | 42 | 44 | 40 | 45 6.9

Delay [VS Tiance IRC | 327 | 303 | 271 | 248 | 779 | 42 | 44 | 40 | 45 9.8
CRC | o 53 | 229 | 248 | 39 | 42 | 44 | 40 | 45 43

Figure 10 illustrates the delay incurred by other traffic participants and signal adjustments at the intersection
under different control techniques. The employment of the CRC method results in a more substantial reduction
effect on tram delay expectation (E) and variance (V), with less impact on other vehicles compared to the IRC
method. Although the signal adjustment (SA) time for the CRC approach is slightly shorter than that of the
IRC method, at 8.5 s and 8.9 s, respectively, their impact on car delay (CD) at the intersection is almost indi-
stinguishable, increasing the average car delay by roughly 1.2 s, which is equivalent to 4.2%. As for passenger
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Figure 10 — Traffic operation of intersection
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delay (PD), both control methods produce a similar beneficial effect, significantly decreasing passenger delay
compared to using the NC.

For the case of a station serving multiple lines. In the simulation experiments involving stations that serve
multiple tram lines, situations arise where two different trams, namely tram A and tram B, both from different
lines, dwell at the station in succession. The Poisson distribution parameter for passenger arrivals at the station
for tram A is denoted as 10, whereas the parameter for the total number of passengers arriving at the station for
the two trams is represented by 12.75. Figure 11 demonstrates the expected delay times of tram A under various
control methods, given differing total numbers of passengers waiting at the station. It is apparent that when
there are either 5 or 25 passengers waiting, the CRC approach is more effective in reducing tram delay expec-
tations. Nevertheless, when the total number of passengers waiting at the station is closest to the parameter of
the Poisson arrival distribution for tram A, which is 15, the IRC method performs optimally. In contrast, the
IRC method fails to provide an accurate prediction of tram dwell time during certain time periods when the
total number of passengers waiting is either 5 or 15.
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Figure 11 — Tram delay expectation with a station serving multiple lines

Figure 12 illustrates the variance of tram delay for tram A with respect to varying total numbers of passen-
gers waiting at the station. It is evident that when there are only 5 passengers waiting, the peak of tram delay
variance under the CRC method shifts backwards due to a reduction in travel time resulting from green light
extension, which delays the meeting time between the tram and red light. Moreover, the use of the CRC me-
thod leads to a more significant decrease in extreme tram delay variance. Prior to the occurrence of maximum
variance (which typically happens between 10 s and 30 s, and again between 110 s and 130 s), the control effect
of the IRC approach is consistent with that of the CRC method. However, after the maximum value is reached,
the red truncation of the IRC method only alters the delay expectation without affecting the variance, thus
yielding results similar to those obtained with the NC method. When the total number of passengers waiting at
the station is 15, the effects of the two control methods are quite similar. Finally, when there are 25 passengers
waiting, the optimisation effect of the CRC method remains stable, whereas the use of the IRC method leads
to partial failure, resulting in an increase in tram delay variance.
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Figure 12 — Tram delay variance when station serves multiple lines
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Figure 13 presents a comparative analysis of tram stop count at an intersection utilising different control me-
thods, considering varying numbers of passengers waiting at the station. The results indicate that both optimal
control techniques can diminish the lower quartile of tram stop count under diverse scenarios. When the count
of passengers waiting at the station is at 15, the utilisation of IRC and CRC yields comparable distributions of
tram stop count, significantly reducing the median number of tram stops. However, when the passenger count
at the station alters to 5 or 25, the influence of IRC on median number of tram stops is indistinct. Unlike IRC,
CRC proves to be more efficient in signal priority control for trams approaching the intersection, thus notably
decreasing the median number of tram stops.
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Figure 13 — Number of tram stops when a station serves multiple lines

Figure 14 presents a comparison of different priority control methods in terms of their impact on priority time
and delay reduction. Our findings reveal that the CRC approach exhibits a horizontal comparison, indicating
its ability to adjust signal priority control schemes while ensuring their effectiveness across various passenger
traffic volumes at the station. Specifically, when the green extension time is consistently maintained at 15 s, the
CRC method reduces tram delays by approximately 50 s to 60 s, with the red truncation time almost equivalent
to the value of tram delay reduction. On the other hand, the IRC signal scheme remains unaltered even under
varying passenger traffic volumes at the station, thereby becoming susceptible to failure scenarios where signal
priority control fails to reduce intersection delays. For example, when the total number of passengers at the
station is five, the use of IRC results in no significant reduction in tram delay from 85 s to 110 s, as shown in
Figure 14.

