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In this paper, we propose a sparse optimization approach to maximize the utilization of regenerative energy produced by braking
trains for energy-efficient timetabling in metro railway systems. By introducing the cardinality function and the square of the
Euclidean norm function as the objective function, the resulting sparse optimization model can characterize the utilization of the
regenerative energy appropriately. A two-stage alternating direction method of multipliers is designed to efficiently solve the convex
relaxation counterpart of the original NP-hard problem and then to produce an energy-efficient timetable of trains. The resulting
approach is applied to Beijing Metro Yizhuang Line with different instances of service for case study. Comparison with the existing
two-step linear program approach is also conducted which illustrates the effectiveness of our proposed sparse optimization model

in terms of the energy saving rate and the efficiency of our numerical optimization algorithm in terms of computational time.

1. Introduction

With the rapid increase in industry and population in cities,
the metro railway system has been playing a more and more
important role in urban economic and social development for
metropolis due to its high loading capacity and low pollution.
Despite the inherent efficiency, the energy consumption of
metro railway systems is of a huge magnitude and the
efficient energy management for such systems is then of
global importance. It is known that the energy consumption
of trains is largely influenced by the driving strategy and
the arrivals and departures in the timetable, which inspires
the extensive study on energy-efficient train control and
energy-efficient train timetabling. A careful treatment on
such topics can be found in the nice survey paper by
Scheepmaker et al. in [1], with focuses on reviewing the
mathematical problem formulations and solution approaches
in the literature. Related work on energy optimization for rail
traffic systems such as tramway systems has also been well
studied; see, e.g., [2, 3].

Among all the involved energy saving strategies in metro
railway systems, an energy-efficient timetable with regen-
erative braking which schedules the arrival time and the

departure time of each train to and from the platforms it
visits for the minimization of energy consumption and the
maximization of produced regenerative energy utilization,
has gained considerable academical attention in recent years.
In 2012, Pefia-Alcaraz et al. [4] proposed a large-scale mixed
integer programming model to maximize the utilization of
regenerative braking energy by means of maximizing the
total duration of all possible synchronization processes of
acceleration and regenerative braking between all possible
train pairs. The simulation model is applied to line three
of the Madrid metro system and the energy savings of
the optimized timetable are reported to be about 7% on
average. By merely choosing those train pairs suitable for
regenerating energy transfer other than all possible train
pairs in [4], Das Gupta et al. developed a more tractable
mixed integer programming model in [5]. In 2013, Yang et al.
[6] presented a cooperative integer programming model to
maximize the time overlaps of nearby accelerating and brak-
ing trains and applied a genetic algorithm to approximately
solve the resulting optimization model. For the case study
on Beijing Metro Yizhuang Line, they reported 22.1% and
15.2% increase of effective time overlaps during peak hours
and off-peak hours, respectively. A two-objective timetable
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optimization model for maximizing the regenerative braking
energy with consideration of the passenger waiting time was
developed by Yang et al. in [7] where the genetic algorithm
was again adopted to solve the optimization model. An
integrated energy-efficient operation model was proposed
by Li & Lo in [8] with the speed profile part to minimize
the net energy consumption and the timetabling part with
headway constraints to synchronize the accelerating and
regenerative braking for the reuse of regenerative energy.
About 25% energy savings were reported for Beijing Metro
Yizhuang Line with the headway between trains being 90
seconds. Li & Lo further developed an integrated energy-
efficient timetable and speed profile optimization model
to determine the cycle time, the headway time, and the
speed profiles for a metro line to minimize the energy
consumption [9]. The resulting mathematical model is a
strictly convex quadratic programming problem with simple
bound constraints and an analytical approach based on the
first-order optimality condition (i.e., the KKT condition). An
integrated timetable and speed profile optimization model
with Taylor approximation were also considered by Yang et
al. in [10] where the active set method was employed to
handle the resulting strictly convex quadratic programming
with linear constraints. Under the assumption that trains
are operating in the optimal speed profiles, Yang et al. [11]
proposed a mixed integer programming model aiming at
synchronizing the arrivals and departures of the trains such
that regenerative braking energy can be used as much as
possible during the whole day service. A two-step linear
programming model with the first step to minimize the
total energy consumed by all trains and the second step to
maximize the utilization of regenerative energy produced
by braking trains for a whole day service in metro railway
networks was proposed by Das Gupta et al. in [12]. To ensure
the transfer of maximum possible regenerative energy from
braking trains to accelerating trains, a time overlap vector was
introduced which requires to be as close as possible to the
zero vector. To effectively quantify such a requirement, the £, -
norm and the ¢,-norm were employed in [12]. By adopting
the €,-norm heuristic for the original £,-norm (i.e., the
number of nonzero components in a vector), together with
epigraph approach that equivalently transforms the convex
£,-norm minimization to alinear programming, the resulting
relaxation problem in the second step was efficiently solved
by Gurobi Optimizer. Numerical experiments on different
instances of service PES2-SFM2 of line 8 of Shanghai Metro
network spanning a full service period of one day were
conducted and a significant reduction in effective energy
consumption with the worst case being 19.27% was reported
by applying the proposed approach.

