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Abstract: Train operation control is of great importance in reducing train operation energy consump-
tion and improving railway operation efficiency. This paper investigates the design of optimal control
inputs for multiple trains on a single railway line with several stations. Firstly, a distributed optimal
control problem for multiple train operation is formulated to reduce the energy consumption and
improve the punctuality of trains. Then, we propose an efficient algorithm based on the framework
of the symmetric alternating direction method of multipliers to solve this optimization problem.
Finally, numerical simulations show that the method can obtain the optimal train control sequence in
fewer iterative steps compared to the alternating direction multiplier method, thus illustrating the
effectiveness of the algorithm.
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1. Introduction

For a high-speed railway system, it is important to design operation control strategies
for each train such that the trains can operate according to the scheduled timetable. Since
the 1960s, the train operation control problem has received a lot of attention, and various
train control strategies have been proposed [1-9]. In particular, Li et al. [10] investigated
the robust train operation controller design problem using the framework of linear matrix
inequalities. In [11,12], Li et al. extended the single train control problem to the multiple
train movement control problem. By using LaSalle’s invariance principle, a coordinated
control strategy has been proposed for multiple train operations on a railway line [11,12].
The above works on train operation control are based on a feedback control approach.
On the other hand, a large number of optimal control schemes have been proposed by
addressing the train operation control problem as an optimization problem. Optimal control
is a branch of numerical optimization, which deals with finding the control sequence of
a plant in a period of time such that the objective function is optimized. Lin et al. [13]
studied the design of single- and double-integrator operation feedback controllers for
multiple trains operating on a railway line, and employed a convex optimization method
to obtain the optimal control gains. Yan et al. [14] proposed a distributed cooperative
optimal control algorithm for multiple high-speed train trajectory planning. Wang et al. [15]
investigated the optimal trajectory planning problem for trains under operation constraints,
and formulated it as a mixed-integer linear programming (MILP) problem. Since the train
operation control problem is often a large-scale optimization problem, the most important
issue is to find an efficient algorithm to obtain the optimal control inputs.
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As an algorithm developed on the basis of the augmented Lagrange algorithm, the
alternating direction method of multipliers (ADMM) aims to combine the decomposability
of dual ascent with the superior convergence of the method of multipliers, and alternately
minimize the decision variables [16]. A lot of studies have been performed to investigate
the applications of the ADMM. For example, Fu et al. [17] designed optimal feedback
gains via the ADMM, which can obey the sparsity constraints of controllers as well as
optimizing the system performance. Li et al. [18] studied the distributed optimal control of
multiple high-speed train movements by using the algorithm of ADMM with the objective
of tracking the desired speed and position trajectories for each train. As an extension of
ADMM, the symmetric alternating direction method of multipliers (SADMM) has been
studied in 2014 [19-22]. SADMM is often used for the convex optimization problem with
linear constraints and a separable objective function. This method has a better convergence
rate compared with ADMM, though it requires additional assumptions to ensure its conver-
gence [20,23,24]. In fact, SADMM has the potential to be used in various fields, including
the train operation control problem.

In this paper, we consider the optimal control problem of multiple high-speed train
movements on a single railway line with several stations. Different from the problem
considered in [18], we consider a railway line consisting of several stations, and assume
that the departure time of each train from every station is not earlier than the scheduled
time in the timetable. Furthermore, the optimization model in [18] focuses on minimizing
the deviation of the actual train operation from the desired operation, while in this paper,
we treat the actual operation of each train as an optimization variable under the necessary
safety and punctuality constraints. By so doing, the modeling error caused by the mismatch
between the actual and nominal operations could be avoided. Furthermore, we use the
symmetric alternating direction method of multipliers (SADMM) to solve the optimization
problem, which usually outperforms the the alternating direction method of multipliers
(ADMM), as used in [18].

This paper is structured as follows. In Section 2, we present the continuous-time dynamics
of high-speed trains and some operation constraints. In Section 3, the dynamics of high-speed
trains is discretized and the train operation control problem is formulated. In Section 4,
SADMM is introduced to solve the problem. In Section 5, numerical simulations are performed
to illustrate the effectiveness of the proposed method. Section 6 concludes the paper.

2. Problem Statement
2.1. Train Dynamics

The dynamical equation of a high-speed train i is modelled as

Xi(t) = vi(t),
{ mo;(t) =F(t)—f, i=12,..., M, 1

where x;(t) and v;(t) represent the position and velocity of train 7 at time ¢, respectively.
M is the total number of trains. m; is the mass of train i and F;(t) is the control force of
train i. f denotes the resistance, which includes ramp resistance, curve resistance, tunnel
resistance and aerodynamic resistance, etc. For simplicity, we assume f is a constant.

