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Abstract

This study proposes the design and analysis of nomographs for minimum headway calculations using critical blocks to
reduce the complexity of mathematical equations. For trains with different speeds, block overlapping should be checked forward
or backward in a looping manner, while nomographs simplify the analysis and eliminate iterations. Nomographs for headway
calculation are constructed using Python scripts in PyNomo software. The associated variables include train speed, train length,
and block length. Three nomographs are designed for three types of operation: Model 1 for cases wherein two trains have equal
speeds, Model 2 for those wherein the leading train is faster, and Model 3 for those wherein the leading train is slower. The
validation reveals that the nomographs yield minimum headways that are close to the result obtained by mathematical derivation.

Data can be used to create a train schedule for safe operation without conflict.
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1. Introduction

To maximize efficiency of train scheduling, the
headways between the trains should be minimized (Fransoo &
Bertrand, 2000; Li et al., 2014). Currently, the minimum
headway can be determined using the block time model (de
Fabris et al., 2014; Fumasoli et al., 2015; Landex & Kaas,
2005; Medeossi et al., 2011; Parkinson, 1996). This model
can be used for trains with equal (Lindner, 2011) and unequal
(Harrod, 2009; Huisman & Boucherie, 2001)speeds. The key
variables affecting the headway are train lengths (Banks,
2002; Maoetal,2006), block length (Abril et al., 2008;
Dicembre & Ricci, 2011; LEE, 1997; Landex & Kaas, 2005;
Liu et al.,, 2011; Union Internationale des Chemins de fer
[UIC], 2004), and speed (Mitra et al., 2010).
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The determination of the minimum headway should
consider the critical block, which is the block that defines a
safe minimum headway (Goverde et al., 201 3). A time-
distance diagram may be used to classify train operation and
determine the effects of speed, train length, and block length
upon the critical block. The analysis should be divided into
two cases: equal and unequal block lengths. For unequal block
lengths, when the train speeds are equal, the longest block will
be the critical one. If the train speeds are different, minimum
headway determination becomes more complex as and
looping processes are required to check key conditions.

Nomograms or nomographs are designed using a
graphical form to analyze and present the results (Cantinotti et
al., 2016; Gluchoff, 2012; Lu et al., 2016). A nomograph is
normally constructed to determine solutions under various
cases (Auerswald et al., 2014) and forecast results. They have
been widely used, particularly in the medical field (Kawai et
al.,, 2015; Lee et al., 2015; Morris et al., 1993; Samplaski et
al., 2014) and constitute an extremely useful tool for solving
repetitive problems that might otherwise require complex
mathematical equations (Bandyopadhyay, 1983; Thanani-
tayaudom, 1997) they are flexible for various applications.
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This research constructs graphical nomography tools
as a prototype solution for reducing complexity and deter-
mining minimum headway assuming key relevant factors,
including train length, block length, and speed. This research
focuses partiality on unidirectional operation with equal and
unequal block lengths.

2. Blocking Time

Time Headway is a key measure in determining line
capacity and establishing the timetable. Time Headway has
defined the difference between the time when the front of a
train arrives at a point on the track and the time the front of
the next train arrives at the same referenced points on both
trains.

The analysis is of time headway can be classified
into equal and unequal block length scenarios. This analysis
should consider the critical block length that defines minimum
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headway and maximum capacity without conflict at any
location. The time spent in the critical block comprises
running time, signal-watching time (wt), clearing time in
signal (tfc), and release time (rt). The combination of these
components is known as blocking time (de Fabris et al., 2014;
Hansen & Pachl, 2014; Medeossi et al., 2011; Pachl, 2002).

The headway analysis starts with assigning a speed
Vi for the first train and Vj for the second on a route with n
blocks. Only one train can enter a block at a given time. The
analysis comprises two cases: trains with same speeds or Vi =
Vj(Lindner, 201 1 )and trains with different speeds or Vi>Vj
and Vi<Vj (Hernando et al., 2010; Huisman & Boucherie,
2001; Kanai et al., 2011; Mussone & Wolfler Calvo, 2013;
Vromans et al., 2006). The time—distance diagram in Table 1
shows the operation under equal block length conditions and
the effects of the number of trains, order, block length, and
speed difference on the critical block (Sangphong et al.,
2017).