The original €,-norm minimization problem proposed
in [12] is well-known to be NP-hard due to the discon-
tinuity and nonconvexity of the €,-norm. Such a type of
optimization problems is coined by sparse optimization in
the optimization community and has a wide range of appli-
cations in compressed sensing, signal processing, statistical
regression, financial portfolio, and so on. Various tractable
relaxation strategies are proposed to replace the £,-norm,
such as the popular convex surrogate £;-norm [13], and some
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weighted ¢,-norm variants [14]. Numerical algorithms are
also developed for the resulting relaxation models, such as
the greedy-type methods [15], the first-order optimization
methods [16], and second-order methods for some special
structured models [17].

Inspired by the development of sparse optimization
methods, in this paper, a sparse optimization model with the
¢,-norm and the squared Euclidean norm as the objective
function is built to maximize the utilization of the regen-
erative braking energy. Motivated by the adaptive LASSO
model in the high-dimensional statistical regression [14], we
propose a weighted ¢, -norm relaxation scheme. A two-stage
alternating direction method of multipliers (TSADMM) is
then proposed with the first stage for calculating an appro-
priate weight vector and an initial point for the iterative
algorithm in the second stage. To illustrate the effectiveness
of our new mathematical model, the linear programming
model in [12], a quadratic model merely considering the
squared Euclidean norm, and our weighted-¢; companied
with the squared Euclidean norm are applied to Beijing Metro
Yizhuang Line for comparison. The numerical results on
energy savings show that our model is the best among them.
To demonstrate the efficiency of our proposed TSADMM,
the academical version of CVX (http://cvxr.com/cvx/) is
called to solve our model as well. The numerical results in
computation time show that our algorithm outperforms that
used in CVX.

The rest of this paper is organized as follows. In Sec-
tion 2, the sparse optimization model for energy-efficient
timetabling in metro railway systems is built. In Section 3,
the weighted ¢, norm relaxation model is proposed and
a two-stage alternating direction method of multipliers
(TSADMM) is designed to get an approximate optimal solu-
tion. Theoretical global convergence is established as well. By
applying our proposed approach to Beijing Metro Yizhuang
Line, we demonstrate the effectiveness of our proposed
model and the efficiency of our proposed TSADMM by
the numerical results in Section 4. Conclusions and future
research are given in Section 5. For reference, the appendix
provides the proof of the global convergence theorem for our
algorithm.

2. Model Formulation

2.1. Notation. 'The notation that will be used throughout the
paper is listed in Table 1 for the convenience of the subsequent
model formulation.

2.2. Constraints. The set of constraints in the metro train
networks including constraints of the trip time, the dwell
time, the headway time, the total travel time, and the domain
of event times will be described in this subsection, following
from [12].

(i) Trip time constraint: it includes the trip time con-
straints with tracks and with crossing-overs. For the
former one, when a train t € J has a trip from
platform i € " to platform j € #* along the track
4,j) e X !, the departure time df and the arrival
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TABLE 1: A list of notations.

The arrival time of train t at platform i

The departure time of train t from platform i

The set of all trains

The cardinality of a set, i.e., the number of elements in a set
The trip time window for train ¢ from platform i to j

The set of all the crossing-overs

The set of all train pairs associated with the crossing-over (i, 7)
The trip window for train ¢ on the crossing-over (i, j)

The dwell time window for train t at platform i

The set of all platform pairs at the same interchange station

The set of all connection train pairs for a platform pair (i, f)

The connection window between the train ¢ at the platform i and the train ¢’ at platform j

The set of train-pairs that move along the track (i, j)

The headway window between train t and ' arrival at or departure from platform i
The window of total travel time constraint for train ¢

Energy consumption associated with the trip (i, j) € &,,

The set of all platform pairs powered by a same electrical substation
Temporally closest train to the right of train t

Temporally closest train to the left of train t

The relative distance from a! to regenerative alignment point

The relative distance from d; to the consumption alignment point
A set of & containing elements of the form (i, j, t,?)

A set of & containing elements of the form (i, j, , (t—)

The set of all platforms

The set of all tracks

The set of tracks visited by a train ¢

The set of platforms visited by a train t

The set of all arcs associated with trip time constraints

The indicator function with respect to the set S

The projection operator onto the set S

The sign function

The componentwise product, also known as the Hadamard product
The transpose of the matrix A

The column vector generated by stacking all columns of the matrix X

time a’ are bounded by t_rﬁj and ﬁ;j, respectively. The

J

corresponding constraints are

tr<a-di<tr, vteT, v(i,j))ex'. ()

all train pairs associated with a same physical train
through the crossing-over (i, j) by 0;;. The trip time
to travelling through the crossing-over (i, j) € ¢ is
the time from the departure from the platform i (train
is labelled as t) to the arrival at the platform j (train
is labelled as t'), which has to stay within a window

For the latter one, one knows that a crossing-over
connecting two train-lines is a special track, where a
train-line is a path with some nonopposite platforms
and tracks. The crossing-over is to connect the ter-
minal platform of a train-line with the first platform
of another. A train ¢ turns around by a crossing-over
and departs from the first platform to travel through
the train-line after it arrives at the final platform at
another train-line, and then the same train is labelled
as t' in order to treat it as two different trains [20].
Let ¢ represent the set of all crossing-overs. Consider
a crossing-over (i,j) € ¢, we denote the set of

