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Discrete event model-based simulation for train movement
on a single-line railway”
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The aim of this paper is to present a discrete event model-based approach to simulate train movement with the con-
sidered energy-saving factor. We conduct extensive case studies to show the dynamic characteristics of the traffic flow and
demonstrate the effectiveness of the proposed approach. The simulation results indicate that the proposed discrete event
model-based simulation approach is suitable for characterizing the movements of a group of trains on a single railway line
with less iterations and CPU time. Additionally, some other qualitative and quantitative characteristics are investigated. In
particular, because of the cumulative influence from the previous trains, the following trains should be accelerated or braked
frequently to control the headway distance, leading to more energy consumption.
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1. Introduction

Train movement related to operation safety, energy con-
sumption, and train timetables, etc., has attracted a lot of atten-
tion from researchers.!!'=> From the energy saving perspective,
when a train is running on a railway line, its mass and the rail-
way conditions are fixed. Therefore, the energy consumption
of this train is determined by its speed profile to a large ex-
tent. For this case, Howlett and Pundney!!! presented lots of
studies on energy-efficient train control. Considering the con-
tinuously varying gradient on the railway track, Howlett and
Cheng!?! investigated optimal driving strategies for a single
train. Further, Howlett®! studied the determination of an op-
timal driving strategy for the train control problem with the
consideration of a generalized equation of motion.

For the energy saving movements of a group of trains,
Yang et al.'¥ applied a discrete-time movement model to sim-
ulate the traffic flow on a single railway line, where some
stochastic disturbances were also taken into account, and the
simulation time step was fixed. Ye and Lil>! considered the en-
ergy saving speed profile and simulated the train movement on
a single-track by using the car-following model. Li and Fan'®!
investigated the relationship between energy consumption and
train delay in railway traffic by using an improved cellular au-
tomation model. Moreover, for simulating the train traffic on a
railway network, Li and Guan!”! applied a random walk model
in their simulation. Considering the global information of a
railway network, Yang et al.!® formulated an efficient mathe-
matical model to optimize train movement strategies, where a
genetic algorithm was used to search for the optimal solution.
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In addition, for more studies about optimizing the schedule of
a group of trains, we can refer to Higgins et al.,’°! Zhou and
Zhong,“m Yang et al,," Xu et al.,l'? and Yang et al 113.14]
For more details about energy consumption and exhaust emis-
sion of transportation, we can refer to Tang et al.[1>-17]

It is obvious that most simulation approaches for train
movement are developed based on the discrete time model,
which leads to lots of simulation steps. However, the inter-
actions among trains can be concluded in a few categories,
such as controlling the safety margin and changing the oper-
ating mode. That is, if those discrete events can be grasped
entirely, and the corresponding movement strategies can be
designed at each event, the simulation procedure may be accel-
erated because the simulation time step is greater than that in
a discrete time model. Therefore, compared with the discrete
time model-based (DTM-based) simulation approach, the sim-
ulation method, which involves a discrete event model, may
reduce the iterations and CPU time for the same problem to
a great extent. This assumption has been proved by Dort-
man and Medanic,!'8) Li et al.,1'") and Xu et al.,'?°! Dorfman
and Medanic!'®! developed a local feedback-based travel ad-
vance strategy (TAS) by using a discrete event model (DEM)
of train advances along railway lines. Li et al.!"! improved
the TAS method by considering two kinds of collisions among
the trains: relative deadlocks and absolute deadlocks. In order
to search for a balanced schedule with the lowest delay-ratio,
Xu et al.®”! modified some advance strategies in TAS and
optimized train velocity. However, few researches involved
a DEM model, which may accelerate the simulation of the
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train flow on a single railway line, that were used to graph
the dynamic characteristics of the train flow. Therefore, to in-
vestigate train movement more quickly, in this paper we shall
present a new simulation approach for the train movement on
the basis of a discrete event model, denoted by the DEM-based
simulation approach.