2.2. Operation Constraints

In practice, train i cannot depart from station j before the scheduled departure time
ti jout- This constraint is expressed as

xi(ti,]',out) Sl], i=12,...,M, j=1,2,...,], (2)

where [; denotes the position of station j and xi(ti,]-,out) represents the actual position of
train i at time t; j ;. ] is the number of stations.
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The speed constraint of train 7 is expressed as
0<v(t) <Omax, i=12,...,M, (3)
where v, represents the maximum speed of the trains.
The control force constraint is expressed as
Fyin < Fi(t) < Fpax, 1=12,...,M, 4)

where F,;;,, and Fj;4x represent the minimum and maximum allowed control force, respectively.

In train operations, a train has to keep a minimum safe distance from the preceding
train, which is determined by the reaction time and the braking performance of the train.
By Newton'’s second law, the minimum safe distance constraint is expressed as

Xi—1 (t) — xl'(t) > Ui(t)d 4 Uzz(t)

s
20 max

, i=2,...,M, (5)

where d; is the reaction time to start braking and a4y is the maximum deceleration of a
train. Constraint (5) is a nonlinear inequality because of the term v?(t). In practice, for
simplicity, we usually replace constraint (5) with a linear inequality constraint

xi1(F) — xi(t) > vy(t)ds 4 220 oy ©)
2amax
2.3. Optimization Objective
The objective is formulated as follows
) M ] ) ) M t )
¥ =min ) Y (aiCxltin) =52+ 0@ ) + oo [ B @)
i=1j=1 i=1 Jt=h

where tj denotes the time that the first train begins to operate and ¢; denotes the time that
the last train finishes operating. a;, b;, and c; are positive penalty factors. x,-(ti,]-,in) and
U,’(ti,]‘/in) represent the actual position and the actual speed of train i at the scheduled arrival
time t; ; ;, to station j, respectively. Note that we assume that the length of each station is
small compared to the segment between stations, such that it can be treated as zero. The
first term in (7) penalizes deviations of x; from station j at the scheduled arrival time #; ; ;;,.
The second term in (7) penalizes large values of the velocity v; at the scheduled arrival
time ¢; ; ;, which should be zero in the ideal case. These two terms are used to promote the
punctuality of train 7 arriving at station j. The third term in (7) is included to generate an
energy-efficient optimal trajectory.

3. Discrete-Time Optimal Control Problem

For numerical calculation purposes, the above continuous-time optimization problem
will be transformed into a discrete-time form. Suppose d is the sampling period. Then,
Equation (1) can be transformed as

xi(k+1) = xi(k) = 0;(k)d + £ (Fi(k) — f),
oi(k+1) —05(k) = L (E(K) — f), i=1,2...,M,

m;

®)
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and constraints (2)—(6) can be, respectively, transformed as

l( Z]Dllt)g izllzl"'/Ml j:1/2/"'/I/ (9)

0< Uz(k) <Omax, i=12,...,M, (10)

Fuin < (k) <Fux, 1=12,..., M, (11)

Xa(6) — 5(6) > ou(kyds + 2y 1)

2 Amax

Furthermore, the objective function (7) can be transformed into a discrete-time form
as follows:

E

] M N-1

¥ = min ZZ z]zn _l) +b( 1]zn +ZZQ1F2 (13)

i=1j=1 i=1 k=

where x;(k; ;i,) and v;(k; ; ;) represent the actual position and the actual speed of train
i at the scheduled arrival time k; ;;; to station j, respectively. q; = c;d is a positive
penalty factor and N represents the time horizon of the optimal control problem. Let
x; = [xi(1),%(2),...,%(N)]" denote the position information of train i at all sampling
times. Lety;, = [yiT(l),yiT(Z),...,yiT(N)}T, i = 2,3,...,M, where y;(k) = x;(k) and
yi(k) = [x;i_1(k),x;(k)]", i =2,3,..., M. Then, we have

Yyi = Eiz/ (14)

where z = [x],x],...,x]/]T and E; is a 0-1 matrix which can be expressed as

Iy, O Nl i=1,
E - N,ONx(Mm 1)N] | (15)
Oanx(i-2)N/ H, OZNX(Mfi)N}/ i=23,...,M,
B, O --- O|B, O --- O
O B, --- O|O0 By -~ O
H=1| . . A s (16)
O O --- B|O O - B
1 0
e[ m] 0] .

