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Introduction

FIFA World Cup 2022 in Qatar

Public transport
• FIFA World�up 2022 took pla�e in a small region
• The �apa�ity of the metro system was finite
• More than 1 million tourists where expe�ted
• Metro usage was free for all ti�ket holders
• Transport methods were expe�ted to be overloaded

. . .

Question: What �ould be�ome an issue?

Crowd Disasters

Potential locations
Question: Where �ould �rowd disasters happen?

. . .

• At event venues and in waiting areas
• At interse�tions of multiple pedestrian flows
• In narrow passages and entran�es
• On �rowded metro platforms and transfer stations
• At ti�ket/turnstile bottlene�ks and emergen�y exits
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Metrosystem of Doha

Main Bottleneck
Question: What �ould be a potential bottlene�k?
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. . .

• Red Line has twi�e the �apa�ity of the Green and Gold Line
• People use the metro to get to the event venues

. . .

Question: What �ould be the issue?

• Imagine a mat�h at a stadium along the Gold line
• People from Red and Green line will try to get there
• This will �ause a massive �rowd at transfer stations

Visualization

• 10 people want to start per minute at ea�h station
• Everybody wants to get to station D
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Closer look at the Metro System

Capacities inside the stations
• Capa�ities inside the stations are limited as well
• These in�lude the es�alators, stairs, and elevators
• But also the platforms and the ti�ket gates

. . .

 Warning

This �an lead to over�rowding and potential �rowd disasters!

General Issues
Question: What �ould also be an issue?

. . .

• Often unknown how many people exa�tly will parti�ipate
• Gathering data is extremely importand and diffi�ult
• Crowd behavior �an be unpredi�table and dynami�
• Weather �onditions may affe�t transportation preferen�es
• Cultural fa�tors influen�e �rowd movement patterns
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• Emergen�y situations require flexible �ontingen�y plans

Let’s take a

�loser look at the

problem stru�ture!

Problem Structure

Objective
Question: What �ould be the obje�tives of the authorities?

. . .

• A safe and su��essful event as host �ountry
• Good publi�ity and a positive re�ognition worldwide
• Satisfied visitors that enjoyed their time

. . .

 Note: We �an model none of the above dire�tly!

But we �an assist in the estimation of transport demands and the design of operaA
tional plans to ensure publi� safety and a smooth transportation through the �ity.

Underlying Problem
Question: Can we just start modeling?

. . .

• First, we need to understand the movement patterns
• Event is unpre�edented, movement patterns are unknown
• Multiple �on�urrent events affe�t flow patterns

. . .

 Tip: We need to estimate the data first!

This is a huge �hallenge, but we �an use simulation to estimate the data.

Simulation
• Based on publi�ly available data from the area
• Simulates all individuals parti�ipating at the event
• In�ludes all transportation infrastru�ture
• Individual mode �hoi�e based on a �hoi�e model
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. . .

 Tip: Julia is a great tool for this!

Simulations was build in Julia. With 1,000,000 individuals walking,using �ars,
busses, and the metro, a day took less than 5 minutes.

Results of the Simulation

• Detailed movement patterns throughout the region
• Potential se�tions at risk in the transport infrastru�ture
• Potential �apa�ity overloads at event lo�ations

But it is still

based on a lot

of assumptions!
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Main risk: Metro

Idea
Question: What �an we do to prevent �rowd disasters?

. . .

• Regulate the inflow at ea�h individual station
• Ensure utilized �apa�ity is always within bounds

. . .

Question: What �ould we try to model?

. . .

• Minimize the queues outside of the metro stations
• Based on the allowed inflow and originAdestination data
• Adhering to the �apa�ity �onstraints

Difficulty

. . .

• Movement patterns have different originAdestination pairs
• Regulating the inflow does not affe�t the destination

Model Formulation

Graph Sets?
Question: What �ould be the sets for the graph?
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Graph Sets?
• 𝒢 A Conne�ted digraph of the metro network 𝒢 = (𝒪, ℰ)
• 𝒪 A Set of metro stations, indexed by 𝑜
• ℰ A Set of dire�ted ar�s between �onne�ted stations

. . .

