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Abstract

This paper deals with the problem of recreating horizontal alignments of existing railway lines. The main objective is
to propose a simple method for automatically obtaining optimized recreated alignments located as close as possible to
an existing one. Based on a previously defined geometric model, two different constrained optimization problems are
formulated. The first problem uses only the information provided by a set of points representing the track centerline while the
second one also considers additional data about the existing alignment. The proposed methodology consists of a two-stage
process in which both problems are solved consecutively using numerical techniques. The main results obtained applying
this methodology are presented to show its performance and to prove its practical usefulness: an academic example used
to compare with other methods, and a case study of a railway section located in Parga (Spain) in which the geometry of its
horizontal alignment is successfully recovered.
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Minimum length of the tangent
segments.

Number of multi-starts.

Number of curves.

Estimated value of the number of
curves.

Upper bound for the number of
curves.

Lower bound for the number of
curves.

Size of the kernel of the Gaussian
filter.

Penalty parameter of the length of the
ith clothoid.

Penalty parameter of the length of the
ith circular curve.

Penalty parameter of the radius of the
ith circular curve.

Penalty parameter of the length of the
Jjth tangent segment.

Starting and ending points of the
horizontal alignment.

Set of points representing the current
position of the railway centerline.
Probability of number of curves equal
to i.

Radius of the ith circular curve.
Minimum radius.

Parameter used to define N, and
Npin from N,

Arc length parameter.

Initial coordinate s of a geometrical
element.

Final coordinate s of a geometrical
element.

Sign function.

Tangent j.

Tangency points of the ith curve.
The ith vertex of the polygonal
chain defining the main axis of the
horizontal alignment.

Set of admissible horizontal
alignments.

Design variable defining the first
coordinate of the jth vertex of the
layout.

Design vector of the horizontal
alignment.

Design vector of an initial horizontal
alignment.

Design vector of a local minimum

obtained as solution of problem (6).

xfs\'1 Design vector obtained as solution of
stage 1.

x’s\’2 Design vector obtained as solution of
stage 2.

Y; Design variable defining the second
coordinate of the jth vertex of the
layout.

a Heading.

as™ Smoothed heading.

0, € (0,m) Deflection angle of the ith curve.

0.0 € (0,m) Maximum allowable deflection angle

for random generation.

c Parametrization of the horizontal
alignment in terms of the arc length
parameter s.

o¢ Standard deviation of the Gaussian
distribution used to define the filter.
; Angle of the ith circular curve.

1 Introduction

The recreation of horizontal alignments of existing railway
lines is an essential task that must be carried out during
periodic maintenance in order to prevent the process
of track geometry degradation and assure the safety of
train operations and the comfort of the passengers [1].
The interaction between the wheels and the railway track
provokes over time deviations of its centerline with respect
to its original position that must be corrected by means of
a track calibration process before they reach unacceptable
values. During calibration, the track centerline is adjusted
by adopting a recreated horizontal alignment (RHA) defined
as close as possible to the existing one taking into account
the technical constraints that must be satisfied according to
the operational requirements of the railway line (Fig. 1).
Nowadays, the current position of the centerline is typically
known by means of the coordinates of a set of points
P, = (x,y;) € R? located along the railway line measured
by track surveying or obtained from other sources.

The design of an optimal RHA is not only necessary for
maintenance operations but also for renewal or reconstruction
projects in order to improve the operational characteristics of
existing railway lines. Another practical application related
to the recreation of horizontal alignments is the possibility of
recovering the geometrical parameters of older railway lines
or road routes when that information is not available, missing
or incomplete, which is usually very common.

The design of a RHA is a complicated constrained opti-
mization problem [2] in which different types of constraints
must be considered in order to obtain a geometrical and
technical admissible alignment. Owing to its complexity, the
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Pk:(xk > yk)

Fig. 1 Recreation of a horizontal alignment (gray solid line) obtained as close as possible to a set of measured points (black solid dots) repre-
senting the existing railway centerline. The recreated alignment may be different from the original design (black dashed line) of the railway line

search for an optimal RHA from the information provided by
the measured points is generally conducted in two different
stages: (1) identification of each potential geometrical ele-
ment (tangents, circular curves, and transition curves) of the
existing alignment and the boundaries between them, and (2)
optimization of the parameters of the elements previously
identified subjected to some technical constraints. The first
one is clearly the most difficult part of the process, owing to
the fact that it is not always easy to assign a certain type of
geometrical element to each of the measured points of the
existing alignment, being especially difficult to estimate the
location of the boundaries between elements. This two stages:
identification and optimization, were considered separately in
many research papers, but in practice, both stages are unques-
tionably dependent on each other, which makes the problem
of obtaining an optimal RHA even more complicated.
Several methods have been proposed so far for conducting
the identification of railway or road horizontal alignments
from geometrical features extracted from the measurement
points. The traditional method based on curvature analysis is
one of the most widely used, due to the fact that each of the
geometrical elements of a horizontal alignment (tangents, cir-
cular curves, and transition curves) is characterized by a well-
known curvature behavior. Some authors estimate the cur-
vature of each measured point along the existing centerline
by means of a local fitting using circular curves [3-5], while
others propose to construct a spline curve passing through the
measured points [6-8] and then compute the curvature from
it instead of using directly the coordinates of the points. Sub-
sequently, the identification of the geometrical elements can
be conducted by analyzing the curvature obtained from those
estimations using thresholds to assign some type of element
to each measured point. In order to avoid some limitations
associated with the curvature analysis, some authors [9—13]
propose to use heading direction graphs or bearing graphs
due to the fact that they are less noisy than curvature graphs.
However, not only the curvature or the heading direction was
considered for conducting this task. Other authors carried out
this identification stage by using the values of versine meas-
ured along the track [14] or calculated from the coordinates
of a set of known points [15], while others applied image
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processing of satellite or photographic images [16—18] to
identify the geometric elements of an existing alignment by
using some artificial vision techniques, such as edge detectors
and the Hough transform.