00— =sorirc | ¥ A=sofikc | 3 N=25of IRC
60 60 60
40 40 40
p B ZOXU—\JD(-HJ
=0 \/ 0 [ hY ﬂ'\A 0 N i
© 0 100 200 0 100 200 0 100 200
£
= 80 N=5ofCRC | 80 N=150fCRC | 80 [ A=25ofCRC
60 60 60
40 40 40
20 20 20
0 ' \ o 3 V. — S
0 100 200 0 100 200 0 100 200
green extension time -------- red truncation time delay reduction

Figure 14 — Delay reduction and priority time when a station serves multiple lines

Table 3 illustrates the operational performance of trams and cars under varied control methods for different
total waiting numbers at the station. The comparative analysis reveals that, when the total number of passen-
gers is above or below the average threshold, the CRC method outperforms the IRC method in reducing tram
delay expectation substantially. Car delay is pretty much close in all cases, which means the control methods
have little negative impact on other vehicles at the intersection. Especially, both car delay and bus delay expec-
tation under CRC are lower compared to IRC, proving that the CRC method performs better than the IRC
method. At the same time, among the three different passenger volumes observed, the CRC approach yields

189



Promet — Traffic& Transportation. 2024;36(1):177-192. Transport Technology

greater delay reduction through minor signal adjustments, with minimal adverse effects on other vehicles at
the intersection. In contrast, the invariant signal adjusting approach utilised by the IRC method suggests a lack
of flexibility, making it difficult to cater to random factors that often occur during tram operations. In 7able 3,
values for delay expectation are very close in the three control methods for 5, 15 and 25 passengers, which is
because the number of passengers waiting at tram station only influences the time of tram arriving at stop line
and changes the time delay occurring. Delay expectation is the average tram delay at the intersection, thus they
are close. Based on the above analysis, the CRC method, which generates signal control strategies based on
varying passenger numbers at the station, ensures the reliability of trams at intersections.

Table 3 — Traffic operation of intersection when a station serves multiple lines

Number of Control Delay Delay variance | Priority time Car delay
passengers method expectation [s] [s] [s] [s]
NC 24.34 7.60 0 28.21
N=5 IRC 15.26 3.44 9.56 29.61
CRC 11.36 4.78 8.34 29.38
NC 24.39 8.72 0 28.21
N=15 IRC 11.24 6.06 9.56 29.61
CRC 11.66 5.50 8.59 29.43
NC 24.44 9.74 0 28.21
N=25 IRC 15.16 11.23 9.56 29.61
CRC 11.74 6.05 8.68 29.44
6. CONCLUSION

This paper presents a capped robust optimisation control method to address the failure of tram signal
priority control at an intersection that arises from the stochastic operation time of trams caused by random
dwell time. The proposed method focuses on tram dwelling control at stations serving multiple lines. We have
established models for calculating tram delay expectation and variance, which consider the stochastic number
of passengers boarding and alighting at the station. The objective function incorporates the tram delay expec-
tation and variance in solving the tram signal priority control scheme at the intersection. This approach aims to
achieve accurate and efficient tram priority while minimising delay for other vehicles at the intersection. The
case analysis verifies the accuracy of the tram delay expectation and variance calculation models and evaluates
the optimisation effect of the capped robust optimisation control method on tram delay.

Despite its efficacy in addressing tram signal priority control problem, the proposed method has some limi-
tations. For instance, it only considers the signal priority request of a single tram without accounting for mul-
tiple priority request conflicts. In addition, certain constants used in the model, such as the rate of passengers
alighting from the tram are mainly obtained from historical data, which may not accurately reflect real-time
situations. These limitations will be addressed in future studies.

REFERENCES

[1] Hao YX, et al. Increasing capacity of intersections with transit priority. Promet — Traffic& Transportation.
2016;28(6):627-637. DOI: 10.7307/ptt.v28i6.1999.

[2] Sunkari Srinivasa R, et al. Model to evaluate the impacts of bus priority on signalized intersections.
Transportation Research Record. 1995(1494):117-123.