Table 1.Determination of headway under equal block length operation.

Type Formula Time-Distance Diagram
BL+1, £
Vi=Vj v +wt +tfc+ct +rt a
i
- BL+1, 3
Vi >Vj + wt +tfc+ct +rt 3
i
Time
Vi<vj
nBL+I. - s )
7I+TFB _m g Vi
Vi <Vj V, V; 2
Teg =Wt +tfc+ct+rt g’
‘ HW
Time
Where
Vi =speed of train iV; = speed of train j
BL = Block length n = number of blocks
| = Train length ct = Clearing time in the block
rt = Release time wt = Signal watching time

tfc = Signal clearing time
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When the block lengths are different, headway
analysis becomes more complicated. A hierarchical check is
required to prevent conflicts. Complex mathematical models

START
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take into account train speed, train length, and block length in
determining minimum headway. Figure 1 shows a diagram
explaining the steps for identifying the critical block and
determining the safe minimum headway.

Input : Vi,Vj,BL1.BL>,BL3,BL;.| . BL,, Trp.n.L

v

a—-n

This study presents the design of a prototype
nomograph to facilitate calculation under all conditions. This
nomograph uses the PyNomo program, powered by Python
script. To create nomographs, tenforms of equations are

Table 2. Types of nomographs supported by PyNomo.

Min HW = HW

Figure 1. Headway determination diagram.

normally applied depending on the relationship of sub-
equations Fi(u)). Four forms have been selected to calculate
the minimum headways in this study, as shown in Table 2.
Nomographs are constructed following the procedures given
in Figure 1.

Type Form of Equation Form of Nomogram
Type 1 Fi(uy) + Fo(uz) + F3(us) =0 Three parallel lines
Type 2 Fi(uy) = Fa(uz)Fs(us) Left-tilting “N” or right-tilting “Z”
Type 3 Fi(ug) + Fa(up) + -+ Fy(un) =0 N parallel lines with reference axes
Type 6 Fi(uy) = Fa(uy) Scale transforming “Ladder”
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3. Research Method

Nomographs use lines to represent variables and
distances between lines and scale to represent the relation
between variables affecting headway. The ranges on scales are
designed to cover the train and track characteristics. These

Train characteristic

infrastructure characteristic

nomographs are flexible. Therefore, they can be applied to
various cases of operation, including changes in route or speed
characteristics. The research method involves developing
practical nomographs for train minimum headway determi-
nation. The results from the nomograph are validated with
analytical solution to confirm its accuracy. The research
framework is illustrated in Figure 2.

Data
Preparation

Control System

l Train speeds | l

Distances I

Signal watching time

l Train length I

I Block length I

Signal clearing time

Number of blocks

Clearing time in the block

L

Blocking time models M

Headway Models

Vi=Vj

Minimum headway - 5 i
Determination I ! scenarios 1‘ 1 eV
— Vi<Vj

J - PyNomo program
Selecting " v —H Design Nomograph —
form of equation ;
| Python script
Analytic Solution } -<\Validation P
Yes
Vi=Vj |
o Minimum Time Headway
prototype Nomograph used —+ * ViV » Value

Vi<Vj J

-

Train Line Diagram

Figure 2. Conceptual framework diagram of analysis and design of nomographs for minimum headway calculation.