Once the whole set of measured points has been divided
in different subsets and classified into the different elements
in the identification stage, the geometrical parameters of each
element should be determined in the second stage according
to some optimization process. Several methods have been pro-
posed to accomplish this task. Easa and Wang [19] defined
an optimization model for composite horizontal curves that
simultaneously fits all its elements (circular curve, transition
curves and tangents) by using the total least squares method.
Gikas and Stratakos [11] proposed an algorithm based on the
manipulation of the bearing diagram and its first (curvature)
and second order derivative (rate of change of the curvature)
to fit the centerline geometry of railways or roads. Liu et al.
[20] used the Hough transform to improve the identification
stage and then defined an optimization model which is solved
by the Powell method. Skala-Szymanska et al. [21] proposed
the use of the Nelder—-Mead simplex method for fitting hori-
zontal alignments. Camacho-Torregrosa et al. [12] introduced
an analytical-heuristic method to obtain an optimal horizontal
alignment by minimizing the square-mean error of headings,
taking into account the restrictions of continuity required to
heading and curvature. Li et al. [22] proposed a method for
the reconstruction of existing railway alignments by using
particle swarm optimization with a full direction search. Li
et al. [13, 23] introduced a new methodology called swing
iterations in which an iterative process of reclassification of
the measured points is conducted for the identification of the
alignment components, being their geometrical parameters
optimized by means of genetic algorithm (GA) techniques.
Song et al. [24] applied the Levenberg—Marquardt (LM)
algorithm with an heuristic strategy to perform the fitting
of transition curves. Pu et al. [2] developed an optimization
model for railway reconstruction which is solved by means
of a two-stage method. After applying an automatic segment-
ing method for separating existing alignments into reused and
reconstructed sections, a multi-directional distance transform
is proposed to searching redesigned alignments. Recently, Shi
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et al. [15] proposed a smoothness optimization method based
on orthogonal least squares and the theory of controlling the
track smoothness for obtaining an optimal RHA.

In this paper, a simple automatic method for obtaining an
RHA of an existing railway line is presented. It considers
a geometrical model previously defined in [25] as a start-
ing point for the subsequent formulation of two constrained
optimization problems. The objective of both problems is the
same: minimizing the distance between the existing align-
ment and the RHA, but the definition of the corresponding
objective functions is different. In the first problem, its objec-
tive function only takes into account distances between the
alignments, while, in the second problem, a penalty term is
also included to consider during the optimization process
some known data about the geometrical parameters of the
existing alignment. If this kind of information is available,
this second problem can be solved by using the optimal
solution obtained from the first one as an initial solution. As
regards to the constraints, the same geometrical and tech-
nical requirements are initially imposed on both problems.
The first ones must be fulfilled by the solutions in order to
assure an appropriate definition of their geometry, and the
second ones are typical technical restrictions considered in
such optimization problems: minimum radius of the circular
curves and minimum length of each of the three different ele-
ments considered in the geometrical model: tangents, circular
curves, and transition curves. However, if additional technical
constraints should be taken into account for a specific case,
they could be easily included. Once formulated, these opti-
mization problems can be solved by gradient-type techniques
as it has been proved in similar cases [26, 27].

This method has the following advantages that distinguish
it from other previous research. Firstly, the formulation of the
two constrained optimization problems makes unnecessary to
conduct the identification stage to assign a potential geometri-
cal element (tangent, circular curve or transition curve) to each
one of the measured points. The initial alignments needed to
start the process of optimization are obtained by using a pre-
viously developed algorithm for the automatic generation of
random admissible horizontal alignments described in [28].
Therefore, the proposed method avoids all the difficulties
related with the identification stage and especially the estima-
tion of the boundaries between elements. Secondly, the sec-
ond stage allows to consider during the optimization process
some available information about the geometry of the exist-
ing alignment. Thirdly, unlike other methodologies previously
proposed, the fact of starting the optimization process with
an admissible horizontal alignment allows the whole RHA to
be recreated automatically, instead of being composed by dif-
ferent recreated parts that should be properly connected later
ensuring that the geometrical restrictions between them are
fulfilled. Fourthly, all the geometrical elements (tangents, cir-
cular curves, and transition curves) of the RHA are optimized
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simultaneously, according to the decision variables of the geo-
metrical model defined in a continuous domain [25], without
any of them being predefined in advance. Finally, the defini-
tion of the optimization function on both constrained problems
avoids the need of spending a great deal of time on solving
repeatedly the problem of computing the distance between a
point and a transition curve during the optimization process.

The paper is organized as follows: the mathematical
model is described in Sect. 2; the numerical results obtained
in two different cases: an academic example previously
proposed by Easa and Wang [19] selected to compare with
another existing method, and a case study that consists of
the recreation of an existing section of a railway line is
presented and discussed in Sect. 3; finally, the conclusions
of this research are summarized in Sect. 4.

2 Mathematical model

The geometrical model used in this work considers the hori-
zontal alignment as the combination of tangent segments,
joined by circular curves with transition curves (clothoids).
Initially, the model considers exclusively symmetrical
clothoids for each individual circular curve, but it can be
easily modified in order to include the possibility of adopting
different clothoid parameters on each side of the curves. A
horizontal alignment composed by N curves joining two pre-
viously defined starting and ending points (P, = (x,,y,) € R?
and Py, = (x,,;,) € R, respectively) is determined by the N
vertices of the main axis (V; = (X, Y;) € R?), and the radii
R; > 0 and the angles w; > 0 of its circular curves (Fig. 2).
Therefore, the following vector of decision variables can be
used to uniquely define the horizontal alignment:

N =X, Y.R, @, Xy, Vs, Ry, 0y, ..., Xy, Yy, Ry, 0y) € R*Y.
(D

From any decision vector x", the length of the corre-
sponding horizontal alignment L(x") and its parametrization
in terms of the arc length parameter s,

oo 1 [0,L(xY)] — R?

S ow(s) = (x(9), 3(5) )

can be computed by using the method proposed in [25].

2.1 Formulation of the optimization problem

The main goal of this work is to obtain a recreated horizontal
alignment as close as possible to an existing one determined
by the coordinates of a set of points P, = (x,y,) measured
along its horizontal axis. We assume that the first and the
end of these surveyed points are, respectively, P, and P,.
Additionally, to establish a rigorous formulation of the
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sasnsssssssns Main axis

Tangents

Circular curves

Transition curves

P=Vy,=Tr,

?

Fig.2 Geometrical model of an horizontal alignment between to given points using a combination of N + 1 tangents connected by N circular

curves with symmetrical transition curves (clothoids)

problem, we assume that: (H1) x; < x,, Vk. This hypothe-
sis is not very restrictive because, if there is not backtracking
between surveyed points P, it can be just fulfilled through
the rotation which achieves that y, = y,.