[3] Vujic M, et al. Pilot implementation of public transport priority in the city of Zagreb. Promet —
Traffic& Transportation. 2015;27(3):257-265. DOI: 10.7307/ptt.v27i3.1735.

[4] Kim H, et al. Variable signal progression bands for transit vehicles under dwell time uncertainty and traffic queues.
IEEE Transactions on Intelligent Transportation Systems. 2019;20(1):109-122. DOI: 10.1109/tits.2018.2801567.

[5] DionF, et al. Integration of transit signal priority within adaptive traffic signal control systems. 2005.

[6] Wang Z, et al. Traffic signal priority control based on shared experience multi-agent deep reinforcement learning.
IET Intelligent Transport Systems. 2022. DOI: 10.1049/itr2.12328.

190



Promet — Traffic& Transportation. 2023;35(5):177-192. Transport Technology

[71 LiuJH, et al. Modelling and simulation of cooperative control for bus rapid transit vehicle platoon in a connected
vehicle environment. Promet — Traffic& Transportation. 2017;29(1):67-75. DOI: 10.7307/ptt.v29i1.2024.

[8] Jing WW, et al. Route redundancy-based approach to identify the critical stations in metro networks: A mean-
excess probability measure. Reliability Engineering & System Safety. 2020;204:11. DOI:
10.1016/j.ress.2020.107204.

[9] Barahimi AH, et al. Multi-modal urban transit network design considering reliability: Multi-objective bi-level
optimization. Reliability Engineering & System Safety. 2021;216:14. DOI: 10.1016/j.ress.2021.107922.

[10] Liang SD, et al. Optimal control to improve reliability of demand responsive transport priority at signalized
intersections considering the stochastic process. Reliability Engineering & System Safety. 2022;218:13. DOI:
10.1016/j.ress.2021.108192.

[11] ZhouY, et al. Sequential imperfect preventive maintenance model with failure intensity reduction with an
application to urban buses. Reliability Engineering & System Safety. 2020;198:11. DOI:
10.1016/j.ress.2020.106871.

[12] Furth PG, Muller THJ. Conditional bus priority at signalized intersections: Better service with less traffic
disruption. Transportation Research Record. 2000;1731(1):23-30.

[13] Chow AHEF, et al. Multi-objective optimal control formulations for bus service reliability with traffic signals.
Transportation Research Part B: Methodological. 2017;103:248-268. DOI: 10.1016/j.trb.2017.02.006.

[14] Xu MT, et al. Multi-agent fuzzy-based transit signal priority control for traffic network considering conflicting
priority requests. I[EEE Transactions on Intelligent Transportation Systems. 2022;23(2):1554-1564. DOI:
10.1109/tits.2020.3045122.

[15] LiJL, et al. Regional coordinated bus priority signal control considering pedestrian and vehicle delays at urban
intersections. /[EEE Transactions on Intelligent Transportation Systems. 2022;23(9):16690-16700. DOI:
10.1109/tits.2021.3105656.

[16] Farid Yashar Z, et al. An analytical model to conduct a person-based evaluation of transit preferential treatments
on signalized arterials. Transportation Research Part C: Emerging Technologies. 2018;90:411-432. DOI:
10.1016/j.trc.2017.12.010.

[17] Truong LT, et al. Coordinated transit signal priority model considering stochastic bus arrival time. /EEE
Transactions on Intelligent Transportation Systems. 2019;20(4):1269-1277. DOI: 10.1109/tits.2018.2844199.

[18] Peia D, et al. A novel multi-objective optimization approach to guarantee quality of service and energy efficiency
in a heterogencous bus fleet system. Engineering Optimization. 2022:1-17.

[19] Behbahani H, Poorjafari M. Proposing a kinematic wave-based adaptive transit signal priority control using
genetic algorithm. JET Intelligent Transport Systems. 2023;17(5):912-928. DOI: 10.1049/itr2.12316.

[20] Matulin M, et al. Two-level evaluation of public transport performances. Promet — Traffic& Transportation.
2011;23(5):329-339. DOI: 10.7307/ptt.v23i5.151.

[21] Shi J, et al. Joint optimization of tram timetables and signal timing adjustments at intersections. Transportation
Research Part C: Emerging Technologies. 2017;83:104-119. DOI: 10.1016/j.trc.2017.07.014.