K

tt'
=ij =7

) !
[Ef]t , Kfjt ]. And the corresponding constraints can be

described as below:

<l —d <7, V(i) ep V(nt) e, @

(ii) Dwell time constraint: when a train t € J arrives

at a platform i € ", it should dwell there in a

—t
time interval denoted by [d_wf, dw,] to make sure that
passengers can get off and get on the train before



(iii)

Sij

it departures from the platform i. The dwell time
constraint can be written as follows:

dw <d' -a <dw, VteT, Yies'. ()

Connection constraint: an interchange station used
by connecting trains is to make passengers transfer
between trains on different lines. Any platform pair
(i, j) € & consists of two platforms at a same inter-
change station. For a connection train pair (f, t’) €
©;» we assume that the train ¢ arrives at platform

i and another train t' departs from platform j. The

! !
difference of both times can be in a window [gg , Ef]t ]

to maintain that passengers can get off from the
former train and get on the latter. The constraint of
connection can be described as follows:

Wed —a<T, V(i) es V() e @

(iv) Headway time constraint: similar to the trip time

constraints, the headway time constraints includes
those with tracks and with crossing-overs. In any
subway system, a minimum interval between the
departures and arrivals of sequenced trains on the
same track is maintained, called headway time. To
meet the needs of the passengers, railway networks
in many cities designate an upper bound between the
departures and arrivals of consecutive trains, in order
to ensure passengers do not wait for a long time before
the arrival of next train. Define ;; as the set of pairs
of successive trains that pass by track (i,j) € #.
Consider (t,1') € %5, andlet (1" Ty, ] and [1 T} ]
be the time intervals that maintained the departures
and arrivals of consecutive trains ¢ and t' from and to
platform i and platform j, respectively. For any (i, j) €
J between platform i and platform j, headway time
constraint with tracks can be described as follows:

tt' t ¢ Tt
h Sdi—di Shi R

1

htt’ <d_da <Ett, (5)
a; =a;—a; =hy,

V(i,j) e H, (tt') e 7,

In the other case, consider two consecutive trains ¢,
and t, that go through a crossing-over (i, j) € ¢ after
departing from the final platform i of a train-line.
They will be labelled as ¢, and ¢, when they arrive at

the first platform j of some other train-line. Let 51-]-
be the set of all such two-train pairs ((¢;, t;), (t, t;)).

. . . . tt, 7tk
There is an interval time window [h.' 2, h; "] between

—i

the departures of trains #, and t, from platform i and

. 0e Thts
a window Ulj ,hj

] between the arrivals of trains t;

ity ty b
h'? <d} -d,

tht! t! t
hllz Sajl —ad?*<h!
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and ), at platform j. We can then write the headway
constraints with crossing-overs as follows:

—hit;

< h.

= Iy >

ot (6)

j- i
V@i, j) e V((tt),(t 1)) € Gy

Besides, the headway time is related to the passenger
demand and the number of trains. Let 7' be the
number of trains that are in service per hour, ¢, be the
train capacity, u be the train utility rate, and D be the
passenger demand. Then, D = ¢, xux7' [8]. Let hbe
the headway time. Since h = 3600 /m’, we have

3600 x¢ Xu
= 5 .

h (7)

Here we assume that u and ¢ are constant while
the passenger demand varies. In other words, the
headway time of trains changes at different periods in
a day.

(v) Total travel time constraint: when a train t € 9

has a trip, traversing all platforms and tracks in

chronological order, it can have the total travel time
—t

between tt' and f , to meet the needs of passengers

in subway systems. Total travel time constraints can

be written as follows:

t t t —t
Q < d-/Vt(|-/Vt|) - a./Vt(l) <ftt, Vt € g, (8)

(vi) Domain of event times: we set zero second as the time

of the departure of the first train from a platform in
a day when the railway is in service. By adding the
maximum possible values of all trip times and dwell
times, we can set an upper bound for arrival of the last
train at the final platform. And we denote the upper
bound by m; € Z, . So, we can write the domain of
the event time constraints as follows:

0 Sait < mp,
0<d; <mp, )

Vte T, YieN.

2.3. Minimizing the Energy Consumption. The major energy
consumption of a train is from the acceleration phase. To
efficiently minimize the total energy consumption of trains
in a metro railway network, Das Gupta [12] proposed an
optimization model with linear inequality constraints to geta
feasible timetable. The involved optimization model takes the
form of

Y g(d-d)

(i,j)E%tr,tég (10)

st (1)-(9)
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FIGURE 2: The speed limit of a train with a multiphase section.

where f; : R,, — R, with argument (a; — d!) being the
energy consumption function that is unknown in advance
and some best possible affine approximate function in the
sense of least-squares by using the measured energy in

practice is then utilized. By denoting x = vec(X”) with

all af a|157|—1 a|19|
oy

x=| & d - " dy (1)
aly aiy oag ay
e
di diyy - i d

the approximate counterpart of (10) can be formulated by the
following linear programming:

min Z Gj (xj - xi)

(- )EH
N (12)
st Lisxj-x;<u;, (Lj)eH
0<x;<myp, i=12,...,n,

where n = 2|T |||, K is a subset of {(i, j) | 4,j=1,2,...,n}
that collects all those indices according to constraints (1)-
(8), and %, is a subset of # that collects all those indices
according to constraints (1)-(2). By utilizing its optimal

— —t» —t,
solution X, we can get aE. sand d’s such that

t t =t
aj—di =a,—d,

i—d, VieT, V(i j) e (13)

t t Tt .. /
a; —dizaj -d;, V(i,j)e¢ V(t,t)e@i,j. (14)

For all other constraints, lower and upper bounds are allowed
to vary as described in (3)-(9).