The first step to formulate the problem is to consider a
smooth interpolation of the surveyed points. In this work,
we use the piecewise cubic Hermite interpolating polynomial
(PCHIP) because it has no overshoots and has low oscillation
if the data is not smooth, connecting flat regions more
accurately [29, 30]. We denote by f,(x) the function defining
the PCHIP of the surveyed points. If (H1) holds, it can be
assumed that the graph of this function represents accurately
enough the position of the existing alignment, and the quality
of the fitting between the recreated alignment and the existing
one can be easily quantified: we assume that backtracking is
not allowed in the recreated alignment, specifically,

X <X, <X, <x [(=12,....N—1, 3)
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which guarantees that x(s) € [x,,x,] Vs € [0, L(x")] and,
consequently, that the function

L(x™) 5
1) = V() = fop(x(s))) x'(s)ds
Jy () ; (V($) = fip(x(5))) X' (s) d. 4

is well defined. This function gives the sum of the squares of
the y-distance between both (exiting and recreating) align-
ments and can be used to quantify the goodness of the fitting.

Remark 1 If there is backtracking along the surveyed points,
for example due to the presence of complex reverse curves,
a possible approach to overcome this difficulty will be to
divide in a proper manner the set of points in different parts
that could be optimized separately. For those parts present-
ing backtracking, an appropriate rotation should be applied
to their surveyed points before solving the optimization
problems presented below. Later the different parts should
be properly joined assuring that the final solution represents
an admissible horizontal alignment.
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The optimization problem will consist of minimizing
the function J; (x") considering; in addition to the relation
(3), some constraints over the decision vector xV related to
the definition of the geometrical model or some technical
restrictions that must be taken into account. Regarding the
geometrical model, the following two constraints are required
(Fig. 2):

1. The angles w; occupied by each circular curve cannot
be negative (w; > 0) or greater than its corresponding
deflection angle ;.

2. A curve cannot begin before the preceding one ends, that
is, sign; > 0, being

sign; = sgn((T; —7}"_1) . (Vj—Vj,l)), j=12,...,N+1,

where sgn(-) is the sign function, V, = Tg =P,
Vs =Ty, = Ppand, fori=1,2, ... ,N,Ti_andTi*are

the tangency points of the ith curve (see Fig. 2).

With respect to the technical constraints associated with the
horizontal alignment, they mainly consist of establishing mini-
mum values for the radii of its circular curves R; and the length
of its tangent segments LJ.T = sign;| |Tj_ - T;*_l ||, circular
curves L€ = o,R;, and clothoids LS = R,(6; — ®,). In order
to fulfill these requirements, the following admissible set (X;\;)
is defined:

Yo 2 Xy 2 X 2 x,
R[ 2 Ryin | = 1,2,...,N-1
N _ N 4N T (+N T C—
X =49 €R / L/(x) Zme,l =12,..,N ,
LNy > LC j =1,2,...,N+1
1 min
LE@N) > LS
1 min
5
with R, > 0and LT, , L¢, L¢ > Obeing the minimum
min min min

values associated with radii and lengths of tangent segments,
circular curves and clothoids, respectively.

Therefore, this optimization problem can be formulated as
follows:

: N
il A ©

Additionally, if there is available information about the val-
ues of some geometrical parameters of the existing align-
ment, it is possible to use them in order to penalize solutions
with values far from those expected, forcing them to be as
similar as possible. The following penalty function Jp(x")
can be used for that purpose:

@ Springer

N
Ty = 3 R (R = RO)? 4 pC€ (L€ = 15 )2 +pf(LE -1 )2
i=1
N+1 - - )
+ (LT —L°) .

j;p J ( J J ) (7)
This penalty function is composed of the sum of the quad-
ratic differences between all the obtained values of radii and
lengths of each element and their corresponding known val-
ues: R;’, LiCC", Lic" and LJ.T". In addition, each of these quad-
ratic differences is multiplied by an individual penalty
parameter (pf, p<¢, p©, pjT) allowing us to select which
geometrical parameters will be penalized and to weight the
importance of each of them in the optimization process.
However, the values of these penalty parameters cannot be
set in advance, being necessary to carry out preliminary tests
to select appropriate values that cause the desired effect. In
order to take this penalization into account in the problem,
a new objective function Jz(xN )is defined as Eq. (8) by add-
ing to the initial objective function J;(x") the penalty func-
tion Jp(xM):

LNy = T,y + Tp(x™). (8)

By considering this new function J,(x") as an objective
to be minimized, a second optimization problem can be
formulated as follows, taking into account the same set of
admissible solutions Xﬁl previously defined for the initial
optimization problem.

: N
min J,(x").
g, J207) ©
Therefore, assuming that there is available information about
some of its geometrical parameters, the method proposed in
this research for obtaining a recreated alignment consists of
conducting the two following stages:

e Stage 1: Solving the first optimization problem (6) with a
random multi-start of the sequential quadratic program-
ming (SQP) method (see [31]). As mentioned before, the
initial alignments needed to start this stage are obtained
by using an algorithm for the automatic generation of
random admissible horizontal alignments previously
developed by the authors [28].

e Stage 2: Using the optimal solution obtained in stage 1
as an initial solution for solving the second optimization
problem (9). Of course, this stage can only be conducted
if geometrical information about the existing alignment
is known and therefore the penalty term of the objective
function can be evaluated.

Railway Engineering Science
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Inputs

Stage 1: Without penalization

Number of multi-starts Mg ]
Number of curves N

Maximum allowable

deflection angle Omax | Random generation  [(xxN. )| | )g| crerreeeeeeeieeens CAMI
Starting Point  Pa= (Ta, Yb) | | eeceeeeeoememerememeeeremememeesememaseemeni eeemememenaes smeeasaemesesessmemesesememenesmemenees roemeeerdd
Ending point 7, = (, ) |
Surveyed 7
points B = (, yr) Solving problem (6) . _
Technical constraints - min (V) |Kopt)1| [(Kopt)a| e (X onm
T cc re xNexM
Ruin, Lmin-, Ly, Ly :

min’ ~min

Ji(x%)) = min Jy [(x[’};)t)m}

Surveyed

points Py = (r, y)

Stage 2: With penalization

Technical constraints
Rmin-, LT LCC LC

min’ “min’ ~min

Penalty parameters

Pl o0 w0 pf

Solving problem (9) starting from x§1
L min_ Jo(x™) with Jo(x™) = Ji(x™) + Jp (xV)
Nex N

Original values
o 7CCo 7C, 7T
RY, Ly™, Ly°, Ly°

Fig.3 Flowchart of the two-stage method according to Algorithm 1

The pseudocode of this two-stage method is described in Algo-
rithm 1 and illustrated by means of a flowchart presented in Fig. 3
to make easier to understand the logical relationship between stage
1 (without penalization) and stage 2 (with penalization). As it can
be observed (Fig. 3), this flowchart provides detailed information
about the different steps conducted during the stage 1 (random
generation, solving problem (6) and selecting the best local mini-
mum), the specific inputs used in each step of the algorithm, and
the outputs obtaining as a result of each stage: the decision vectors
xg’ ,and xgvz for stage 1 and stage 2, respectively.

