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Very complex problem.
Not possible to solve it as a whole.

Traditionally addressed as succession of stages.
The solution of each stage is used as input for the next.

This approach leads to sub-optimal solutions.
To obtain better (realistic) solutions: Integration of successive 

stages (depending on the solving capabilities ) and/or 
consider information from later stages and 

follow an iterative tuning process

Introduction: The railway transportation planning process
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Network design

Line planning

Strategic 
Level

From a specific scenario find the network (stations and 
stretches) that will be used to transport people using a 

public transportation mode 

Given a certain network (obtained from the previous 
stage) define several corridors (lines) where trains will 

perform regular services to move people among 
stations according to one or several demand patterns

Topology of the city (scenario)
Potential stations places, potential stretches
Physical constraints (land characteristics)
Historical buildings……..

Demand mobility patterns
Alternative transportation modes
Population density……

Origin and destination of trips 
Line constraints (number, length,
number of stations)
Construction cost

Distance between stations
Planning horizon
Alternative transportation modes
Demand coverage

Introduction: Network Design and Line Planning
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Network design

Line Planning

Introduction: Network Design and line Planning
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Network design

Line Planning

Main Line planning approaches:

Survey: Schöbel, A. Line planning in public transportation: models and methods. OR 
Spectrum (2012) 34:491–510.

• From a line pool: Generating a set of plausible candidate lines. Combining 
a subset of lines to define the network (genetic algorithms and other 
heuristics) or generate new candidate lines from dual information (column 
generation) with different criteria (Maximizing trip coverage, minimum 
number of transfers, minimum costs, maximum social welfare…) 

Fan W, Machemehl RB (2006) Optimal transit route network design problem with variable 
transit demand: genetic algorithm approach. J Transp Eng 132:40–51.

Borndörfer R, Grötschel M, Pfetsch ME (2007) A column generation approach to line 
planning in public transport. Transp Sci 41:123–132.

• Constructive : Selecting nodes and edges from an underlaying network 
while maintaining network structure and line constraints with different criteria  
(Trip coverage, Minimum transfers, minimum costs, maximum social 
welfare…) 

Introduction: Network Design and line Planning
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• Canca, D., De-Los-Santos, A., Laporte, G., Mesa, J.A. 2016. A general rapid network 
design, 
line planning and fleet investment integrated model. Annals of Operations Research. 246 
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• Canca, D., De-Los-Santos, A., Laporte, G., Mesa, J. A. 2017. An adaptive neighborhood search 
metaheuristic for the integrated railway rapid transit network design and line planning problem. 
Computers & Operations Research 78, 1-14

• Canca, D., De los Santos, A., Mesa, J. A., Laporte, G. 2017. The railway network design, line 
planning and capacity problem: An adaptive large neighborhood search metaheuristic. In 
Advanced Concepts, Methodologies and Technologies for Transportation and Logistics. Jacek 
Zak, Yuval Hadas, Riccardo Rossi (Eds.). Advances in Intelligent Systems and Computing.

• Canca, D., De-Los-Santos, A., Laporte, G., Mesa, J.A. The Integrated Railway Rapid Transit 
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Previous research

Network design and line planning
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Network design

Line planning

Constructive approach 

Our general approach I
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Transit 
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The need of the temporal dimension:

The network will be constructed during certain time interval (10, 15 years). The 
passenger demand will change along time due to the inclusion of this new mode and other 
reasons (new transportation modes, changes in land use, etc.) . Moreover, the passenger 
demand is partially served during the construction period every time a facility (line or partial 
line) is put into operation. 

The network will be exploited during a long time interval . It is necessary to consider a 
long time scenario in order to analyse the investment (30 - 40 - 50 years)  using the Return of 
Investment (ROI) or the Net Present Value (NPV) .

Our general approach II
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The inclusion of a detailed time management 
in our previous mathematical models, make 
them completely intractable.

The need of the temporal dimension:

The network will be constructed during certain time interval (10, 15 years). The 
passenger demand will change along time due to the inclusion of this new mode and other 
reasons (new transportation modes, changes in land use, etc.) . Moreover, the passenger 
demand is partially served during the construction period every time a facility (line or partial 
line) is put into operation. 