[22] HeJ, et al. An optimization model of tram timetables considering various signal priority strategies. Scientific
Reports. 2022;12(1):1-16.

[23] JiY, et al. An integrated approach for tram prioritization in signalized corridors. /EEE Transactions on Intelligent
Transportation Systems. 2020;21(6):2386-2395. DOI: 10.1109/tits.2019.2918204.

[24] Guo G, Wang Y. An integrated MPC and deep reinforcement learning approach to trams-priority active signal
control. Control Engineering Practice. 2021;110. DOI: 10.1016/j.conengprac.2021.104758.

[25] Zhang L, et al. Schedule-driven signal priority control for modern trams using reinforcement learning. CICTP
2017: Transportation Reform and Change—Equity, Inclusiveness, Sharing, and Innovation: American Society of
Civil Engineers Reston, VA; 2018. p. 2122-2132.

[26] Sadollah A, et al. Management of traffic congestion in adaptive traffic signals using a novel classification-based
approach. Engineering Optimization. 2019;51(9):1509-1528. DOI: 10.1080/0305215x.2018.1525708.

[27] LilJ, et al. A two-stage stochastic optimization model for integrated tram timetable and speed control with
uncertain dwell times. Energy. 2022;260. DOI: 10.1016/j.energy.2022.125059.

[28] JiY, et al. Coordinated optimization of tram trajectories with arterial signal timing resynchronization.
Transportation Research Part C: Emerging Technologies. 2019;99:53-66. DOI: 10.1016/j.trc.2019.01.008.

[29] Wang C, et al. Modeling bus dwell time and time lost serving stop in China. Journal of Public Transportation.
2016;19(3):55-77. DOI: 10.5038/2375-0901.19.3.4.

[30] Liu XD, et al. Impact of different bus stop designs on bus operating time components. Journal of Public
Transportation. 2017;20(1):104-118. DOI: 10.5038/2375-0901.20.1.6.

[31] Yang M, et al. A coordinated signal priority strategy for modern trams on arterial streets by predicting the tram
dwell time. KSCE Journal of Civil Engineering. 2017;22(2):823-836. DOI: 10.1007/s12205-017-1187-4.

191



Promet — Traffic& Transportation. 2024;36(1):177-192. Transport Technology

[32]

Zhang T, Guo Z. The optimization of tram schedule under semi-exclusive right-of-way. 2021 IEEE 6th
International Conference on Cloud Computing and Big Data Analytics (ICCCBDA). 2021. p. 166-172. DOI:
10.1109/icccbda51879.2021.9442610.

Zhou W, et al. Integrated optimization of tram schedule and signal priority at intersections to minimize person
delay. Journal of Advanced Transportation. 2019;2019:1-18. DOI: 10.1155/2019/4802967.

Bai Y, et al. Traffic signal coordination for tramlines with passive priority strategy. Mathematical Problems in
Engineering. 2018:1-14. DOI: 10.1155/2018/6062878.

Zhao X, et al. Modeling a modern tram system integrated with a road traffic simulation. Simulation-Transactions
of the Society for Modeling and Simulation International. 2018;94(1):77-90. DOI: 10.1177/0037549717734420.

KNAAS, VL, IR, 2R
FE ] A5 5 ] 52 SO, A s R ) ELIR AT 3 725 B AR R L DA

HIRAE B2 B (CAVs) AN AC il TR GURAIH RS . 1 ACAVs H K
WEDIReZ —, BUEHRIGHE 15 AR A DA S B2 KRG . 7y B AP #E
K R HCAE T S50 3828 7 T FR) 7 2 A ARG A T B i s2 Wi o 38 e 4R 28 73 B Uk
FEAFCAVS RIS LB E TSN, ] DASE A SR @ WO 3o AR FCIR N T
P [ AR T IR IR o BO B R (0 2 1 SR o D T I 4 ) S
BOR, AWFFRBE T AR EEE S X5, FFSEIL T CAVSFEA [ Al 7 3K
P R R A1) R B 23 B R R R D . 45 SRR, PR B4 o) SR AE AN [F) A2
37 T R AR E PR, U AR AR BT S E H A BN R B

] :
HICR B 20 2 30 250, Puliith, [EeE s XA, ERGER

192