2.4. Maximizing the Energy Regeneration: A Sparse Opti-
mization Model. We adopt the speed profile by maximum
accelerating, speed holding, maximum braking strategy from
[18] with a multi-phase-speed-limit section, as described in
Figures 1 and 2.

Let t,, t,, and 5 be the time of maximum accelerating,
speed hold, and maximum braking phases, and a,.. and a;,,
are the accelerating rate of the accelerating and braking phase.
It is known that, with regenerative braking, kinetic energy
can be converted into electricity which can be fed back to the
power supply system to be used by other nearby trains in the
same electric substation. Denote the conversion factor from
electricity to kinetic energy as 0,,.. and the conversion factor
from kinetic energy to regenerative electricity as 6,,, and the
resistance rate at the speed holding phase as y. For any two
adjacent stations, we adopt the formula from [18] to calculate
the energy consumption for accelerating and the regenerative
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energy produced during braking, denoted by E" and E™,
respectively, in the way as below:

2 2 2
Eon _ aucctl + Jtlﬂz )4 (t B tl)df
zeacc t eacc
2 .2 2.2
L Y (15)
zeacc zeacc
2 2
and E9 = ebmabmt3

2

Here E°" and E™Y are both for the unit mass. A simple
heuristic method is applied to approximate the power graph
as shown in Figure 3, where ¢ and ¢ are the width of the
rectangles for accelerating and braking and h and h are
heights of the rectangles. Similar to those in [12], the midpoint
of the width in the rectangle is called the regenerative
or consumptive alignment point, where A’ represents the
distance between d; and the regenerative alignment point and
V/ represents the distance between a; and the consumption
alignment point.

Here, we align the distance between regenerative and
consumption alignment points to maximum the utilization.
Before introducing such a distance, we recall the suitable train
pairs as introduced in [12]. Assume that platform pairs are
opposite to each other at the same electrical substation. Let &
be the set of all platform pairs. For any pair (i, j) € 2 and the
set 7; € J contains all trains that arrives at, dwells, departs
from platform i. When the train t € 7; departs from the

platform i, it is a best choice to find a train 7 at the platform
j which are producing the regenerative braking energy using
the following definition.

Definition 1 (see [12]). Consider any (i, j) € 9. For every

iR
traint € 7, the train ¢ € 7 is called the temporally closest
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train to the right of t if

- . a; +d,
t = arg min 2
t'e(xeT 0<(@+d,)/2-@+d,) 25}
(16)
- =t
g +d i
2

where 8 is an empirical parameter determined by the
timetable designer and is much smaller than the time horizon
of the entire timetable [12]. Similarly, when a train t € T
arrives at platform i, it produces the regenerative energy.
To find a suitable train departing from platform j for
transferring the regenerative braking energy, we recall the

following definition from [12].

Definition 2 (see [12]). Consider any (i, j) € . For every

—
traint € 7, thetrain t €  ; is called the temporally closest
train to the left of ¢ if

- . a +d;
= arg min 2
t'e(xeT j0<(@+d,)/2-@:+d,)/2<p}
(17)
—t' —t'
~ a; + d i
2

Denote the sets € and € whose components are (i, j,t, (t_)
and (i, j, t, L), respectively. Consider any (i, , t, ) e e To
maximize the transfer of the regenerative energy from the
braking train (?by the accelerating train t, we attempt to make
the term (df + Ati - af + Vj?) to be zero or as close to zero
as possible. Similarly, for (i, j, t,_t)) € E, our goal is to make

— —
the term (d jt + A; - al.t + Vit ) to be zero or as close to zero as

possible. Following from [12], we define an auxiliary variable
y € R"withn =2nm,n = |4 |andm = |T | by

>

= d?+At.—a7+V?)
’ << ! P I ) Gjet)es

(18)

T ATt ot
<dj +A; —a,.+V,.>H _ (_).
(it t)ee

The components of y represent difference of the time between
the alignment points of accelerating and braking. Once the
running time is fixed, A% and V are two constants.