 Note: These are the easier sets.

These simply help us to represent the entire metro system as a graph with different
nodes 𝒪 and ar�s ℰ between �onne�ted stations.

Time Sets?
Question: What �ould be the time sets?

• 𝒯 A Set of minutes in the time horizon, indexed by 𝑡
• 𝒫 A Set of periods in the observed time horizon, where 𝑝 ∈ {1, 2,…, 𝑛}

. . .

 Note: Number of periods

We further define 𝑛 as the number of periods in observed time horizon.

Periods
Question: Why do we add periods here?

. . .

• Staff needs �lear, �onsistent instru�tions
• Frequent �hanges in flow in�rease risk of errors
• Easier to manage and �ommuni�ate for planners

. . .
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 Note: Period Length

We define the period length as the length of the period in minutes measured as 𝑚
minutes, whi�h is the same for all periods.

Mapping Minutes to Periods
• We �an define an additional set with their relation
• It spe�ifies the relation of periods 𝑝 to minutes 𝑡.

𝐼𝑝 = {𝑡 ∈ 𝒯 | (𝑝 − 1) ×𝑚+ 1 ≤ 𝑡 ≤ 𝑝 ×𝑚} ∀𝑝 ∈ 𝒫

. . .

Question: Can anybody explain it?

. . .

• 𝐼𝑝 is the set of minutes 𝑡 that belong to period 𝑝
• Minutes are not overlapping, but they are �ontinuous

Parameters?
Question: What �ould be possible parameters?

. . .

• 𝑞𝑜,𝑑,𝑝 A Demand from station 𝑜 to 𝑑 with 𝑜, 𝑑 ∈ 𝒪 in 𝑝
• 𝑑𝑒 A Travel time (min) of the ar�s 𝑒 ∈ ℰ
• 𝑐𝑒 A Max. allowed ar� entry rate 𝑒 per minute with 𝑒 ∈ ℰ
• 𝑐𝑚𝑖𝑛

𝑜  A Min. station entry rate 𝑜 per minute with 𝑜 ∈ 𝒪
• 𝑐𝑚𝑎𝑥

𝑜  A Max. station entry rate 𝑜 per minute with 𝑜 ∈ 𝒪
• 𝛼 A Maximal allowed ar� utilization (0 < 𝛼 < 1)

Metro Movement
Question: How do people move inside the metro?

. . .

• Simple network: assume people use the shortest path
• Use Djikstra’s algorithm to �ompute it
• From ea�h station to all other stations

. . .

 Tip: We �an save the results in a new set 𝒞𝑜,𝑑

This will help us to model the movement inside the metro.
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Shortest Paths (SP)
• 𝒞𝑜,𝑑 A Set of ar�s 𝑒 ∈ ℰ on the SP from 𝑜, 𝑑 ∈ 𝒪

. . .

 Note

Now we �ompute the travel time on the shortest paths. One parameter for the SP
from station to station and one for the SP from station to ar�.

. . .

• 𝑑𝑜,𝑑 A travel time (min) on SP from 𝑜 ∈ 𝒪 to 𝑑 ∈ 𝒪
• 𝑑𝑜,𝑒 A travel time (min) on SP from 𝑜 ∈ 𝒪 to 𝑒 ∈ ℰ

People Spreading
Question: How do people spread?

Ratio of Origin-Destination
• We �annot �ontrol the destination of the passengers
• Thus we assume that people spread based on destination

. . .

𝑞𝑜,𝑑,𝑝
∑𝑑∈𝒪 𝑞𝑜,𝑑,𝑝

∀𝑜, 𝑑 ∈ 𝒪, 𝑝 ∈ 𝒫

. . .

 Note

Based on the ratio of the different destinations 𝑑 to the total queue for ea�h station
𝑜 ∈ 𝒪 in ea�h period 𝑝 ∈ 𝒫.
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Variables and Objective

Decision Variable?

! Our goal is to:

Regulate the inflow at ea�h individual station to minimize the queues outside
the metro stations based on the allowed inflow while adhering to the �apa�ity
�onstraints.