We also have x;(k) = Y;y;(k), where Y; = 1ifi =1,and ¥; = [0,1] ifi = 2,3,..., M.
The problem (13), with the constraints (8)—(12), can be reformulated as

M ] M N-1 2
¥ = min 22 1]/1 1]1n - ) +b( l]zn +ZZ%F (18)
i=1j=1 i=1 k=0

subject to
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y; = Eiz, (19)
d2
Yi(yi(k+1) —yi(k)) = Uz’(k)d+271i(1:i(k) —f) (20)
ok +1) = 0i(k) + - (E(K) ~ ), @y
Y]/z( Z]Out) S (22)
0<y; (k) < Umax, (23)
Fuin < Fi(k) < Fuax, (24)
1 —1]yi(k) > vi(k)ds +Z’ig]2ﬂ,i:2,...,m. (25)

To deal with the optimal control problem (18) via a symmetric alternating direction
method of multipliers, we need to transform constraints (19)-(25) to linear matrix con-

straints. Defining ¢; (k) = { yi(k) }, from Equations (20) and (21), we obtain

vi (k)
Cigl‘(k‘f— 1) = Glgl(k) + Dl'Fi(k) +P,k=0,1,...,N—1, (26)

where the matrices of C;, G;, D;, P;, and ¢;(k) are given by

1 0} ) [1 d} ,
, i=1, 1=1,
C = [O 1 G = 01 27)
0 10 1=2,3 M 0 1 d i=2,3 M
0 O 1 - / 7 7 7 0 O 1 - / VAR 4 7
d _f#
mj m;

Here, F;(0),...,F;(N —1) and &;(1),&;(2),...,¢i(N) are the optimization variables
of the problem, and the initial state ¢;(0) is given. Then, we define the overall opti-
mization variable w; as w; = [F(0),...,F(N —1),¢l(1),... ,giT(N)]T and reformulate
constraint (26) as A;w; = ¢;, where

[ —-D; O o --- 0O C; o --- O O
o -b, o --- O -G ¢ -+ O O
A = O o -Db; --- O o -G -~ O 0], (29)
. O O o --- -D; O o -+ =G (G
b +Gi§1( )
p;
L P;
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It can be seen that A; € RZN*3N A, ¢ R2N>*4N j — 2 3 M, ¢; € R2N, Inequal-
ity (25) can be transformed as Yw; > 0, where

OO0 -0 Z O --- 0
Y=| . . . . . . . .| eRV (31)
o0 - 000 - Z
[ Omax
Z=11,-1,—-ds — . 2
_/ 7 S Zamax (3)

Constraints (22) and (23) are, respectively, equivalent to O < §;(k) < L;;, where

T .
li, Umax] i=1
Li: = []’ maxl s and (k;;_ +1) < k < kjiou. Next, let U;:
. { [l]/ l]/ UmuX] T/i = 2/ sty M ( K 1’0Mt ) N N Z,],Uut =
and UZ-,]- denote the lower bound and upper bound of the variable ¢;(k) for (ki,]-_l,out +
1) < k < kijout, respectively. Here, UZ-,]- = [Lij,---, Li,j]T, u;; = [0;,...,07, Ul,j €
RZKi/f, er]' € RZKi/f, Ui,j S RSKiJ, Qi,]' € R3Ki/f, i=2,...,M, Kij = ki,j,out — ki,jfl,outr
ij‘:l kij = N. Then, constraints (22)-(24) can be reformulated into a box constraint of
w;, expressed as W; < w; < W;, where W; = [Fuax, ..., Fuax, Uip, Ui, ..., Ui ], Wi =
[Fatins -+ Bnins Ui, Ui, -+, U ]
By using w; instead of the variables (F;, y;, v;) in the objective function, the optimal
problem (18) is reformulated as

M
min ¥ =Y (w; — p;)"Qi(w; — pi) (33)
i=1
subject to Kyw; = E;z, (34)
Ajw; = ¢i, (35)
Yw; >0, i=2,...,M, (36)