The rest of this paper is organized as follows. In Sec-
tion 2, the basic knowledge for energy-saving train control
is introduced. A discrete event model-based simulation ap-
proach will be proposed in Section 3. To demonstrate the pro-
posed model and approach, some numerical simulations are
presented in Section 4. Lastly, a conclusion is drawn in Sec-
tion 5.

2. Energy-saving train control model

In practice, for railway companies, it is better to reduce
the energy consumption as much as possible. Generally speak-
ing, energy consumption is related to the train’s mass and
speed profile. Specifically, train movement consists of four
operating modes: acceleration with traction, cruising, coast-
ing, and deceleration with braking, where phases of acceler-
ation and cruising cause energy consumption, and the energy
consumption in coasting and deceleration is zero.

As we know, the resistance in the cruising phase is small.
If the train overcomes the resistance, the train’s speed will be
a constant, which leads to less energy consumption. That is to
say, without the considerations of gradient and specific speed
limit, the procedure that a train firstly accelerates its speed to
an appropriate value, called cruising speed, and then retains
the cruising speed before its braking, is an optimal train move-
ment mode for energy saving. !> Figure 1 illustrates the afore-
mentioned train speed profile, where A is the start position and
B is the destination of the train. In what follows, we shall
introduce the above optimal speed profile in detail. Some pa-
rameters are listed in Table 1, which may help us to describe
and understand the problem more conveniently.

A speed
cruising
§ _____
I I deceleration
| |
acce:leration :
| |
| | position
; ; 1 >
S1 89 83
A p1 P2 B

Fig. 1. A simple optimal speed profile.

Table 1. Subscripts and parameters used in formulation.

Symbol Definition Symbol Definition
F maximum traction force/unit mass R running resistance/unit mass
B maximum braking force/unit mass Ver cruising speed
M the mass of train T section trip time
L length of the section AB E total energy consumption

Let #1, 1, and 13 be the acceleration time, cruising time,
and braking time, and s1, s», and s3 the acceleration distance,
cruising distance, and braking distance, respectively. For sim-
plicity, we assume that the train acceleration and deceleration
are constants whose values are F' — R and B + R, respectively.
Then the following equations can be concluded

1= v%r/z(F 7R)a
so=L—v%/2(F—R)—v2/2(B+R), ()
3 = Vgr/Z(B—FR),
and
H= vir/(F—R),
= T(L_vgr/z(F _R) _vgr/z(B+R)>7 (2)
cr
3= vcr/(B—i-R).
From the time perspective, T = t; + t, + t3, according to
Egs. (2), we have

Ver Ver L

2(F—R) + 2(B+R) e

=T. 3)

From Eq. (3), we obtain the solutions of v,

_ T+\/T>-2(F+B)L
T (F—R)+1/(B+R)’

4
if 72 —2(F + B)L > 0. In the real world application, we know
that the longer T is, the smaller v, will be, so we choose v, as

_ T—\/T2—2(F+B)L
1/(F-R)+1/(B+R)’

Further, in order to guarantee the reality of v, we set

Tnin = V 2(F+B>L, (6)

which is defined as the minimum section trip time, that is, the

&)

Ver

trip time for a train on the section should not be less than Tyip.
Besides, positions p; and p, in Fig. 1 are named switching
points.

Let parameter e, be the energy consumption of a train at
the x-th meter from position A, thus e, = f(x) * M * 1, where
f(x) represents the traction force for the train at x-th meter.
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Take the speed profile in Fig. 1 as an example, for different
positions, we have

F, if0<x<py,
R, if py <x < pa, @)
0, otherwise.

fx) =

Therefore, the total energy consumption E for the train at sec-
tion AB can be calculated as

L P1 P2
E:/ exdxz/ Fdex—|—/ RMxdx. (8)
0 0 p1+1

Remark 1 In fact, equation (8) denotes the work that the
train does at section AB. According to the energy-conservation
equation and the locomotive traction efficiency, the volume of
fuel or electricity (i.e., energy consumption), which is directly
proportional to E in Eq. (8), can be calculated. For simplicity,
we use E to indicate the energy consumption.