The ultimate energy consumption can be approximately
calculated as follows (see Figure 4):
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~ t
(@+d)
Et,con’ lf > ] 1 ,
k |7l 2
t
~ _ ¢ —C;
E = 4 EX" — min {’c’t ct} * min {ht Et} if l l < |~ J) 19
(i,j,t,?) = < k j, i i ] > yk - 2 > ( )
e t
C.+¢ _
E;f"" - <(]721) - yk> * min {hf, hj} . otherwise.
where train ¢ is accelerating and train 7 is braking. where A € R™", E € R™", F ¢ R*" are
By sorting all possible consecutive platforms for braking Ey
energy absorbing, a 0-1 vector « € R” is introduced to -E,
indicate all those locations in y with regeneration energy E,
usage when the components of « take the value 1. In order
to make the utilization of the regenerative energy as much as E- —E,
possible, we then turn to minimizing the number of nonzero E,
elements of o o y which corresponds to minimizing [« o y||, _E
and making nonzero elements in « o y as close to zero as }
possil?le which cor.res.por.lds to minimizing [la yll%. The E, (22)
resulting sparse optimization model turns out to be -E,
F
\ Osxsm Ei Omam ' Omxom O
. 2 2 PN
min Ao vy + 5 flowe (0) Omivin Omam E> - Omam O
’ 20 =
st (3)-(9), (13), (14), (18). ~
Omxm Omxam " Omxam  Ea1 Om
with
where x, y € R" are decision variables. Similar to (12), (20) E,  Omum + Omom
can be rewritten as Omon By Omom
E, = ,
1 [0 Y o S E
min{/\l||ocoy||0+—2||ocoy||§:y—Ax—sz, Fx . e e !
w7 2 (1) E; = (~Imam Licm) >

f E,= (_Imxm Omx(zﬁm—zm) Imxm)’
-g=0, —Esz.}

E; = Lymonm
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El O(m—l)xm : O(m—l)xm

O(m—l)xm Ez : O(m—l)xm

E4 = >
O(m—l)xm O(m—l)xm Ezﬁ
-1 1 0O --- 0
o -11 -0

E; = N
0O 0 -~ -11

(23)

m=22n(m-1)+nm+m+mn)andl = (n—- 1)m, b, g,
and f are the corresponding column vectors from constraints
(18), (13), (14), and (3)-(9). Apparently, y — Ax —b = 0 is
the reformulation of the constraint (18), Fx — g = 0 is the
condensed form of constraints (13) and (14),and f—Ex > 0is
the representation of all the inequality constraints distributed
in (3)-(9).

3. Model Relaxation and Solution Algorithm

3.1 Relaxation Model. Problem (21) is generally NP-hard
due to the combinatorial property of the involved €,-norm
[21]. By adopting the well-known convex surrogate ¢,-norm
initiated in compressed sensing [13, 22], we get the following
¢, + £ relaxation model:

. /\2 2
rgcl,lyn{/\lH(xoy"l+7||ocoy||2:y—Ax—b:0, Fx
(24)
-g=0, f—ExZO.}

Inspired by Oracle property beneficial from the adaptive lasso
strategy proposed by Zou et al. [14], we will further utilize a
reweighted ¢,-norm term instead of the ¢,-norm in (24) and
get the following relaxation counterpart:

. A
mip {1, faewo l, + 22 oo sy - Ax -
(25)
=0, Fx—g=0, f—ExZO.}

where w is some appropriate positive column vector to
encourage a low sparsity of y.

3.2. A Two-Stage Alternating Direction Method of Multipliers.
By introducing an auxiliary vector z € R™, (25) can be
rewritten as the following equality constrained optimization
problem:

X,),Z

. A
min {Al oo we yl, + 2 ooy} + 8 (2
(26)
-Ax-b=0, Fx—g=0, z—f+Ex=0,}
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where SRT (h) is the indicator function with respect to R’

which takes the value 0 if & € R, and +co otherwise. The
augmented Lagrangian function of (26) takes the form of

n
A
L‘;’ (x, y,zsu,v,5) = Mzwi l“i;"il + 72 ||“ ° J’”;
i=1

+0gn (2) = (U, y = Ax = b) = (v,Fx - g) - (5,2 @)

o
—fHEx)+ 3 (Iy - Ax = B[ + |Fx - g];

+lz- £+ Ex]),

where ¢ > 0 is the penalty parameter, and u € R", v €

R, s € R™ are Lagrangian multipliers corresponding to
those three equality constraint systems in (26). The well-
known alternating direction method of multipliers (ADMM)
proposed by Glowinski and Marroco [23] and Gabay and
Mercier [24] is then adopted for handling (26) with the
iterative scheme for k = 0, 1,.. .,

(yk“,zk”) = argmin {L? (xk,y, z; uk, vk, sk) | y
eR", z ¢ R’"};

k+1 k+1 _k+1

A k k k
X :argmm{La(x,y »Z ;u,v,s)lx

g (28)
eRt;
(uk+1, VkH, Sk+1) _ (uk, vk, Sk) — 10 (yk+1 _ Axk+1

_ b, ka+1 -9 Zk+1 _ f + Exk+1);

where T € (0,(1 + /5)/2) is the dual stepsize. Note that
L‘;(x, y,z;u,v,s) is separable of y and z. Thus the first
subproblem in (28) can be easily solved by the corresponding
first-order optimality condition which leads to the following
closed-form solution:

k+1

Yi
k
(Axk +b+ u_)
— o i

sign (g) max { g -

if ; =0, (29)
Aw;
A, +o

) 0} otherwise,

with g; = (1/(A, + 0)) (" + 0Ax* + ob), foralli = 1,...,n,
and

1
2 = (f R —sk> . (30)
* o

The update for x**! from the second subproblem can be easily
obtained by solving the following linear system:

Hx = rhs, (31)

whererhs = AT(y*" —b—(1/0)u"*) + FT (g+(1/o)V)+ ET (f -
21+ (1/0)s") and H = AT A+ FTF+ ETE. Note that E is full
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ters /\?, )\g, o, 71, €.
Ensure: (x*, y*,2");

to Step 1.2.
AAAAAA k

X . . 0.0.0. 0.0 0
Require: Choose an initial point (x,, ¥, 2q Uy Vg Sy )» ACcuracy parameters €, &, > 0, the parame-

Step L.1Set A, = A?, A, =0, (xo,yo,zo,uo, W% = (xg,yg,zg,ug, vg,sg), w=eceandk = 0;
Step 1.2 Compute (xk“,yk“, 2R L Rt gkl by (31), (29), (30) and (28);
Step 1.3 Set k = k + 1. If some criterion is satisfied to the accuracy ¢,, then stop. Otherwise, go

K, $6) and update w = (1/(|7]" + €));
Stage II Solve Problem (26) and output (x*, y*, z").
Step 2.1Set A, = A%, A, = )\g, (xo,yo,zo) = (X, 7,2), (uo, vo,so) =0and k = 0;
Step 2.2 Compute (x*1, yk“, ZRFL Lyt gherly by (31), (29), (30) and (28);
Step 2.3 Set k = k + 1. If some criterion is satisfied to the accuracy ¢,, then set (x*, y*,2") =
(xk, yk, zk) and stop. Otherwise, go to Step 2.2.

ALGORITHM I: A two-stage alternating direction methods of multipliers (TSADMM).

column rank. Thus, ETE is positive definition and also is H.
This indicates that (31) admits a unique solution:

A = H s, (32)

To effectively reduce the computation cost resulting from the
large size of the involved matrices in H, the preconditioned
conjugate gradient (PCG) method is employed to numeri-
cally solve the linear system (31) instead of the direct way as
in (32).

It is worth mentioning that we can utilize the above
ADMM method to solve an ¢; problem which is exactly (26)
by taking w = e and A, = 0 to a relatively low accuracy. The
resulting numerical solution (X, ¥,Z) can not only be served
as the initial point, but also produce the weight vector w in
the way that w = (1/(|7;|" + €)) with € (0,+0c0) and e > 0
sufficiently small for a low sparsity promotion when solving
(26). The two-stage ADMM algorithmic framework then can
be summarized in Algorithm 1.

3.3. Global Convergence. Algorithm 1 admits a global con-
vergence property as stated in the following theorem whose
proof will be established in the appendix.

Theorem 3. Let {(x*, ", 2", w)} be generated from Algo-
rithm L If 7 € (0, (1 + \/5)/2), then the sequence {(xk,yk, 2
converges to an optimal solution to (26).

4. Numerical Experiments

Numerical experiments on Beijing Metro Yizhuang Line will
be conducted in this section to evaluate our proposed model
and to illustrate the performance our designed TSADMM
algorithm. The procedure of the numerical study is shown
in Figure 6. All the computational results are obtained
by running Matlab (version 2016b) on a windows desktop
(Intel(R) Core(TM) i7-6700 CPU @ 3.40GHz 3.40GHz RAM
16.0 G).

Beijing Metro Yizhuang Line, opened on December in
2010, is one of the 20 lines in Beijing Metro Networks. It has

two train lines with 14 stations as shown in Figure 5. The
total length of Yizhuang Line is 23.23 km, with the average
distance of two station being 1.8 km, the minimum distance
being 1 km, and the maximum being 2.6 km. In the section,
we calculate the energy conversion when a train has a trip
under unit mass.

4.1. Inputs and Algorithm Initialization. For (26), « € R" in
the objective function is a 0-1 vector defined in Section 2.4.
And the weight vector is denoted by w = (1/(|7]" + €)),
where ¥ is an approximate solution generated by Stage I in
Algorithm 1. Here we set r = 0.5 and € = 107, In the
equality constraint y — Ax —b = 0, A € R withn =
2nm, n = || = 28, m the number of trains in one day
service, b € R" with components (A’ + V;)(i, i, sorting in the
appropriate way, where train ¢ is accelerating and 7 is braking,
and platforms i and j are opposite to each other, satisfying
the equation i + j = 29. Fx — g = 0 in (26) is an equality
constraint about trip times. F € R™™ is the coefficient matrix
in (26),[ = (n — 1)m. The components of g € R are the trip
times. E € R™" in z — f + Ex = 0 is the coefficient matrix of
inequality constraints, and m = 2(2n(m—1)+nm+m+n). The
elements in the vector f € R™ are upper and lower bounds of
dwell time constraints, headway time constraints, total travel
time constraints, and domain of event times constraints. For
testing purpose, elements of f are given in the following way.
The bounds of dwell time constraints are given in Table 2. Let
D be the passenger demand for one-day service (16 hours)
and u” € R' be the distribution of D for each hour which is
presented in Table 3. Let ¢, be the capacity of a train, which
takes the value 1440, and u € R'® be the train utility rate
for different hours as stated in Table 3 as well. By utilizing
formula (7), we can get the headway time for each different
period of time (per hour). Specifically, denote the headway
time vector by h € R'°. Then hy = (3600><1440><uk)/(D><ukD)
for all k = 1,2,...,16. Set the windows for the headway
time constraints to be h; + 8 for all possible train pairs in
the i™ hour. The total travel time constraints are related
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FIGURE 5: Railway network considered for numerical experiment.