Wi <w; < W, (37)
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where
R, O O 1e)
O Q1 O o)
3Nx3N  : _
Q=10 O Q& 0| ¢ {R4Nx41\/ i=1
. . . R L ;é 1
1O O O Qi
(g O 0
Ol qi - 0 Ozxi O O
Ri = . i ) ) c RNXN, Ql] _ o) \71 0 ’
. . .. : 0 0 O‘BU
0 0 q;
a 0 B
{0 bi:|' i=1, ok ko 1
Z = 0 0 0 ,Bl — { ( l,],Ollt - 1,],1;1), 1— ,
0 a O i#1 ! 3(ki,j,out - ki,j,in), i#1,
i ’ ’
0 0 b
o --- Oo|v, O --- O
o --- o0|j0V --- O RZNX3N, i1
K; = .. . . .. . c R2NXAN P21
L O olo O -V
10 } .
i=1
0 11| ’
Vi= 100 ,
010l FL
p' = { |:Ol><N’ ll’okl,uutfkl,in:|’i = 1/ .. -/M — 1,
l o .
(Kz’wfﬂ)ze, i=M,

The optimization problem (33) could be further formulated as

M
min Z(wz — ) Qi(w; — pi)

i=1
subject to Kiw; = E;z,
w; € Di,

where D; denotes constraints (35)—(37).

4. Symmetric Alternating Direction Method of Multipliers
4.1. The Algorithm Framework for the Control Problem

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)
(46)

Consider the constrained optimization problem (44)—(46). The augmented Lagrangian

associated with the equation constraint is given by

M

Lo(wi,z, M) = Y [fi(w;) + A (Kw; — Eiz) + gHKiwi — Eiz|?],

i=1

(47)
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where f;(w;) = (w; — p;)TQ;(w; — p;). Using the method in [19], the scaled form of
SADMM for this problem is

wf ™! = argmin(wf)"(Q; + SKTK)wf — (2p] Qi +p(29)K; — (A TKi), (48)
k+3

A = AR 4 p(Kawk ! — Ei2F), (49)
k+1 & k3T kP k+1 k2

2 =argmin} (—(A; *)'Eiz + 5 IKiw ™ = Eiz"|[%), (50)

i=1
k+3
AL = A7 4 p(Kaof ! — B2, (51)

SADMM consists of a w;-minimization step (48), a z-minimization step (50), and dual
variable update steps (49) and (51). The dual variable update step (51) uses a step size
equal to the augmented Lagrangian parameter p, which ensures dual feasibility in each
SADMM iteration.

4.1.1. w;-Minimization Step

The w;-minimization step (48) solves a quadratic program subject to linear con-
straints (46). The interior-point approach performs well on this type of problem [25].

4.1.2. z-Minimization Step

A necessary and sufficient condition for z’épt to be the optimal value of (50) is
oL
£ =0, (52)
E)zopt
which can be expressed as
o ET (S k1 k
Z Ei (/\1 + p(Kiwj - Eizopt)) =0. (53)

i=1

Let z; ; denote the ((i — 1)N + £)-th component of the vector z, wherei = 1,2,--- , M
and ¢ =1,2,--- ,N. We have

(Eizlépt)é = (Einzipa-1, i=1,
2t = (Eizpae = (Eiazipae1, i =20, M~ 1 (54)
(Eizgpt)2ts i=M,

Combining (50) and (53), we have

1gkty 1okl
Zk+1_{ Zi,£2+jwi,é ,i=1,..., M—-1, (55)
PO 1k okt _
,Ei,fz_‘_wi,( ’ Z—M,
where
k+3 k+3 .
il ()\i j)/ + ()‘i+121)2€—1/ 1=1,
zht3 k+3 k+31 .
o' =9 M D+ (A D)arq, i=2,0.., M1, (56)
k+3 .
(Al 2)2(/ 1= M,
L1 (K ™) o+ (Kipawh oy, i=1,
@it =0 (Kot ™) + (Kipqwi a1, i=2,..., M =1, (57)
(Kiw 1)y, i= M.



Axioms 2023, 12, 489

9of 15

k1 k+3
(A ©2),, denotes the 2(-th component of the vector A; A

Furthermore, the dual variable update step (51) which contains zkjl, could be ex-

pressed as

(W) = (W 2) 4 p((Kiaok 1) — 2K51). (58)

We also have

k+3
(A 21 = (AL a1 + p((Kiawk oo —fo) (59)

wherei =2,..., M — 1. By adding Equations (58) and (59), we have

CHZ +pd){‘jl szfjl, i=1,..., M—1,

Ck+l ; (60)
Ck+2 +ch1£‘[+1 pzﬁl, i=M,
where
et (/\fﬂ) /\f%llzf Li=1
gt = (AR, + A D2e1,i=2,...,M -1, (61)