 Tip

There is one queue for all passenger flow dire�tions, as managing multiple queues
would be too �omplex for the planners!

Decision Variable

 We need the following sets:

• All the metro stations, 𝑜 ∈ 𝒪
• All periods under observation, 𝑝 ∈ 𝒫

Question: What �ould be our de�ision variable?

. . .

• 𝑋𝑜,𝑝 A Allowed inflow (per minute) at station 𝑜 in period 𝑝

Objective Function?

! Our main obje�tive is to:

Regulate the inflow at ea�h individual station to minimize the queues outside
the metro stations based on the allowed inflow while adhering to the �apa�ity
�onstraints.

. . .

Question: How again are queues minimized?

. . .

• By the allowed inflow 𝑋𝑜,𝑝 subtra�ted from the queue
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Objective Function

 We need the following parameters and variables:

• 𝑞𝑜,𝑑,𝑝 A People queued to travel from station 𝑜 to 𝑑 with 𝑜, 𝑑 ∈ 𝒪 in period 𝑝
• 𝑋𝑜,𝑝 A Allowed inflow (per minute) at station 𝑜 in period 𝑝

. . .

Question: What �ould be our obje�tive fun�tion?

. . .

minimize ∑
𝑜∈𝒪

∑
𝑝∈𝒫

(∑
𝑑∈𝒪

𝑞𝑜,𝑑,𝑝 −𝑚×𝑋𝑜,𝑝)

Constraints

Necessary Constraints
Question: What �onstraints do we need?

. . .

• The �apa�ity of ea�h ar� is not ex�eeded
• Do not dispat�h more people than are queued
• Do not dispat�h less than the minimum allowed inflow

Things are going to

get a little

�ompli�ated now!

Central Question
Question: When do people flowing into the metro system �hange the ar�s?

. . .
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• People enter metro station at 𝑜 with destination 𝑑
• They will lead to a usage of an ar� 𝑒 on their SP
• This usage depends on their path and the travel times

. . .

 Tip: You’ll likely know what we need now!

We �an add a new set ℛ𝑒,𝑡 to help us with this.

Set of Time-Delays
ℛ𝑒,𝑡 = {(𝑜, 𝑑, 𝑝) ∣ (𝑜, 𝑑) | 𝑜, 𝑑 ∈ 𝒪,

𝑞𝑜,𝑑,𝑝 > 0,

𝑒 ∈ 𝒞𝑜,𝑑,

𝑡 − 𝑑𝑜,𝑒 ∈ 𝐼𝑝,

𝑝 ∈ 𝒫} ∀𝑒 ∈ ℰ, 𝑡 ∈ 𝒯

. . .

Question: Who �an explain this set?

. . .

The set ℛ𝑒,𝑡 �ontains all �ombinations (𝑜, 𝑑, 𝑝) whi�h trigger a �apa�ity utilization of ar�
𝑒 in period 𝑡.

Small Example

. . .

 Tip

The set �ontains all possible oAd pairs and periods, that result in passengers starting
at ar� (𝐶,𝐷) at minute 22. For m=2, it would be:

{((𝐴,𝐷), 3), ((𝐵,𝐷), 5), ((𝐶,𝐷), 11), ((𝐸,𝐷), 9)}.

Essentially, we �an use this
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set to �ompute the utilization

of an ar� at ea�h minute based

on the inflow level at the

different stations and periods.

Ensure Capacity Utilization?

! The goal of this �onstraint is to:

Ensure that the �apa�ity of ea�h ar� is not ex�eeded at any minute.

. . .

 We need the following variable, parameter and set:

• 𝑞𝑜,𝑑,𝑝 A people waiting to travel from station 𝑜 ∈ 𝒪 to station 𝑑 ∈ 𝒪 in 𝑝
• 𝑐𝑒 A people max. allowed to enter ar� 𝑒 per minute with 𝑒 ∈ ℰ
• ℛ𝑒,𝑡 A mapping of station entries to ar� 𝑒 in time 𝑡 with 𝑒 ∈ ℰ and 𝑡 ∈ 𝒯
• 𝛼 A maximal allowed ar� utilization (0 < 𝛼 < 1)
• 𝑋𝑜,𝑝 A the allowed inflow per minute at metro station 𝑜 in the period 𝑝

Ensure Capacity Utilization
Question: What �ould be the �onstraint?