N
X's2

An important point to consider is the fact that stage 2 uses
as initial solution a previously optimized alignment obtained
from the stage 1. Therefore, the second optimization prob-
lem including the penalty term is solved starting from a
solution located near to the set of measured points. Trying
to solve directly the second optimization problem (stage 2)
from initial alignments randomly generated can lead to solu-
tions with geometrical data very close to the original one,
but worse fitting with the set of measured points.

Algorithm 1 Two-stage method for automatic recreation of horizontal alignments

Input: Surveyed points (Pj, € R?), technical constraints (Ruyin, LT, , LEC, LY. ),

min’ min’ “min

available data (N, R, LZ-CC", Lic% LJTO), penalty parameters (pft, p¢¢, p¢, p?), max-
imum allowable deflection angle for random generation (fmax € (0,7)), and number of

multi-starts (Mg ).

Output: Decision vector wé\g given the optimal RHA.

Stage 1

1: for m < 1 to Mg do

2: Compute (. ),, by running the Algorithm 2 detailed in [28];

inic
o . N
3: Compute a local minimum (g,

4: end for

)m of problem (6) with the SQP method
described in [31], starting from (zd; ).,

5: Take xg; as the best local minimum, verifying Ji (28)) = min Jy[(5; )]

Stage 2

1: Compute z2, by solving the problem (9) with the SQP method described in [31],

starting from )

Railway Engineering Science
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Algorithm 2 Method proposed for solving problem (10)

Input: Surveyed points (Pj, € R?), technical constraints (Rumin, L.

LCC LC

min> min’ min)’

upper bound (Npax), lower bound (Npin), and probability estimates (¢; € [0, 1]) for
the number of curves, maximum allowable deflection angle for random generation
(Armax € (0, 7)), number of multi-starts (Mg >> Nyax — Nmin + 1).

Output: Decision vector 23] given the optimal RHA.

Stage 1

. for m «— 1 to Mg do
Take Ny, € {Nmin, - - -

inic

Ll A

[31], starting from x\7

end for

o

y Nmax } randomly, with probabilities p({N,,, = i}) = ¢;
Compute z'™ by running the Algorithm 2 detailed in [28];
Compute a local minimum of problem (6) with the SQP method described in

6: Take 3 as the best local minimum obtained for problem (6)

Remark 2 This two-stage method can be only applied if there
is available information about the values of some geometrical
parameters, particularly, if the number of curves (V) is known
in advance. Otherwise, if geometrical data are not available and
N is unknown, the problem (9) cannot be defined and N must be
considered as other decision variable, to be determined during
the optimization process. In this situation, the optimal RHA
is given by the following slight modification of problem (6):

min J, (N,
N e {Nmin""7Nmax} (10)
NV exV
ad
where N, and N,,,, € N are, respectively, the lower and

upper bounds of the number of curves. This new problem
(10) is more complex than problem (6), because it is formu-
lated in the framework of mixed integer nonlinear program-
ming (MINLP). However, if the number of possible values
of N is not too large, the solution to problem (10) can be
reached by solving the problem (6) N, — Ny, + 1 times
(corresponding to N = N,;,—N,,.,)- From a computational
point of view, if there are only rough estimates of the prob-
ability that the number of curves is i (values g; € [0, 1] veri-
fying ¥ g, = 1), the solution to problem (10), which
provides thgnoptimal RHA in this situation, can be obtained
by the following method (Algorithm 2), which the authors
have already used successfully in a similar problem (see

[28]).
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To be able to apply the Algorithm 2, the lower bound
(Npin)» the upper bound (N,,,,), and the probability estimates
(g; € [0, 1]) must be defined. To determine appropriate values
for N, and N,,,, a method for obtaining an estimate of the
number of curves N, was implemented. This method, described
in Algorithm 3, is based on the analysis of a curvature diagram
derived from a previously smoothed heading diagram obtained
by applying a Gaussian filter to the initial heading values esti-
mated from the surveyed points P, = (x;,y,). The following
equations (see [12] for more details) were used, respectively,
to compute the heading (@), the distance between consecutive
points (As), and the curvature (x), with Ay, = y,,; — v, and
Axy = x4y — X

A)’k).
t —£ ) A 0
ak={a“a“<mk 7 } (1)

Asp = \/AY; + Ax, (12)
_ %1 T X
Ky = T As, (13)
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Algorithm 3 Method for estimating the number of curves.

Input: Surveyed points (P, € R?), size of the kernel of the gaussian filter (ng),
standard deviation of the gaussian distribution (o¢), minimum value of curvature
(Kmin > 0), and minimum distance between circular curves (dmin > 0).

Output: Estimation of the number of curves N,.

1:
2:

Compute the initial heading diagram (s, ) using Eq. (11).

Compute the smoothed heading diagram (s, ™) by applying a gaussian filter with
kernel size (nf) and standard deviation (o%).

Compute the curvature diagram (s, k) from the smoothed heading diagram by
using Egs. (12) and (13).

Identify the local maxima c¢***
(smin gmin) of the curvature diagram.

Take N, as the number of local extrema (maxima and minima) verifying: x** >
Kmin OF /i;“i“ < —Kmin, and separated all of them with a distance in the s-axis

= (s, k") and local minima ™ =

2 dmin .

From the value of N, obtained by Algorithm 3, the lower
and upper bounds can be defined, respectively, as fol-
lows: N, =N, —r and N, =N, +r, with r > 0 being
a parameter chosen to consider in the optimization process
other alternative values of N close to N,. The selection
of this parameter should be made taking into account the
visual information provided by the heading and curvature
diagrams.

Finally, the probability estimates for the number of curves
N € {Njn» --- - Nmax } can be defined by using a constant
value ¢; = 1/(Nyax — Npin + 1) for all i =N oo s Npax
if all of them are considered equiprobable, or by assigning
decreasing probabilities according to their distance to N,, for

example, using again a Gaussian distribution for this purpose.