(/\k )221 i=M,

1

Substituting Equation (55) into Equation (60), we can find Ckﬂ =0, i.e., the sum of
the dual variable entries that correspond to any given global index i, £ of variable z is zero.
Thus, in the next iteration, the dual variable update step could be written as

3 62
Ci p@ff pzﬁl, i= M, (62)

(k+1)+) { pakf Zpif, i=1,....,M—1,
Substituting (62) into Equation (55) of the next iteration, we have
k+1)+1 —
zg,é 1 wfjl - zﬁl. (63)

Furthermore, we have

k1 ) Tk + DKt =2 i=1,2,... M -1, 64)
) 2Tkl - 2K, i=M,
where
1T
2 = {zﬁl,zﬁrl,...,zﬁﬁ , (65)
'BlT O --- O 7
o BT ... O
=1, | . | erRVN, 66)
O O BT ]
(BT O O 7
O Bl ... O
L=|. 2 . |erVeN (67)
O O BT |
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4.2. Convergence of the SADMM and Stopping Criterion

A necessary and sufficient condition for (w},z*, A*) to be the convergent point of the
solution sequence (wf, zF, A¥) is

0 € af (w}) + Kl A, (68)
0€ —EFA, (69)
Kl-w;‘ - El‘Z* =0. (70)

If (w},z*) satisfy the optimal conditions (68)—(70), then the algorithm of SADMM
converges to an optimal point of the problem (18) [20].

A practical termination criterion for SADMM is that the primal and dual residuals
must be smaller than the values e”" and €%, respectively. That is

Ir¥ll2 < € and [|s*l2 < ™, (71)

where 7 is the primal residual and s* is the dual residual at iteration k, defined as follows:

1 _
7512 = ;HA;( — Ay, (72)
]| = MNp?|| 21 — 2|, (73)

e’ = /MNe™s + e max{||y*||2, |z%]|2} and e = /MNe™s + " ||A¥||,. The value
€ is an absolute tolerance and €’ is a relative tolerance. They may be chosen as €’ =
102 or 10~ [16]. The proposed SADMM algorithm for optimal control problem (44) is
given in Algorithm 1. The dual variable A;-updates and the w;-updates can be carried out
for each i. Algorithm 1 decomposes a large optimal control problem into several smaller
optimal control problems that can be computed in parallel, thus could improve the overall
computation performance.

Algorithm 1 Proposed SADMM for Problem (44)—(46)

1: Initialize A =0,z =0and p = %;
2: repee;{t )
3 with:=arg n}uiin Wi (Q; + §KTK)wk — (2p] Qi + pz"K; — AFTK))wk,

k+3 k+1
& A=At p(Kwf Tt — BN
k+1 k+1 k -
5 k1 _ TlKiwl;;l + TKjw; | — 25, i=12..,M-1,
: 2T Kwh it — 2k, i=M,

k+i
6: /\erl = /\i+2 T}—p(Kiw?Jrl — EiZkJrl) .
7. until [|[¥]|2 < eP" and ||sK||, < edual,

5. Numerical Simulations

In this section, we give a numerical experiment to illustrate the efficiency of our
proposed algorithm. Our experiments are all executed on a computer with an Intel(R) Core
(TM) i5-11300H processor (Intel Corporation, Santa Clara, CA, USA)CPU 3.10 GHz and
16 GB memory. The source code is available from the GitHub repository on 14 May 2023
(https:/ / github.com/ShanMal/operation-control-of-trains.git).

The railway line in our experiment includes six stations and five trains. The speed
limit of the trains is 300 km/h (83.3 m/s). The five trains are numbered G1001, G1003,
G1005, G1007, and G1009. We assume that the distance between two adjacent stations is
135 km, the operation time of the trains between two adjacent stations is 30 min, and the
headway buffer between two adjacent trains is 5 min. The planned timetable is shown
in Table 1 and the train parameters are listed in Table 2. The weights a;, b;, and g; in the
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experiment are chosen as 107, 107, and 10, respectively. By using the proposed algorithm,
our aim is to generate the optimal operation trajectories of trains while guaranteeing the
safety and punctuality of trains.

Table 1. Scheduled timetable.