3. Discrete event model-based simulation ap-
proach

3.1. Determination of a discrete event

From the macroscopic perspective, if there is no distur-
bance when a train runs on a section, this train’s speed will
track the speed profile as shown in Fig. 1 to save energy, and its
cruising velocity is v.;. However, if there are at least two trains
on the same section simultaneously, the following train(s) may
be influenced by the previous train(s). In order to keep the
safety margin, denoted by SM, between the focus train and
its previous train, the focus train may be forced to reduce its
speed. Thus, the focus train cannot finish its trip during the
pre-planned section trip time. For this case, the rest of the trip
of the focus train on its section can be set as a new virtual sec-
tion and the trip time of this new section can be determined
according to Eq. (6), which can help the focus train to finish
its trip as soon as possible. It should be pointed out that there
may be more than one virtual section in a real-world section
because of the multi-influence from previous trains, and the
cruising velocities in different sections are different.

Suppose that train i — 1 is the previous train and train i
is the following train, N is the scalar number of trains, ¢ is
the current system time, section k links station k and station
k+ 1 and its length is Ly, the section trip time on section k is
Tk, xi is the position of station &, s;(z), vi(¢), m;(¢), a;(¢), and
b;(t) are the position, velocity, operating mode, acceleration,
and deceleration of train i at time ¢, respectively, and iy, is the
cruising velocity in a virtual section. Notation m;(f) = 1,2, 3,
respectively represent train i in the acceleration phase, cruising
phase, and braking phase. Based on the aforementioned anal-
ysis, we categorize the trains on a section into two classes:
leading trains and following trains. We develop Algorithms 2
and 3 to simulate the movements for the above two groups of

trains, respectively. Besides, Algorithm 1 is designed to pre-
pare the necessary foundation data.

In this paper, we roughly determine three kinds of dis-
crete events: (i) a train arrives at or departs from a station; (ii)
the distance between train i and train i — 1 is close to the given
critical value; and (iii) a train changes its operating mode. Let
At; be the time interval between one discrete event and its next
discrete event for train i. Take Fig. 1 as an example. The train
leaving station A is a discrete event, and the train changing
its operating mode from acceleration to cruising at position
p1 is also a discrete event. Besides, because of the influence
from the previous train(s), some special discrete events should
be identified in the simulation procedure. For more details, we
can refer to the developed algorithms given below, and figure 2
illustrates the flowchart of these algorithms.

Algorithm 1

Step 1 Calculate v, according to Eq. (5), where L = L.
and T =Tg;

Step 2 Calculate the maximum braking distance sb =

v2./2a;(t) and braking distance sbmin = +/v;(t)%/2a;(t).

Algorithm 2

Step 1 If xiq — s;(¢) > sbmin, go to step 2, else if
Xir1 — 8i(t) < sbmin go to step 3;

Step 2 If v;(¢) < ver, go to step 2.1; else if v;() = v, go
to step 2.2;

Step 2.1 m;(r) = 1, Aty = (ver — vi(2))/ai(t), go to
step 4;

Step 2.2 m;(t) =2, At; = (X1 — 8i(t) — sbmin) [ver,
go to step 4;

Step 3 If iy = 0 and v;(¢) > 0, go to step 3.1; else if
Iver > 0 0r v;(f) =0, go to step 3.2;

Step 3.1 m;(¢) =3, At; = v;(t)/bi(t), go to step 4;

Step 3.2 If v;(r) = 0, calculate iy, according to Eq. (5),
where L = L — (s;(t) — x¢) and T = Ty, (see Eq. (6)), calcu-
late braking distance sbb = \/m ;

Step 3.3 If x 1 —s; > sbb, go to step 3.4, else if
Xk+1 — Si < sbb, go to step 3.5;

Step 3.4 If v;(t) < vgr, update m;(t) = 1, At; = (iyer —
vi(t))/ai(t); else if v;(t) = ver, update m;(t) = 2, At; = (X1 —
8i(t) — sbb) [ver, o to step 4;

Step 3.5 m;(¢) =3, At; = v;(t)/b;i(t), go to step 4;

Step 4 Output m;(t), At;, and iycy.