3.1 Model 1 for Vi=Vj

The nomograph in Figure 4 is designed based on the
critical block determined by maximum block length. This
nomograph can be applied to a maximum block length of 70
km, with speeds of 50-150 km/hr. It is suitable for Vi = Vj on
routes with equal and unequal block lengths. The following
data are required:

- Distance from the origin station to the end of the longest

block (Demax) km, where _ZK:BL and k is the
bmax ™ i

i=1

position of maximum block length (Figure 3 shows an
example of calculating Domax)

- Maximum block length, BLmax (km)

- Train length, L (m)

- Leading and following train speeds, Vi and Vj (km/hr),
respectively

- Signal-watching time and clearing time in signal plus the
release time and clearing time in block, Trs (min) = wt +
tfc + rt+ ct
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Figure 4. Nomograph Model 1 for Vi = Vj.
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Distance

Figure 3. Dpmax calculation example.

3.2 Model 2 for Vi>Vj

The nomograph in Figure 5 is designed under the
assumption that the leading train is faster. The trailing train
can be released after the leading train has left the block. Thus,
the first block becomes the critical block. This nomograph can
be applied to block lengths of up to 10 km with speeds of 40—

140 km/hr. It requires three line connections among the graphs
and is suitable for operations under Vi>Vj with equal and
unequal block lengths. The following data are required:

- The first block length, BL1 (km)

- Train length, L (m)

- Leading train speed, Vi (km/hr)

- Tes (min)
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Figure 5. Nomograph Model 2 for Vi>Vj.

can be used for route lengths of up to 100kmwith speeds of
50-150 km/hr and it is suitable for operations under Vi<Vj.
The following data are required:

- Distance from origin to destination (Dn) (km) = Zb

3.3 Model 3 for Vi<Vj

The nomograph in Figure 6 is designed for headway
determination when the leading train is slower. Thus, the last

block normally defines the critical block unless the blocks - Train length, L (m) =1
have significantly different lengths. The following train has to - Train speeds, Vi, Vj (km/hr)
wait until the leading train arrives at the last block before - Tes (Min)
being safely released from the origin station. This nomograph
HW
” 3 D,
g 2 100 —3 4 ° Dn
E Vi 5 9 — = g e
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Figure 6. Nomograph Model 3 for Vi<Vj.
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4, Results and Discussion

The nomographs are validated for a route with
unequal block lengths using real distance data from the Nong
Nam Khun (NNK)-Nakhon Ratchasima (NR) section of the
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State Railway of Thailand (SRT) Northeastern Line. The
section comprises eight stations spanned across a total of
45.38 km. A block covers the distance between two adjacent
stations. Thus, the block lengths in this section are different,
as shown in Figure 7 (a).

Distance from Bangkok (Km)| Station
e e e Origin Destination No. BL BL (km)
22379 ¢ Sikhiu (SI)
NNK Sl BL, 5.52
22899 ¢ Khok Sa-at (KS)
23387 ¢ SungNoen (SN) Sl KS BL. 52
g KS SN BLs 4.88
241.15 Kut Chik (KC)
SN KC BL4 7.28
249.94 & Khok Kruat (KK) BL
KC KK > 8.79
BLmax
25744
Phu Khao Lat (PKL) KK PKL BL, 75
263.65 ¢ Nakhon Ratchasima (NR)
PKL NR BLs, 6.21
BL,
a)  Nong Nam Khun (NNK)-NakhonRatchasima (NR) Blocks
. . BLs, HW
Case Vi Vj Model BL, BLs,BLax BLZ Domax D, (Min)
1 60 60 1 - v - v - 11
2 100 100 1 - v - v - 7
3 80 60 2 v - - - _ 6
4 100 80 2 v - - - - 51
5 60 80 3 - - v - v 18
6 60 100 3 - - v - v 24
b)  Headway Calculation from Various Scenarios

Figure 7. Headway calculation by nomography.

4.1 Nomography application

The validation is conducted with 60, 80, and 100
km/hr speeds for the Vi = Vj, Vi<Vj, and Vi>Vj cases,
assuming a train length (L) of 400 meters and Trs = 1.5 min.
A total of sixcases are tested with combinations of speeds and
other variables, as shown in Figure 7 (b). illustrate the
determination of the headway using nomographs.