——_ Station g4t s1 s2 s3 S4 s5 s6

Train

G1001 arrive 8:00 8:28 8:58 9:28 9:58 10:28
depart 8:00 8:30 9:00 9:30 10:00 10:30

G1003 arrive - 8:33 9:03 9:33 10:03 10:33
depart 8:05 8:35 9:05 9:35 10:05 10:35

G1005 arrive - 8:38 9:08 9:38 10:08 10:38
depart 8:10 8:40 9:10 9:40 10:10 10:40

G1007 arrive - 8:43 9:13 9:43 9:13 10:43
depart 8:15 8:45 9:15 9:45 10:15 10:45

G1009 arrive - 8:48 9:18 9:48 10:18 10:48
depart 8:20 8:50 9:20 9:50 10:20 10:50

Table 2. Parameters of high-speed trains [18].

Parameters Value Unit
The weight of trains, m;,i = 1,2,...,5 450 ton
Maximum acceleration, a; y 0.56 N/kg
Maximum deceleration, a; i, 0.8 N/kg
Maximum control force, Fy,y 500 kN
Minimum control force, F,,;;, —110 kN
Resistance force, f —110 kN
Sampled time period, d 60 s

By solving the optimal train operation control problem via SADMM, the optimal
operation trajectory of each train can be obtained as shown in Figure 1. Figure 2 shows
the optimal time-distance-speed profiles for 5 trains. Figure 3 shows the accumulated
energy consumptions for the five trains under the optimal trajectory. In this figure, the
blue lines denote the time-speed profiles, and the yellow lines denote the real-time energy
consumption profiles.

velocity(m/s)
velocity(m/s)

2 2
time(min) 200 o distance(m) time(min) 200 o distance(m)

(b) Train G1003 (c) Train G1005

velocity(m/s)
velocity(m/s)

time(min) 200 0 distance(m) time(min) 200 o : distance(m)
(d) Train G1007 (e) Train G1009

Figure 1. Optimal trajectory for five high-speed trains.
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traint
—train2
train3
train4
train5

100

T il it -

o ‘\““I“f“ M“Iﬂ\“ ““H I I\l
| I “M\“ I it il
[l -

20| ‘ ‘M, H‘H ‘ ,‘

ol W Wl

velocity(m/s)

time(min) 200 o distance(m)

Figure 2. The optimal time-distance-speed profiles for five high-speed trains.
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Figure 3. Energy consumption for five high-speed trains.

Next, we consider the case that an emergency occurs, such that the first train receives a
sudden speed limitation commend between stations S2 and S3. The speed of the first train
is limited to 30 m/s. The duration of the emergency is assumed to be 15 min. By using our
proposed algorithm, the optimal distance-time profile is obtained, as shown in Figure 4. In
this figure, the dotted line represents the train operation profile without speed limitation,
while the black line and red line denote the actual operation profile of the first train and the
second train under the emergency, respectively. Since the speed of train G1001 is limited
to 30 m/s, train G1003 has to slow down to keep a safe headway between train G1001. In
this case, the minimum headway between train G1001 and train G1003 is 3 km. When the
state of emergency is lifted, the speed of train G1001 will increase to achieve punctuality. In
Figure 4, we can also find that the solution calculated by our proposed algorithm indicates
that the trains could keep at least a minimum safe headway under the emergency.

Finally, we compare the computation effectiveness between SADMM and ADMM.
The convergences of ADMM and SADMM are given as shown in Figure 5. Figure 6 shows
the primal residual versus iterations. In this figure, we can see that SADMM can solve
the optimal problem in 4 iterations, while ADMM can solve the optimal problem in 41
iterations. This means that SADMM converges faster than ADMM in our distributed
control problem.
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6. Conclusions

In this paper, for the dynamics of multiple trains with headway constraints and punc-
tuality constraints, a distributed optimal control problem has been formulated to obtain the
energy-efficient optimal train operation trajectories. The problem has been transformed
into an optimization problem with several constraints. Then, we have proposed an effi-
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cient algorithm based on the framework of the symmetric alternating direction method
of multipliers (SADMM) to solve this optimization problem. SADMM includes solving
two convex optimization problems: the w-minimization problem and the z-minimization
problem. The w-minimization problem could be solved by using the interior-point method,
and the z-minimization problem could be solved via an analytical formula. Numerical
simulations show that SADMM can obtain the optimal train control sequence in fewer
iterative steps compared to the alternating direction multiplier method, thus illustrating
the effectiveness of the algorithm. The results developed in this paper may have potential
applications in the operational control of trains.

In particular, the results may find potential applications in future automatic train
operation systems, where trains operate automatically and no driver is needed. In this case,
the control inputs are generated according to algorithms, to ensure the punctuality and
safety of trains.
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