| I
I

: Calculate Get from |
! model (11) references |
i I
| I
! I
| Matricesand A, E, E e . 0.0 .0 .0 0 0

[ Inputs Trip ti = > 2 || Calculate o Set Ay, A5,0,7,€,€ and € | |Set initial point LY L2 ULV ,S

: p Tip times = g vectors: band f 1Ay 1 & initial poi (x y u’,v )
I

|

|

Stage I: Calculate w, (X, y, Z)
Solution
procedure:
TSADMM
Stage II: Solve an optimization model (20)
= e e
Outputs x"

An energy-efficient
timetable

FIGURE 6: The procedure of the numerical experiments.

to the dwell time and trip time. The bounds of trip times
are calculated by Table 4 as reference. For each train t, the
bounds of trip time are more than ZZZI (s4/vg) for all sections
(ij), i = 1,2,...,27, j = i+ 1. The bounds of trip time
constraints are presented in Table 5. The following formulae
are adopted for calculating the windows of total travel time
constraints,

28 27
tt=r; X Zd_u)i+ Zt_rij+ ZEU
i=1 i=1 i=14
i#14
(33)

8 2
tt =1, x Zdwi + Z tri; + ZKU
i=1 i=1

i=14
i#14

where r; = 1.1 and r, = 0.85. For the domain of event times
constraints, we set m = 16 x 3600.

The initial point (uo, vo,so) in Algorithm 1 is chosen to
be 0. To calculate the energy consumption and regenerative
energy, we set the maximum acceleration a,, = 0.5m/s
in accelerating, a,,, = —0.8m/s* for braking, the resistance
acceleration y = —0.05m/s> during the speed holding phase,
the conversion factor from electricity to kinetic energy 0, =
0.7, and the ratio of kinetic energy converting to regenerative
energy 0,,, = 0.5 as used in [18]. For testing purpose, we
approximately calculate the energy consumption for acceler-
ating and the regenerative energy produced during braking in
the following way. As presented in Section 2.4, the maximum
accelerating, speed holding, maximum braking strategy from
[18] is adopted and the parameters t,, t,, and ¢ are set in
Table 6. The parameters ¢ and ¢ in Figure 3 which represent
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TABLE 6: Parameters for calculating E“" and E”.
t t, c c
20% 45% 14% 21%

TABLE 7: Results of numerical experiments on Beijing Metro
Yizhuang Line: Al stands for the linear programming model (36)
solved by Gurobi; A2 stands for the quadratic programming (37)
solved by CVX; A3 stands for our proposed model (26) solved by
Algorithm 1.

(%)

m Al A2 A3

357 25.54 24.52 29.92
368 23.67 23.44 28.36
380 25.56 23.01 28.54
391 24.50 23.80 28.49
403 24.78 24.17 27.47
414 27,02 26.57 30.05
426 2773 27,07 30.52
437 2759 26.94 30.46
449 28.26 27.54 30.84

the width of the rectangles for E“" and E” (in percentage
of the trip time) are also given in Table 6 for approximately
calculating the energy consumption for accelerating E“” and
the regenerative energy produced during braking E*".

4.2. Stopping Criteria. To measure the accuracy of an
approximate optimal solution (x, y, z) of Problem (26) from
(x,¥,2,u,v,s) generated by Stage II in Algorithm 1, the
relative primal and dual infeasibilities will be adopted. Specif-
ically, denote

Mp

_ {Ily ~Ax-b| |Fx-g| |- f+Ex]| }
= max , > >
Lty 7 1+]g] ™ 1+l (34)
"ATu - Flw- ETS“
Ha = .
T L+ [ATul + [FTw] + |ETS]

For a given tolerance &, > 0, we will stop the tested algorithms
when both 77, and 7, are less than ¢,. The algorithms will also
be terminated when they reach a given maximum number of
iterations MaxlIter,. Here we set ¢, = 107 and MaxI ter, =
10%. For Stage I in Algorithm 1, it will be stopped when both
11, and 17, are less than &, or the maximum iteration reaches

MaxIter,. Here we set e; = 10~" and MaxIter, = 10%.

4.3. Experiment Results. To evaluate our model with £;,-norm
plus E;-norm as the object, the other two possible models are
computed for comparison. The first model is the £, -norm plus

TABLE 8: Energy saving rates for m = 368: Al, A2, and A3 are the
same as in Table 7.

(%)
Ref. Al A2 A3
[19] 19.82 21.34 24.94
[9] 18.85 18.83 23.11
[10] 18.99 18.88 23.11
[11] 19.02 18.85 23.12
(6] 18.97 18.78 23.29

¢,-norm proposed by Das Gupta et al. in [12] which takes the
form of

min {[yf, +Ay[, : y~Ax-b=0, Fx-g
(35)
=0, Ex< f}

which is handled by approximately solving its linear pro-
gramming relaxation problem

rr&in{eTs:ySS, y2-s, y-Ax-b=0, Fx—g
(36)
=0, Exsf}.