4.2 Operations on a time-space diagram

The nomographs are validated with time—space
diagrams using the blocking time on the studied route.
Minimum headways obtained from the nomograph are used as
initial headways between the two trains for all six cases as
shown in Figure 8. Blocking stairways show that both trains
can run together without any conflict. Therefore, the headway
from the three nomographs can be assumed to be the
minimum headway from the critical block consideration. No
space is available for further headway reduction.
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When two trains of different types alternately run on
the route, the nomograph application should be divided into
two parts to determine the two headways. For example,
consider two trains running on the NKK-NR section with
speeds of Vi = 60 km/hr and Vj = 100 km/hr. The first part of

x10*

Distance (m)

Distance (m)

v 10t Case 2

=

w

¥i=100 km/hr
———=100 km/hr
E{-IW =710 20 30 40 50 60

Time {min)
% 10* Case 5

4
3
2
1

vi=B0 krn/hr
a ———vj=80 km/hr

0 HW=18 20 30 40 50 60

Time {min)

Vi=60 km/hr, Vj=100 km/hr

Distance (m)

Distance (m)

%10

4

0. Sangphong et al. / Songklanakarin J. Sci. Technol. 40 (2), 457-466, 2018

vi=80 km/hr

. 2 : | = — —vi=60 km/hr
HwW =6 10 20 30 40 50 60
Time (min)
%10t Case 6
2
£ J
¢ /
¥
I
3 7 1
/
ly
2 !
rd
i
1 Y
4 oy
l Vf B0 km/hr
q 7 |— ———vj=100 km/hr
0 Hw=24 30 40 50 60

Time (min)

Blocking Time Stairway of Train for All Six Cases As Computed by Nomography

the headway between Train 1 and Train 2 can be determined
using Model 3 as it is under the Vi<Vj condition, whereas the
headway between Train 2 and Train 3 uses Model 2 as it falls
in the range of Vj>Vi. The speed, Vj, is fixed at 100 km/hr.
The train operation diagram is shown in Figure 9.

Distance (m)

Time (min)

Figure 9.Time—Space diagram for two types of trains with headways calculated from Model 2 and 3.
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4.3 Nomography vs. mathematical analysis

Headways calculated from the nomographs are close
to those computed by mathematical equations. The differences
are only in decimals. Nomographs can be used to effectively
estimate headways in both equal and unequal block length
cases. More variables, such as buffer time (Biiker, 2013 )and
dwell time, can be added to Trs or as additional lines to
increase the efficiency of estimation. In the route where a
given block length is more than 2.5 times the other and Vi #
Vj, it is recommended that the result be compared with that
obtained using Model 1. One must compare headways from
two nomographs and choose the larger value to prevent
conflict. For example, when Vi>Vj, the maximum value of the
headways obtained from Models 1and 2 must be chosen, and
when Vi<Vj, the maximum value of the headways obtained
from Models 1 and 3 must be chosen.

5. Conclusions

Under operation with equal block lengths, the
minimum headway can simply be determined by mathe-
matical equations. When trains are running on different block
lengths, the significant variables and conditions become more
complicated. To determine the minimum headway, one must
consider the hierarchy of conditions and may have to rely on a
software package to determine the solution. The nomographs
are validated, and it is proved that they yield results close to
those obtained by mathematical analysis. In addition, the
graphs are sufficiently flexible to be used for any type of
operations, including trains with equal and unequal speeds on
sections with equal and unequal block lengths. However, this
research designs the nomographs to be used as tools for
quickly estimating the minimum headway and reducing the
complexity of the analysis. In reality, train operation involves
the variation of speeds at the shut, stop and between stations
constrained by geometry. Further research could add
acceleration, deceleration and other types of speed variation to
better reflect real operating conditions. Interested individuals
can adopt and enhance the use of nomographs in academic
and practical analysis of railway projects. Nomograph is a
flexible tool that can be customized to solve various systems
in the future. Including improved single and double-track
railway operation. In can also serve as an effective analytical
tools under scenarios with major and minor adjustments in the
future systems.
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