3 Numerical results

Several academic tests were conducted to assess the per-
formance of the method under different scenarios. These
tests considered hypothetical alignments with different
numbers of circular curves (N) and different values of their
design variables, and the results obtained are very satisfac-
tory. After these tests, the behavior of the method was com-
pared with an academic example previously used by Easa
and Wang [19]. Despite the fact of its simplicity (only one
circular curve), it was selected because all the information
needed to simulate the test was available. Moreover, no
other academic case was found to test the method proposed
in this paper by comparing the results obtained with the
same set of surveyed points. Finally, the practical usefulness
of the method was tested in a case study consisting of the
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recreation of an existing section of a railway line located in
the Northwest of Spain. In this section, a comparison with
the academic example of Easa and Wang [19] and the results
obtained for the case study are presented and discussed.

3.1 Comparison with the academic example of Easa
and Wang

The academic example proposed by Easa and Wang [19]
consists of a hypothetical alignment composed by a sin-
gle circular curve (R = 300 m) with symmetrical clothoids
(L€ = 100 m) inserted between two known tangents with a
deflection angle of 40° [19]. The first tangent of the align-
ment was the axis Y = 0, and the vertex was located at the
origin of coordinates. Easa and Wang [19] used a set of
42 points randomly selected along the alignment to show
the ability of their methodology to fit its geometry and to
recover the exact parameters of radius and clothoid length.
The coordinates of this set of points expressed in centimeters
were published by the authors, being therefore available in
order to simulate the experiment with the method proposed
in this work. However, owing to the accuracy of the data,
those points cannot be considered to belong to the exact
alignment but to represent the position of a slightly distorted
geometry.

In this simple illustrative case, only the first stage of the
method described in the previous section (solving prob-
lem (6)) was conducted by considering N = 1 and the same
technical constraints of the original experiment: R, =
150 m, LrTnin =0m, Lgﬁ = 10 m, and Lfﬁn = 20 m, except
those related to the maximum values of radius or length
which are not taking into account here. A multi-start with
10 initial alignments (seeds) obtained with the aforemen-
tioned algorithm for the automatic generation of random
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admissible horizontal alignments was used. The optimal
solution obtained was: X; =—0.011m, ¥, =-0.008 m, R, =
301.020 m, and @, = 0.3618 rad, with a value of the objective
function J, equal to 8.9216 X 107> m>. The mean y-distance
between the RHA and the spline constructed along the points
was equal to 0.004 m, with the length of the clothoids and
the circular curve obtained being 101.235 and 108.916 m,
respectively. The set of points and the optimal RHA obtained
by applying the method are shown in Fig. 4. It can be
observed the high quality of the fitting with the set of points
and the location of the tangency points (boundaries between
elements) provided by the RHA.

3.2 Case study

After verifying the good behavior of the method with aca-
demic tests and the academic example of Easa and Wang
[19], it is also tested in a case study in which a railway
line in the Northwest of Spain crossing the village of Parga
(Lugo) is considered (Fig. 5). The method was applied to
an approximately 10 km long section of the existing sin-
gle-track railway between the locations of San Alberte and
Guitiriz. The recreation of this horizontal alignment was an
initial task conducted by the authors in order to be able to
design later an optimal railway bypass avoiding the urban
zone of Parga [32]. The objective is to identify its geo-
metrical elements and recover its parameters as accurately
as possible in order to use some of them as candidates for
bypass connections.

In the absence of measured data along the railway
track, the Universal Transverse Mercator (UTM) coor-
dinates of a set of points corresponding to its centerline
were obtained from the database of the National Geo-
graphic Institute (IGN). This set contains only 253 points
distributed non-uniformly along the entire length of the
railway line section. The distances between consecutive
points vary between a minimum of 1.37 m and a maximum
of 137.06 m, making very difficult to obtain a good esti-
mation of some geometrical elements by means of identi-
fication methods based on curvature or heading. Accord-
ing to the information provided by the IGN regarding the
positional accuracy of the data, it can be expected errors
are up to 1.00 m, and the recreation results that can be
obtained from this set of points are significantly affected
by this fact. In addition, informative boards (Fig. 6)
with geometrical data about the horizontal alignment
are located at the proximity of the boundaries between
elements, and hence, the two-stage method proposed in
Sect. 2 can be applied to this specific case. Consider-
ing all the information available about the railway line
section and after applying the method for estimating the
number of curves (Algorithm 3) for further verification,
a number of eleven circular curves (N = 11) was assumed
for the application of the two-stage method. For this spe-
cific case, considering the technical standard pertaining to
this railway line [33] and assuming a maximum velocity
equals to 100 km/h, the following technical constraints
were considered: the minimum radius of circular curves:
R.in = 495 m; the minimum length of circular curves: LE¢

150 [ [ I I I I
® Observed points (P,) in Easa and Wang [19]
e Tangency points of the recreated alignment
100 Recreated alignment .
........... Main axis of the recreated alignment
—— Circular arc of the circumference that defines
e the circular curve of the recreated alignment
~
50 - m
0 v, m
| | | | | |
-200 -150 -100 -50 0 50 100 150

Fig.4 Optimal RHA obtained for the academic example
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Fig.5 Segment of railway line used as case study
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Fig. 6 Informative board located along the railway track with geomet-
rical information about the horizontal alignment elements

= 33.33 m; and the minimum length of clothoids: Lfr;in =
95 m. Regarding the minimum length of tangents, the cor-
responding value according to the maximum velocity was
LT = 33.33 m. However, the technical standard states

'min

Railway Engineering Science

598

that if it is not possible to achieve this value for reverse
curves, it is preferable to connect the transition curves
without an intermediate tangent section. Considering this
fact and the presence of reverse curves in the railway line
in which it is likely that this recommendation should be
taken into account, a value of Lfﬁn = 0 m was finally con-
sider. Finally, the UTM coordinates of the starting point
and the ending point selected for the RHA were: P, =
(590,562.500, 4,781,157.300) m and Py = (598,709.200,
4,780,626.100) m.

The first stage of the method (solving problem (6))
was carried out by using a multi-start with 200 initial
alignments (seeds) obtained with the algorithm for the
automatic generation of random admissible horizontal
alignments. The optimal solution obtained after solving
the optimization problem with all of them is presented in
Table 1 in terms of its decision variables: the coordinates
of its vertices (X;, ¥;) and the radii R; and angles w, of its
circular curves. The minimum value of the objective func-
tion J; corresponding to this optimal solution was equal
t0 2,335.709 m?.