. . .

∑
(𝑜,𝑑,𝑝)∈ℛ𝑒,𝑡

𝑋𝑜,𝑝 ×
𝑞𝑜,𝑑,𝑝

∑𝑓∈𝒪 𝑞𝑜,𝑓,𝑝
≤ 𝛼× 𝑐𝑒 ∀𝑒 ∈ ℰ, 𝑡 ∈ 𝒯

. . .

 Note

Here, we �ombine the inflow at ea�h station based on the oAd proportion and let
the people spread through the network, �he�king that no ar� is overAutilized at
any minute.
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Dispatch Only Available People?

! The goal of this �onstraint is to:

Ensure that we do not dispat�h more people than are queued and less than the
minimum allowed inflow, preventing overA and underAdispat�hing.

. . .

 We need the following variables and parameters:

• 𝑋𝑜,𝑝 A Allowed inflow (per minute) at station 𝑜 in period 𝑝
• 𝑞𝑜,𝑑,𝑝 A People queued to travel from station 𝑜 to 𝑑 with 𝑜, 𝑑 ∈ 𝒪 in 𝑝
• 𝑚 A period length in minutes

Dispatch Only Available People
Question: What �ould be the �onstraint?

. . .

min{
∑𝑑∈𝒪 𝑞𝑜,𝑑,𝑝

𝑚
, 𝑐min𝑜 } ≤ 𝑋𝑜,𝑝 ≤ min{

∑𝑑∈𝒪 𝑞𝑜,𝑑,𝑝
𝑚

, 𝑐max𝑜 } ∀𝑜 ∈ 𝒪, 𝑝 ∈ 𝒫

. . .

 Note

We need this �onstraint for two reasons:

1. We �ould also dispat�h more people than there are as this would minimize the
obje�tive value.

2. We also need to ensure that we �an dispat�h at least the minimum allowed inflow
or less if the queue is smaller than the minimum allowed inflow.

Metro Inflow Model
subje�t to:

Model Characteristics

Characteristics
Questions: On model �hara�teristi�s

• Is the model formulation linear/ nonAlinear?
• What kind of variable domains do we have?

15



Model Assumptions
Questions: On model assumptions

• What assumptions have we made?
• What are likely issues that �an arise if applied?
• Have we thought in detail about queues?
• Are shortest paths a feasible assumption?

Implementation and Impact

Metro Inflow Optimization
. . .

Question: Can this be applied?

Metro Inflow Problem
• Solved very fast within se�onds for realisti� problem sizes
• But we �annot plan or �ontrol the metro inflow
• Queues are too simplified with passengers disappearing

. . .

Question: Any ideas, how the �urrent model �ould be improved or how it �ould be
embedded into a heuristi�?

Heuristic: Step-Wise Optimization
• Solve the model for the timeAhorizon of a few periods
• Fix the inflow in the �urrent first period
• De�rease �apa�ity in the network based on the inflow
• Transfer remaining queues into the subsequent period
• Solve the model again
• Repeat, until the inflow is �omputed for all periods

16



Transport Demand

Utilization Analysis

Implementation
• Assumption of known destinations based is strong
• Movements seemed to follow our fore�asts
• We did a�hieve our goal of metro inflow �ontrol
• Simulation was used to estimate the inflows

. . .

 Note

Few dangerous situations, espe�ially at the FIFA Fan Fest, were handled well by the
authorities.
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Wrap Up
• Model �an help to a�hieve a good balan�e
• Can be adapted easily to any metro system worldwide
• Espe�ially interesting for larger Asian �ities

. . .

 And that’s it for todays le�ture!

We now have �overed a metro inflow �ontrol problem based on a realAworld appliA
�ation and are ready to start solving some new tasks in the up�oming tutorial.

Questions?

Literature

Literature I
For more interesting literature to learn more about Julia, take a look at the literature
list of this �ourse.

Bibliography
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