The second possible model is the squared ¢,-norm related
quadratic programming,

mxin{%”y"i:y—Ax—b:O, Fx—-g=0, Exsf}, (37)

where only the squared Euclidean norm is employed to
measure the vanishing of y. Since we focus on the reduction
of the effective energy consumption, we define the energy
saving rate # as follows:

71|
=1 EGjth

2|L°71||/V|E§on : (38)
t=

}/l:

Energy savings by using these three different models are listed
in Table 7 with different choices of 7.

As shown in Table 7, the energy savings by using our
model are better than those by the other two in all the testing
instances with at least 2.58 percentage higher in the energy
saving rate #.

Other choices for the initial trip times from [6, 9-11, 19]
with m = 368 are also considered as inputs. The comparison
results in terms of the energy saving rate # are stated in
Table 8.

As one can see in Table 8, the utilization of regenerative
energy of our approach is the best among these three models
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FIGURE 7: The numerical convergence behavior of TSADMM with different choices of 7.

as well with the energy saving rate at least 3.60 percent higher
than the other two. These evidently show the effectiveness of
our proposed model.

In order to demonstrate the efficiency of our proposed
TSADMM algorithm, we call the academical CVX to solve
ours model for comparison. The time comparisons for all the
aforementioned instances are presented in Tables 9 and 10,
respectively.

As can be seen in Tables 9 and 10, our proposed
TSADMM outperforms the CVX solver for the model (26)
in terms of computation time. Particularly, for the cases of m
equaling 368 and 449 in Table 9, the computation time for
TSADMM is less than one-third of those for CVX. Besides
the theoretical global convergence of our TSADMM, the
numerical convergence behaviors in terms of the infeasibility
measure for all the above 14 instances are presented in Figures
7 and 8. One can see that for each instance, the infeasibility
decreases rapidly as the number of iterations increases and
it meets the required accuracy 107> within less than 4000
iterations.

5. Conclusion

In this paper we have proposed a sparse optimization model
using ¢,-norm and squared ¢,-norm as objective function so
as to maximize the utilization of regenerative energy in metro
railway system. To overcome the NP-hardness resulting from
the €,-norm, the weighted ¢, -norm by invoking the adaptive
lasso strategy in statistical regression has been introduced to
make the relaxation counterpart computationally tractable
and numerically effective. A two-stage alternating direction
method of multipliers (TSADMM) has been designed to
efficiently solve the proposed mathematical model and the
global convergence of the algorithm has been established
as well. Numerical experiments have been conducted on
Beijing Metro Yizhuang Line for case study. The comparison
results with the linear programming proposed by Das Gupta
et al. and a quadratic programming with least-squares loss
function have illustrated the effectiveness of our proposed
model in terms of the energy saving rate, and the timing
comparison results with the CVX toolbox have demonstrated
the efficiency of our proposed TSADMM algorithm.
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TABLE 10: Time comparison between CVX and TSADMM with different trip times from [6, 9-11, 19].
Alg, Ref.
[19] [9] [10] (11] [6]
time(s)
CVX 55.61 57.86 55.45 51.25 47.81
TSADMM 20.36 29.22 28.21 27.64 31.84
0.4 0.4 0.4
B z £
é 0.2 % 0.2 % 0.2
g g g
& £ z
0 0 0
0 1000 2000 3000 0 1000 2000 3000 4000 0 1000 2000 3000 4000

The number of iterations

— trl — tr2

0.4

Infeasibility
(=}
3§}

0 . .
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The number of iterations

— tr3
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S
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tr5

FIGURE 8: The numerical convergence behavior of TSADMM for different trip times: trl,...,tr5 stand for the cases for different trip times

proposed in [6, 9-11, 19].

Since the weighted ¢, -norm is a convex approximation of
the €,-norm, the optimal solution to the (26) is a proximal
optimal solution to the original sparse optimization model.
How to design some more effective nonconvex relaxation
scheme to get a better proximal optimal solution so as to
get a better energy saving rate will be one of our future
work. Meanwhile, the delay perturbations of the metro trains
and the randomness of passenger demands have not been
considered in our static timetabling. How to use advanced
optimization techniques for handling such cases will also be
our future research issue.

Appendix
The Proof of Theorem 3
Proof. Let x = ([xP17, .. [x%1)T € R" be an optimal

solution of Problem (12). Then, the optimality and the
feasibility of x imply that FXx—g = 0 and f—EX > 0. By virtue
of the expressions of E and F in Section 2.4, together with the
time window constraints as stated in f, we can find some X in
aneighborhood N(x, 8) with & < min;f,_ gz 0 f;—(EX), such

that FXx—g =0and f—EX > 0.Set y = AX+bandZ = f-EX.
It is easy to verify that (X, 7,Z) € (R" x R" x R",) N P with
P being the feasible region of Problem (26). By employing
[25, Theorem B.1], we can get the desired global convergence
result in Theorem 3. O
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