The network will be exploited during a long time interval . It is necessary to consider a 
long time scenario in order to analyse the investment (30 - 40 - 50 years)  using the Return of 
Investment (ROI) or the Net Present Value (NPV) .

Our general approach II

In our past works: The planning horizon (interval to analyse investments)
is divided into two parts. 

• First part: A certain time interval needed to construct the network.
• Second part: A time interval where the network is operated. This interval starts 

after the construction is finished.

Only costs Costs and revenues

OperationConstruction

NOT TOO MUCH REAL, BUT TRACTACBLE !!!!
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The new problem

Suppose we have solved a network design problem following, for instance, one of
our approaches and we have a “good solution to be constructed ”.

QUESTION:

If we assume a certain behaviour in the transportation demand affecting this mode,
Taking into account that the network can be partially operated during its construction

WHAT IS THE BEST WAY TO CONSTRUCT THE NETWORK, i.e.

WHAT IS THE MOST CONVENIENT ORDER IN THE 

CONSTRUCTION PROJECT?
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The new problem

Suppose we have solved a network design problem following, for instance, one of
our approaches and we have a “good solution to be constructed ”.

QUESTION:

If we assume a certain behaviour in the transportation demand affecting this mode,
Taking into account that the network can be partially operated during its construction

WHAT IS THE BEST WAY TO CONSTRUCT THE NETWORK, i.e.

WHAT IS THE MOST CONVENIENT ORDER IN THE 

CONSTRUCTION PROJECT?

A particular case of a 
Double Resource-constrained scheduling problem
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• The network is divided into segments (A succession of stations and links). 

• Segments are put into operation when they are finished accordingly to certain
rules imposed by the construction project plan (later).

• Demand is partially captured during the construction phase.

• We consider that passenger demand is no constant.

• We want to schedule the construction of segments in order to achieve the best
Net Present Value considering a long planning time interval. 

• The construction order affects the return of the investment.

• The construction of each segment requires certain inversion (according to
the specified budget)  and the usage of other resources (the most important, 
for subway segments: The need of BORING MACHINES).

The new problem
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Segments’ Construction connectivity

Segment B cannot be started until segment A is finished -> Strong construction connectivity

Segment B can be started once segment A is started -> Weak construction connectivity

Problem description: Connectivity
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Nodes’ Operation connectivity

Segment A Node 1 (A common station for segments A and B)

Segment B
Node 1 can be operated when segment A or segment B
has been finished -> Weak operation connectivity

Node 1 can be operated when both segment A and segment B
have been finished -> Strong operation connectivity

Problem description: Connectivity
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Variables
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Constraints I
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Constraints I

From a construction point of view, we distinguish between two type of lines, 
mandatory and desirable. Mandatory lines must be completely constructed. In the 
case of desirable lines it is possible to construct only some segments of the line, 
depending on the available budget.

In mandatory lines, 
segments have to be 

constructed
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Constraints I

From a construction point of view, we distinguish between two type of lines, 
mandatory and desirable. Mandatory lines must be completely constructed. In the 
case of desirable lines it is possible to construct only some segments of the line, 
depending on the available budget.

In mandatory lines, 
segments have to be 

constructed

The duration of 
segments is known

In optional lines, 
constraints 1 are 

relaxed
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Constraints II
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Constraints II

Linking x and y 
variables for non 

mandatory 
segments
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Constraints II

Linking x and y 
variables for non 

mandatory 
segments

Consecutiveness 
constraints

(non-preemptive
tasks). 
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Constraints II

Linking x and y 
variables for non 

mandatory 
segments

Consecutiveness 
constraints

(non-preemptive
tasks). 

Connectivity 
constraints for the 

initial period
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Constraints III
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Constraints III

Enforcing weak 
construction 
connectivity
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Constraints III

Enforcing weak 
construction 
connectivity

Or
strong construction 

connectivity
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Constraints III

Enforcing weak 
construction 
connectivity

Or
strong construction 

connectivity

Determining the 
completion of 

segments 
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In order to later compute the captured demand we need to known when a
station k is active for operation (decisions which are represented by variables ���). 