Algorithm 3

Step 1 If 5;_1(r) —s;(t) > sbmin+ SM, go to step 2; else
if si_1(t) —si(t) < sbmin+SM and s;_, (t) — s;(¢t) > SM, go to
step 3; else if s;_1 (¢) — s;(¢) < SM, go to step 4;

Step 2 If v;(¢) < ver, go to step 2.1; else if v;(¢) = ver, g0
to step 2.3;

Step 2.1 m;(t) = 1, At; = (ver — vi(t)) /ai(t); consider
the previous train, we give a parameter dt, which can be writ-
ten in the following form:
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(SM = 5i1(t) +si(2))/ (Vi1 —

vi(t)), if m,',l(t) = 17

dt = ((Vcr _Vi(t)) - \/(VCT - vi(t))z -

2a:(1) (SM — si_1 (1) +5:1(0))) Jai(t), if mi_1 () =2,

((si1(2) = si(t)) = v/ (ver —vi(1))? —

Step 2.2 Az; = min(At;, dr), go to step 5;
Step 2.3 m;(t) =2, At; = (X1 — si(t)

Zbi(l)(SM—Si_l(l) —‘rS,'(l‘)))/b,'(l), if m,-_l(t) =3.

—12./(2b(t)))/Ver; consider the previous train, we have

(it) = vie1 (1)) =/ (ver —vi(1))? =

dt =< Ati_y, if mi_y(t) =2,

2a;(0)(SM — 51 (1) + 5:(1))) Jai(t), if mi_1 () = 1,

((vie1(t) = ver) — \/(Vcr —vi(t))? —

Step 2.4 Az; = min(At;, dr), go to step 5;
Step 3 If v;(r) < v;_1(¢), go to step 3.1; else if v;(¢) >
vi—1(t), go to step 3.4;

Step 3.1 If v;_;(f) > v, g0 to step 3.2; else if
vi—1(t) < ver, go to step 3.3;
Step 3.2 If vi(t) < ver, mi(t) = 1, Aty = (ver —

vi(1))/ai(t); else if vi(t) = ver, mi(t) = 3, Aty = (xpq1 — si(t) —
v2./(2b;(t)))/Ver> gO to step 5;

Step 3.3 m;(t) = 1, Aty = (vi1(t) —vi(t))/ai(t), go to
step 5;

leading

train ¢, Algorithm 1 o
train?

2b,’(l)(SM—S,>1 (t) —I—Si(t)))/bi(t), if m;_y (l‘) =3.

|
Step 3.4 m;(t) =3, At; = (vi(t) —
step 5;

vi-1(2))/bi(t), go to

Step 4 If v;(t) > 0, go to step 4.1; else if v;(r) =
step 4.2;

Step 4.1 m;(t) =3, if vi(t) > vi_1(t), Aty = (vi(t) —
vi—1(2))/bi(t); else if vi(r) < vi_1(t), At = Ati_1(2), go to
step 5;

Step 4.2 m; ()

Step 5 Output m;(t), At;, and iycr.

0, go to

=4, At; = At;_1 (1), go to step 5;

yes Algorithm 2
Algorithm 3

‘OUtPUt 77Li(t)7 Al(t)7 ivcr

Fig. 2. The flowchart of Algorithms 1, 2, and 3.

3.2. Determination of the system discrete-event time inter-
val

Let At be the system discrete-event time interval, which
is used as the simulation time step. In order to guarantee that
each train’s movement mode remains unchanged during Ar,
we have

At :min{Atl,Atz,...,AtN}. (&)

3.3. System information update

On the basis of the aforementioned analysis, trains during
the system discrete-event time interval can be categorized into
four classes, i.e., i) trains in the acceleration phase, ii) trains
in the cruising phase, iii) trains in the deceleration phase, and
iv) trains stopping at their current positions. Even though the
phases are different, the information update rules for all trains,
including trains’ velocities and positions, are the same, which
can be calculated as

vi(t+At) = vi(t) +a;(t)At, 0 < vi(t) < viax,
si(t+ A1) = 5;(t) +vi(t) A + La;i (1) A%, 0 < (1) < L, (10)
t=t+As,

where 1 <i < N and g;(¢) can be determined according to the

following equations

F—R, if mi(r) =1,
—(B+R), if m;(t) =3, (11)
0, otherwise.