As mentioned before, in the second stage (solving problem
(9)), the optimal solution obtained from the first stage is used
as the initial solution. Regarding the penalty function, only the
original radius values R? provided by the informative boards
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Table 1 Optimal solution obtained in stage 1 (xé\’l Table 2 Optimal solution obtained in stage 2 (xg\’2

i X; (m) Y; (m) R; (m) w; (rad) i X; (m) Y; (m) R; (m) w; (rad)
1 591,458.874 4,780,782.897 1,194.134 0.2609 1 591,457.587 4,780,783.589 1,273.009 0.3606
2 592,081.477 4,779,946.497 1,146.321 0.1034 2 592,081.399 4,779,947.431 1,300.030 0.1626
3 592,706.596 4,778,342.170 518.006 1.7186 3 592,707.497 4,778,338.049 519.863 1.7503
4 593,505.012 4,779,142.511 497.760 0.5805 4 593,502.823 4,779,141.725 499.999 0.5856
5 594,043.301 4,779,140.346 501.947 0.5853 5 594,043.893 4,779,141.113 497.497 0.5706
6 595,376.846 4,780,517.370 524.139 0.2570 6 595,376.484 4,780,516.927 511.998 0.2511
7 595,854.003 4,780,667.431 502.121 0.4125 7 595,854.120 4,780,667.198 499.996 0.4120
8 596,328.141 4,780,508.600 496.450 0.6582 8 596,332.603 4,780,507.806 499.992 0.6596
9 596,798.364 4,780,793.441 526.664 0.2728 9 596,795.473 4,780,794.276 600.001 0.3546
10 597,579.975 4,780,825.623 586.293 0.2180 10 597,580.974 4,780,825.301 601.998 0.2334
11 597,922.560 4,780,686.093 617.175 0.1257 11 597,922.999 4,780,686.363 499.999 0.0777

were considered as the geometrical parameters to be penalized,
assuming in this specific case that all values of radius should
have the same importance. Therefore, the penalty parameters
applied to the length of each element were set to zero: piCC =0,
pl.c =0fori=1,2,..., ll;andpjT =0forj=1,2,...,12.In
order to select an appropriate value for the penalty parameters
of the radii, a sensitivity analysis was performed based on the
results of preliminary tests consisting of solving the second
optimization problem (9) with different values: pf =1,10, 100
and 1000 m for i = 1,2,...,11. After confirming that the
desired effect on the radii was achieved, taking into account the
differences obtained between the results and the known values
(R?), the last value (pfe = 1000 m fori=1,2,...,11) was
finally selected for this case study.

The optimal solution obtained in this stage is pre-
sented in Table 2, with the value of the objective function
J, being equal to 2,555.246 m?, slightly greater than the
value obtained for J; in the precedent stage. This incre-
ment can be explained in part by the additional contri-
bution of the penalty function to J,. However, it is also
possible that some parts of the recreated alignment were
forced to get more separation from the existing alignment
in order to be able to fit the value of the radius on each
circular curve. The effect of the penalization on circular
curves can be observed in Table 3 where the values of the
original radius and those obtained in both stages of the
method can be compared. The optimal solution of the first
stage provides values of radius similar to the original ones
for the majority of the circular curves but some of them
are clearly far from those expected. On the contrary, in the
second stage, the penalty term forces the solution to adopt
practically the same values as the original ones with very
small deviations.

@ Springer

The final solution for the RHA obtained by means of the
proposed two-stage optimization method is shown in Fig. 7.
It can be observed the different geometrical elements (tan-
gents, circular curves, and transition curves) and the position
of the vertices of the main axis. The mean of the y-distances
computed with the whole set of points was equal to 0.442 m,
clearly lower than the positional accuracy that could be
expected from the data.

Detailed information about the whole RHA is provided
in Table 4, including the most relevant geometrical param-
eters of each element and the position (coordinate s) of the
tangency points (boundaries between them). Of course, the
geometrical model provides the coordinates (x, y) of these
points, but this information was omitted to avoid overload-
ing the table with an excessive number of parameters. It
can be easily verified that the geometrical parameters of
the obtained RHA actually satisfy the technical constraints
(Royin» LSS, LS. and LT ) required for this specific case to

min® “min®> “min’

ensure operational safety.

Table3 Comparison between the original radii and the values
obtained in the two-stage method (m)

i Ry R; (xg) R; (xg)
1 1,273.0 1,194.134 1,273.009
2 1,300.0 1,146.321 1,300.030
3 520.0 518.006 519.863
4 500.0 497.760 499.999
5 497.5 501.947 497.497
6 512.0 524.139 511.998
7 500.0 502.121 499.996
8 500.0 496.450 499.992
9 600.0 526.664 600.001
10 602.0 586.293 601.998
11 500.0 617.175 499.999

Railway Engineering Science



A simple method for automatic recreation of railway horizontal alignments

Guitirizs. o

4781 F

y (km)

4779

““““““““ Main axis
4 = Tangents
Circular curves

Transition curves

591

598
x (km)

Fig.7 Optimal horizontal alignment obtained with the proposed two-stage method

In order to appreciate the quality of the fitting with the
existing alignment, the zone of the RHA identified with
the dashed line box in Fig. 7 was selected as an exam-
ple. This zone was enlarged and presented with additional
information in Fig. 8, which includes the following geo-
metrical elements: T3, C;-, CC3, Cs4, Ty, Cy-, CCy, Cys,
and T, according to the names assigned in Table 4. The
upper part of the figure shows the RHA obtained (red line)
and the available points (blue crosses) on each geometrical
element, while the bottom part of the figure provides the
values of y-distance computed from the RHA to each point.
It can be seen that the number of points finally assigned to
each geometric element varies as well as the consecutive
distance between them. For example, the first tangent 75
has only five points associated with it. The results of y-dis-
tance obtained for this specific element, among which is

Railway Engineering Science

the highest value of this entire zone, show the difficulty of
adjusting properly a straight line (tangent) to these points,
showing that the recreation is clearly limited by the num-
ber and the accuracy of the available data. The average
y-distance calculated for these nine geometrical elements
was 0.337 m, slightly lower than the value obtained for the
whole RHA (0.442 m). The values of y-distance obtained
in other zones of the RHA can be considered similar with-
out significant differences.