Constraints IV
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In order to later compute the captured demand we need to known when a
station k is active for operation (decisions which are represented by variables ���). 

Constraints IV

Weak operation 
connectivity
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In order to later compute the captured demand we need to known when a
station k is active for operation (decisions which are represented by variables ���). 

Constraints IV

Weak operation 
connectivity

Strong operation 
connectivity
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Constraints V
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Constraints V

Budget limitation for 
each period 
(renewable 
resource)
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Constraints V

Budget limitation for 
each period 
(renewable 
resource)

Or budget limitation 
in case of 

considering it as a 
global resource
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Constraints VI and Objective function I

Boring machines 
number. Limitation 

per period 
(renewable 
resource)

Capturing demand 
Capturing the 

demand as the 
stations are going to 

be active

The linear caseR
ev

en
ue

s
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Objective function II

C
os

ts

Objective function
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The main differences with respect to a resource constrained scheduling 
problem:

• In a resource constrained scheduling problem there is a set of initial tasks 
(at least one). In our case, the initial task is unknown.

• The usual objective function in an scheduling problem consists in minimizing 
the total completion time instead of maximizing the net profit.

• Both cost and revenues depend on the order of tasks completion, which also 
differs from the usual formulation of resource constrained projects, 
especially in those related with revenues, that are not considered in this kind 
of problems.

• Finally, the residual budget of each period is also used as input for next 
periods, which is also a novelty with respect to the usual formulation.

Differences with usual resource-constrained formulations
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Illustration I
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Illustration I
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• Boring machines speed: 15m/day 
• Length of a time period: 3 months. 
• All segments with the exception of 

segments 2, 5 and 14 are underground.
• Planning horizon is set to 25 years 

(100 time periods). 
• Annual cost increment of 2%.
• Discount annual rate of 5%,
• Initial ticket price of 1 €

with 2% of annual increment

Illustration I
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• Segment cost:
20,000 thousand € per tunnel km (double track)
5,000 thousand € per km on surface double 
tracks.

• Station cost:
8,000 thousand € per station 
3,000 thousand for on-surface station facilities.

• Renewable budget of 300 Millions € /year 
• Boring machines

3 tunnel boring machines
Rental cost of 1,440 thousand €/year

(120,000 € per month). 
• Weak construction connectivity
• Weak operation connectivity for all the stations. 

• Demand:
60 million passengers per year
5256 OD pairs
Annual increment of demand of 1% 

Illustration I
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Illustration I

Instance main characteristics

• 20385 Constraints
• 12301 Variables : 501 continuous, 11800 binary

binary
• 262800 Quadratic objective terms
• Standard Branch and Cut (Implemented using the 

python API of Gurobi)
• Approx: 15 min of computation time to reach the 

optimum.
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Segments schedule. 
R = 300 Millions € /year. 
M = 3 tunnel boring machines.

Temporal evolution of the discounted revenue 
and construction cost. R = Millions € /year. 
M = 3 tunnel boring machines.

Temporal evolution of the cumulative discounted 
revenue and construction cost. 
R= Millions € /year. . 
M = 3 tunnel boring machines.

Results I
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Results II
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Results III
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Results IV
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Results V
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Results V
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Results V
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Results VI

Two boring 
machines

Four boring 
machines
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2-3

2-3
1

1

Results VI

Two boring 
machines

Four boring 
machines
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2-3

2-3
1

1

Results VI

Two boring 
machines

Four boring 
machines
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Conclusions and further research

We have proposed a methodology to practically analyse 
the construction of a transportation network.

We can deal with different technological constraints regarding 
construction Issues.

The actual formulation allows us to solve relatively big scenarios 
in reasonable computing times.

• Consideration of non-deterministic segment construction times.

• Inclusion of operational costs (in order to determine possible subsidies 
to transportation service providers)

Future topics
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