ai(t) =

In order to graph the characteristics of train velocity and record
the velocity sequence (which are relevant to train position),
here we use v;(s) and g;(s) to represent train i’s velocity and

acceleration at position s, respectively. We then have

vi(s) = \/v,-(s— 1)2 4 2a;(s)As, (12)

where As is a pre-specified discrete distance (e.g., one meter).
Moreover, if train i arrives at its destination, it will be excluded
from the traffic system.

As a conclusion, figure 3 illustrates the entire algorithmic

framework of the DEM-based simulation procedure.
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Fig. 3. The flowchart for DEM-based simulation procedure.

4. Numerical simulations

To demonstrate the efficiency and effectiveness of our
DEM-based simulation approach, some numerical simulations
will be performed in this section. In our experiments, the rail-
way line consists of four stations, denoted by A, B, C, and D
(see Fig. 4), and three sections AB, BC, and CD. For simplic-
ity, the length of each section and the pre-planed trip time on
each section are set to be 20 km and 500 s, respectively. Fif-
teen trains, denoted by 1, 2, ..., 15 are scheduled to traverse
in the direction from station A (position: 0 m) to station D
(position: 60 km). Without considering the influence that pas-
sengers bring to the train’s weight, the train mass is set to be
a constant 665 t. For more details of the experiment param-
eters, we can refer to Table 2, where d is the dwell time at
a station and # is the departure interval. All the experiments
are performed on an Intel(R) Core(TM) 2 Duo PC with 2.33
GHz CPU and 1.96 GB of memory, and all the algorithms are
implemented in Microsoft Visual Studio 2010 C# on the Win-
dows XP platform.

A B C D

Fig. 4. Map of the tested railway line.

Table 2. Values of some experiment parameters.

Parameter Value Parameter Value Parameter Value
F/(N/kg) 0.5 B/(N/kg) 0.4 R/(N/kg) 0.05
dls 60 hls 200 SM/m 2400

Figure 5 indicates the traffic flow on the tested railway
line, where we can see that in section AB, except for the lead-
ing train 1, all of the following trains are influenced by the
previous train(s). From Fig. 5, after dwelling at station B, the
distance between the previous train and the following train will
be extended, thus the following train may switch its role to be
a leading train on sections BC and CD. Actually, if the dwell
time is short, the distance between two adjacent trains may not
be long enough, and the previous train may influence the fol-
lowing one. Moreover, from the trajectories of trains 3—15, it
is clear that the influence of the upstream can be passed to the
downstream trains, and this characteristic leads to the cumula-
tive influence. On the basis of Fig. 5, we can conclude that the

simulation results demonstrate that our proposed approach is
suitable for simulating the train movement on a single railway
line.

—train 1
— train 2
— train 3
— train 4
— train 5
— train 6
— train 7

Position/10* m

— train 10
— train 11
— train 12
— train 13
— train 14

. train 15

5 6

Time/103 s

Fig. 5. (color online) The train traffic flow.

1.6

=
[\
T

e
oo
T

—— train 3
—— train 8
—— train 14
---- SM

Distance/10* m

o
=~
T

Time/103 s

Fig. 6. (color online) Headway distances for different trains.

To investigate whether our DEM-based simulation ap-
proach can guarantee the headway distance between two ad-
jacent trains, we randomly select three trains and record the
headway distances between the selected trains and their pre-
vious trains at each simulation time step. As shown in Fig. 6,
trains 3, 8, and 11 are selected and the related headway dis-
tances are displayed. From Fig. 6, we see that almost all of
the headway distances are larger than the safety margin SM.