Taking into account the main objective of this case study
mentioned before and despite the lack of more precise data
measured along the railway centerline, the optimal RHA
obtained as solution of applying the two-stage method rec-
reates the existing alignment accurately enough within the
limitations imposed by the data, allowing us to recover the
geometric parameters of its elements.
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Fig.8 Optimal horizontal alignment obtained and values of y-distances computed in the zone highlighted (dashed line box) in Fig. 7
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Table 4 Geometrical information of each geometrical element of the
optimal RHA

Element s; (m) sp (m) LE (m) R (m) A (m)
T, 0+000.000 0+510.595 510.595 - -

C,- 0+510.595 0+731.693 221.097 - 530,527
CC, 0+731.693 1+190.788 459.096  1273.009 -

(O 1+190.788 1+411.886 221.097 - 530,527
T, 1+411.886 1+749.328 337,443 - -

C,- 1+749.328 1+888.885 139.557 - 425,944
Ccec, 1+888.885 2+100.273 211.388  1300.030 -

Cye 2+100.273 2+4239.830 139.557 - 425,944
T 2+239.830 2+854.948 615.118 - -

(o 2+854.948 2+4979.749 124801 - 254,715
CG, 24979.749 3+889.684 909.935 519.863 -

Cs: 3+889.684 4+014.485 124801 - 254,715
T, 4+4014.485 44018977 4.491 - -

C, 4+4018.977 4+122.029 103.053 - 226.994
cc, 4+4122.029 4+414,851 292.822 499999 —

Cys 4+4414,851 44517904 103.053 - 226.994
T; 4+4517.904 44528971 11.067 - -

Cs- 4+4528.971 44644332 115361 - 239.566
CC;s 4+4644.332 44928,206 283.874 497497 -

Cs: 44928,206 54043.568 115.361 - 239.566
Ty 54043.568 6+496.847 1453.280 - -

Cy- 6+496.847 6+622,540 125.691 - 253.680
CCq 6+622,540 6+751,078 128.539 511998 -

Ce+ 6+751,078 6+876.769 125.691 - 253.680
T, 6+876.769 6+968,774  92.005 - -

C,- 6+968,774 74+075.965 107.191 - 231.506
cc, 74+075.965 74+281.956 205.991 499.996 -

Cys 74281956 7+389.148 107.191 - 231.506
Ty 7+4389.148 7+389.148 0.001 - -

Cq- 7+389.148 7+497.221 108.072 - 232.455
CCy 7+497.221 7+827.021 329.800 499.992 -

Cy+ 7+827.021 74935.093 108.072 - 232.455
T, 7+4935.093 7+984,784  49.691 - -

Cy- 7+984,784 8+080.877  96.093 - 240.116
CC, 8+080.877 8+293.619 212.743  600.001 -

Co+ 8+293.619 8+389.712  96.093 - 240.116
Ty 8+380.712 8+781.781 392.070 — -

Co.  8+781.781 8+897.306 115525 - 263.715
CC 8+897.306 9+037.833  140.527 601.998 -

Che  9+037.833 94153358 115525 — 263.715
T, 9+153.358 9+198.579  45.221 - —

Cii- 9+198.579 9+314.407 115.828 - 240.653
CcCy, 9+314.407 9+353.258  38.851 499.999 -

Cii+ 9+353.258 9+469.086 115.828 - 240.653
T, 9+469.086 10+121,575 652,489 - -
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4 Conclusions

In this paper, a simple method for automatically recre-
ating horizontal alignments of existing railway lines is
proposed. On the basis of a previous geometrical model
developed to easily obtain a continuous parametrization
of the centerline of a horizontal alignment composed of
tangents, circular curves, and clothoids, the formulation
of two constrained optimization problems is defined. In
both of them, the main objective is optimizing a recreated
alignment by minimizing the distance from an existing
one, but in the second one, an additional penalty func-
tion is included in order to force the solutions to adjust
their geometrical parameters to some known values. The
method consists of two stages in which both optimization
problems are solved consecutively by means of numeri-
cal techniques using the optimal solution of the first one
as initial alignment for starting the resolution of the sec-
ond one. However, if there is no information about the
geometric parameters of the existing alignment, then, the
first stage of the method can still be applied. After being
tested with an academic example in order to assess its
performance, the method was successfully applied to a
railway line section located at Parga (Spain), proving to be
a very useful tool for recovering the geometry of existing
horizontal alignments. The main advantages of this simple
method can be summarized as follows:

e [tis not necessary to conduct the identification stage in
order to assign a potential geometrical element, avoid-
ing all the inherent difficulties related to this task.

e The second stage allows to consider during the optimi-
zation process some available information about the
geometry of the existing alignment.

e The whole horizontal alignment can be recreated auto-
matically, instead of obtaining different separate parts
that should be properly connected later.

e All the geometrical elements (tangents, circular curves,
and transition curves) are optimized simultaneously,
without any of them being predefined in advance.

e The definition of the optimization functions avoids the
need of spending time on solving over and over the
problem of computing the distance between a point and
a clothoid curve.

On the contrary, the proposed method presents the
following limitations and drawbacks that should be taken
into account in further research in order to improve its
performance or being able to apply it to other scenarios.
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e Some difficulties during the generation process were
observed in the recreation of the case study, owing to the
different spatial distribution of the curves along the rail-
way section. As it can be observed in Fig. 7, the distance
between the vertices of the RHA is greater in the western
zone than in the eastern zone. This fact, not considered
at the moment, should be studied in order to improve the
random generation of initial alignments.

e The mathematical model considers exclusively
symmetrical clothoids (as mentioned in Sect. 2), being
of great interest to implement in the future the possibility
of considering non-symmetrical transition curves.

e The mathematical model considers only one combination
of geometrical elements: tangent segments, joined by
circular curves with symmetrical clothoids. It would be
very useful to adapt the model to other combinations,
such as compound curves, very common in older railway
lines

Acknowledgements This work was founded by project TED2021-
129324B-100 of the Ministerio de Ciencia e Innovacion (Spain) and
NextGenerationEU (European Union), and also by the Collaboration
Agreement between Conselleria de Educacion, Formacion Profesional
e Universidades (Xunta de Galicia, Spain) and Universidade de San-
tiago de Compostela (Spain) which regulates the Specialization Cam-
pus Campus Terra under Grant number 2022-PU014. Additionally, the
first and third author are thankful for the support given by Xunta de
Galicia (Spain) by means of the research projects 2023 GPC GI-2084
ED431B2023/17 and GRC GI-1563-ED431C 2021/15, respectively.