Only a few headway distances are slightly less than SM (see
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the headway distances of train 8). In fact, this is essentially
caused by the rule in our proposed approach that if the head-
way distance is less than SM, the following train should reduce
its speed to extend the headway distance. For more details of
the speed adjustments, we can refer to Fig. 7, where we can
see that on section AB, trains 6 and 11 constantly change their
speeds to control the distance between themselves and their
previous train, and try to track the appropriate optimal cruising
velocity (see the speed profile of train 11 at positions 1 x 10* m
to 2 x 10* m) to save energy.

As a conclusion, simulation results in Fig. 6 and Fig. 7
demonstrate that our approach can control the headway dis-
tance for two adjacent trains and save energy successfully. Be-
sides, we find that the headway distance approximately peri-
odically changes over time, especially for these trains which
are not influenced by their pervious train(s) (e.g., train 3 in
Fig. 6), and this phenomenon may be caused by the dwelling
operation at each station. Moreover, since train 1 is the first
train in this traffic system, there is not any influence from other
trains. Therefore, the speed profile of train 1 on section AB in
Fig. 7 is the same to the optimal one as shown in Fig. 1. From
Fig. 7, speed profiles of trains 6 and 11 indicate that trains 6
and 11 cannot maintain the highest cruising speed. That is to
say, trains 6 and 11 need more time to finish their trip on the
same section. Lastly, with the increase of train ID, the num-
ber of cycles of acceleration, cruising, and deceleration phases
is increased. This is another illustration for the analysis of
Fig. 1. That is, the influence of the upstream can be passed to
the downstream trains.

70 -
| — train 1
—— train 6
60 I — train 11
50
- L
g 40
O
~
T 30
o0 L
n
20

10

Position/10* m

Fig. 7. (color online) Speed profiles for different trains at section AB.

Figure 8 indicates the energy consumption of different
trains. It is clear that in most of the cases, the energy consump-
tion of the following train is greater than that of the previous
one. This phenomenon is easy to explain. As described above,
in order to control the headway distance, the following train
has to frequently change its speed to meet the safety margin,

and these acceleration and deceleration operations can lead to
more energy consumption.

6.2

—A- energy consumption

5.8F

54F

5.0

Energy/10° kJ

4.6

4.2 1 1 1 1 1 1 1 1 1
Train ID

Fig. 8. (color online) Energy consumptions for different trains.

Finally, to investigate the efficiency of the DEM-based
approach, we take different numbers of trains into account in
the experiments and record the related iterations (the num-
ber of simulation time steps) and CPU time. As described
in Section 1, the time interval of each simulation step in both
the DTM-based approach and the car-following model is fixed
(i.e., one second*"1). Therefore, for the simulation case with
the DTM-based approach, we use the last train’s arrival time at
its destination station as iterations. Figure 9 displays the iter-
ations of the DTM-based and DEM-based approaches for dif-
ferent numbers of trains, where we can see that the iteration of
the DEM-based approach is much less than that of the DTM-
based approach for each simulation case, especially for these
cases with small numbers of trains. Moreover, from Fig. 8, the
CPU time of the DEM-based approach for each case is only
several seconds. That is to say, the proposed DEM-based ap-
proach can effectively simulate the movement for a group of
trains on a railway line within a short time.

6

mm DTM
mm DEM

—k— CPU time of DEM

S 4 2
~ Q
g g
o .4—7
= -
g &
= 2 ©

0
1 2345 6 7 8 9 101112131415
Numbers of trains

Fig. 9. (color online) Iterations and CPU time for different numbers of
trains.

5. Conclusions

Since interactions among trains are classifiable, studying
this essential characteristic may help to improve the simula-
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tion approach for the train traffic. To this end, on the basis
of a discrete event model, this paper proposed a new simula-
tion approach for the train movement on a single railway line.
Using the proposed approach, we presented several numerical
experiments. Simulation results indicated that due to the high-
efficiency of the discrete event model, the proposed approach
can successfully simulate the movements of a group of trains
on a single-line railway with less iterations in a short time.

What should be pointed out is that the acceleration and
deceleration in our model are constants, which is impractical
and will be improved in our future studies. Besides, if the traf-
fic environment is complex, the definition of a discrete event
may be complex, which is a planned study in our future re-
searches.
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