Data availability statement The data that support the findings of this
research are available from the corresponding author, upon reasonable
request.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Khajeheia H, Haddadzadea M, Ahmadia A et al (2021) Optimal
opportunistic tamping scheduling for railway track geometry.
Struct Infrastruct Eng 17(10):1299-1314

2. PuH, FuH, Schonfeld P et al (2023) Modelling and optimization
of constrained alignments for existing railway reconstruction. Int
J Rail Transp 11(3):428-447

3. Hummer JE, Rasdorf WJ, Findley DJ, et al (2010) Procedure
for curve warning signing, delineation, and advisory speeds for

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

horizontal curves. Technical Report. Department of Civil, Con-
struction and Environmental Engineering, North Carolina, US
(FHWA/NC/2009-07)

Li Z, Chitturi MV, Bill AR et al (2012) Automated identification
and extraction of horizontal curve information from geographic
information system roadway maps. Transp Res Rec 2291:80-92
Hans Z, Souleyrette R, Bogenreif C (2012) Horizontal curve iden-
tification and evaluation. Technical Report. Iowa State University,
Ames, A

Ben-Arieh D, Chang S, Rys M et al (2004) Geometric modeling
of highways using global positioning system data and B-spline
approximation. J Transp Eng 130(5):632-636

Castro M, Iglesias L, Rodriguez-Solano R et al (2006) (2006)
Geometric modeling of highways using global positioning system
(GPS) data and spline approximation. Transp Res Part C Emerg
Technol 14(4):233-243

Lenda G (2014) Determining the geometrical parameters of
exploited rail track using approximating spline functions. Arch
Civ Eng 60(3):295-305

Imran M, Hassan Y, Patterson D (2006) GPS-GIS-based proce-
dure for tracking vehicle path on horizontal alignments. Comput-
Aided Civil Infrastruct Eng 21:382-394

Othman S, Thomson R, Lannér G (2012) Using naturalistic field
operational test data to identify horizontal curves. J Transp Eng
138(9):1151-1160

Gikas V, Stratakos J (2012) A novel geodetic engineering method
for accurate and automated road/railway centerline geometry
extraction based on the bearing diagram and fractal behavior.
IEEE Trans Intell Transport Syst 13(1):115-126
Camacho-Torregrosa FJ, Pérez-Zuriaga AM, Campoy-Ungria JM
et al (2015) Use of heading direction for recreating the horizontal
alignment of an existing road. Comput-Aided Civil Infrastruct
Eng 30(4):282-299

Li W, Pu H, Schonfeld P et al (2019) A method for automatically
recreating the horizontal alignment geometry of existing railways.
Comput-Aided Civil Infrastruct Eng 34(1):71-94

Yoshimura A, Naganuma Y (2013) A new method to reconstruct
the track geometry from versine data measured in the curved track
using the Monte Carlo Particle Filter. In: 12th International con-
ference and exhibition railway engineering, July 2013, London
Shi J, Zhang Y, Chen Y et al (2023) A smoothness optimization
method for horizontal alignment considering ballasted track main-
tenance. Comput-Aided Civil Infrastruct Eng 38:739-761

Easa SM, Dong H, LiJ (2007) Use of satellite imagery for estab-
lishing road horizontal alignments. J Surv Eng 133(1):29-35
Dong H, Easa S, Li J (2007) Approximate extraction of spiralled
horizontal curves from satellite imagery. J Surv Eng 133(1):36—40
Tsai Y, Wu J, Wang Z et al (2010) Horizontal roadway curvature
computation algorithm using vision technology. Comput-Aided
Civil Infrastruct Eng 25:78-88

Easa SM, Wang F (2011) Fitting composite horizontal curves
using the total least-squares method. Surv Rev 43(319):67-79
Liu W, Wang JH, Li Y et al (2013) Existing railway horizontal
alignment reconstruction algorithm based on line segments iden-
tification. Appl Mech Mat 405:1772-1776

Skala-Szymanska M, Cellmer S, Rapinski J (2014) Use of Nelder-
Mead Simplex method to arc fitting for railway track realignment.
Paper presented at 9th International Conference Environmental
Engineering, May 2014, Vilnius, Lithuania

Li F, Ren X, Luo W, Chen X (2018) Methodology for existing
railway reconstruction with constrained optimization based on
point cloud data. Appl Sci 8(10):1782

Li W, Zhen S, Schonfeld P et al (2022) Recreating existing railway
horizontal alignments automatically using overall swing iteration.
J Transp Eng, Part A: Syst 148(8):04022046

Railway Engineering Science


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

A simple method for automatic recreation of railway horizontal alignments

24.

25.

26.

217.

28.

Song Z, Yang F, Schonfeld P et al (2020) Heuristic strategies of
modified Levenberg—Marquardt algorithm for fitting transition
curves. J Surv Eng 146(2):04020001

Casal G, Santamarina D, Vazquez-Méndez ME (2017) Optimiza-
tion of horizontal alignment geometry in road design and recon-
struction. Transp Res Part C Emerg Technol 74:261-274
Véazquez-Méndez ME, Casal G, Santamarina D et al (2018) 3D
model for optimizing infrastructure costs in road design. Comput-
Aided Civil Infrastruct Eng 33(5):423—439

Vazquez-Méndez ME, Casal G, Castro A, et al (2021a) Optimiza-
tion of an urban railway bypass: a case study in A Coruna-Lugo
line, Northwest of Spain. Comput Ind Eng 151:106935
Véazquez-Méndez ME, Casal G, Castro A et al (2021) An algo-
rithm for random generation of admissible horizontal alignments
for optimum layout design. Comput-Aided Civil Infrastruct Eng
36(8):1056-1072

Railway Engineering Science

29.

30.

31.

32.

33.

Fritsch FN, Carlson RE (1980) Monotone piecewise cubic inter-
polation. STAM J Numer Anal 17:238-246

Kahaner D, Moler C, Nash S (1988) Numerical Methods and Soft-
ware. Upper Saddle River, Prentice Hall

Nocedal, J, Wright, SJ (2006) Numerical optimization, Springer
Series in Operations Research and Financial Engineering. New
York, NY, Springer Science+Business Media, New York
Véazquez-Méndez ME, Casal G, Castro A et al (2023) An auto-
matic method for generating multiple alignment alternatives for a
railway bypass. Comput Oper Res 154:106217

ADIF (2021) NAP 1-2-1.0. Metodologia para el disefio del trazado
ferroviario (Methodology for the design of railway layout). https://
www.adif.es/empresas-contratacion/normativa-tecnica. Accessed
14 April 2024

@ Springer


https://www.adif.es/empresas-contratacion/normativa-tecnica
https://www.adif.es/empresas-contratacion/normativa-tecnica

	A simple method for automatic recreation of railway horizontal alignments
	Abstract
	1 Introduction
	2 Mathematical model
	2.1 Formulation of the optimization problem

	3 Numerical results
	3.1 Comparison with the academic example of Easa and Wang
	3.2 Case study

	4 Conclusions
	Acknowledgements 
	References


