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Competition in transportation

e Competition is often present in the form of oligopolies (regulations,
limited capacity of the infrastructure, barriers to entry, etc.).

@ Deregulation has generally led to oligopolistic markets.
o Airlines: U.S. Deregulation Act (1978), then similar laws in Europe.
o Railways: directives 91/440/EC and 2012/34/EU give open access to

railway lines in the EU to companies other than those that own the
infrastructure.

e Buses: many countries recently opened the market of long-distance
buses.
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Example
Operators connecting Milan and Rome:
High-speed train operators

P
I rrenvimasia | ta LO =3

GRUPPO FERROVIE DELLO STATO
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Modelling demand

@ Each customer chooses the alternative that maximizes his/her utility.

@ Customers have different tastes and socioeconomic characteristics
that influence their choice.
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Modelling supply

@ Operators take decisions that optimize their objective function (e.g.
revenue maximization).

@ Decisions can be related to pricing, capacity, frequency, availability,
and other variables.

@ Decisions are influenced by:

e The preferences of the customers
e The decisions of the competitors
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Modelling competition

@ We consider non-cooperative games.
@ We aim at understanding the Nash equilibrium solutions of such

games, i.e. stationary states of the system in which no competitor has
an incentive to change its decisions.
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Modelling the problem
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The framework
A fixed-point iteration method
Towards a simultaneous optimization model

SB, VL, MB Modelling competition in demand-based optimization models

9/ 25



(O EIGVRGENGLICIIN The framework

Modelling the problem
The framework

SB, VL, MB Modelling competition in demand-based optimization models 10/ 25



The framework
The framework

Three-level framework: customers, operators and market.

Customer level: discrete choice models take into account preferenc
heterogeneity and model individual decisions. These can be integra
in a MILP by relying on simulation to draw from the distribution of
the error term of the utility function.
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The framework
The framework

Three-level framework: customers, operators and market.

Customer level: discrete choice models take into account preferenc
heterogeneity and model individual decisions. These can be integra
in a MILP by relying on simulation to draw from the distribution of
the error term of the utility function.

Operator level: a mixed integer linear program can maximize any
relevant objective function.

Market level : Nash equilibrium solutions are found by enforcing bes
response constraints.
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Modelling the problem

A xed-point iteration method
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A xed-point teraton method
Description

Sequential algorithm to nd Nash
equilibrium solutions of a two-players
game:

Initialization: de nition of the rst
optimizing operator and of an initial
feasible strategy of the competitor.

Iterative phase: operators take turns
and each plays its best response pure
strategy to the last strategy played by
the competitor.

Termination criterion: either a Nash

equilibrium or a cyclic equilibrium is
reached.
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A xed-point iteration method
Discussion

The algorithm reproduces the behavior of two or more operators the
do not know the competitors' objective function.

It can be used with both nite and in nite strategy sets.
Di erent initial strategies can lead to di erent equilibria.

There is no guarantee that a pure strategy Nash equilibrium exists
that it is unique.
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Towards a simultaneous opimization model
Description

Each operatok 2 K can choose a pure strategy from its nite set of
strategiesSy.

Number of pure strategy solutions of the gamiSj = Qk2K S.

For each solutiors 2 S we can derive a payo function/ys for each
operatork 2 K.

If s2 S includes only best response strategies for all operators, the
it is a pure strategy Nash equilibrium for the nite game.
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Modelling the problem Towards a simultaneous optimization model

Customer level

Customer constraints:

Winrs =1 812 N,8r2R,85 28 (1)
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Modelling the problem Towards a simultaneous optimization model

Operator level

Operator constraints:

1 X X X
Vis = R Pins Winrs 8k 2K;8s2S (13)
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Towards a simultaneous optimization model
Market level

Find s 2 S such thateg =1

s:t:

Equilibrium constraints:
<

es X (Kj 1) 825 (17)
k2K

e Xgs 8k 2K;8s2S (18)
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Modelling the problem Towards a simultaneous optimization model

Numerical examples

Payoff matrix of player 1 Payoff matrix of player 1
S1\ 82 | 070 0,73 0,76 0.79 0,82 0.85 Siy 82 0.75 077 079 0,81 0.83 0.85
0.50 10,00 | 10,00 [ 1000 | 10,00 | 10,00 | 10,00 0.50 10,00 | 10,00 | 10,00 | 10,00 [ 10,00 | 10.00
0,53 1049 | 10,60 | 10,60 | 10,60 | 10,60 | 10,60 0,52 10,40 | 1040 | 1040 | 1040 1040 | 10,40
0.56 10,53 | 1042 [ 10,53 | 10.86 | 11.20 | 11,20 0,54 10.80 | 10,80 | 10,80 | 10.80 | 1080 | 10.80
0,59 10,27 10,03 9.30 9.91 1062 | 1145 0,56 10.42 10,53 1086 | 11,09 [ 11,20 | 11,20
0.62 10,04 | 9.80 942 9.42 9.42 9.92 0,58 9.74 9,86 10,09 | 1044 | 1067 | 11.37
0,65 9,62 9.36 8.84 845 8.71 8.58 0,60 9,60 9.60 9.72 10,08 | 1044 [ 10.68
Payoff matrix of player 2 Payoff matrix of player 2
S1y 82 070 073 0,76 are 082 0,85 S1y 82 075 077 079 0,81 083 0,85
0,50 1400 | 1445 [ 1474 | 1469 | 1476 | 1462 0,50 1470 | 1478 | 1469 | 1474 [ 1428 | 1462
053 1400 | 1445 | 1474 | 1501 | 14,60 | 1445 0.52 1470 | 15,09 | 1485 | 1458 [ 14,61 1445
0.56 14,00 | 1460 [ 1474 | 1485 | 1476 | 1428 0.54 1485 | 1494 | 1517 | 1474 | 1444 | 1445
0,59 14,00 | 14,60 [ 1505 | 1548 | 1509 | 1445 0,56 1485 | 14,94 | 1485 | 1490 | 14,61 14,28
0,62 1400 | 14,60 [ 1520 | 1548 | 1591 15,81 0,58 1500 | 1509 | 1517 | 15,07 15.11 14,45
0.65 14,00 | 14,60 [ 1520 | 1580 | 1591 | 1632 0.60 1500 | 1525 | 1548 | 1539 [ 1527 | 1430
(a) Game with 1 pure strategy Nash equilibrium (b) Game with no pure strategy Nash equilibrium

Payofl matrices for two games with different support strategies. Best response payoffs
are in bold. Equilibrium payoffs are in blue.
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Modelling the problem Towards a simultaneous optimization model

Discussion

@ The model requires finite strategy sets (enumeration).

@ All pure strategy Nash equilibria of the game can be found, however
the problem is solvable with small solution spaces only.

@ The assumption of a finite game requires price discretization.
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Conclusions

© Conclusions
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Conclusions

Summary

@ We are analyzing oligopolistic markets from three integrated
perspectives:

o Customer level, by using discrete choice models
o Operator level, by solving a mixed integer program
o Market level, by including equilibrium constraints

@ We presented two different approaches to find Nash equilibrium
solutions for the resulting non-cooperative multi-leader-follower game.
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Conclusions

Open questions

@ Extension of the current MILP to include mixed strategy games
(Nash's existence theorem).

o Efficient search for equilibria in the solution space to avoid
enumeration.

@ Investigation of the concept of Nash equilibrium region for real-life
applications.

SB, VL, MB Modelling competition in demand-based optimization models 24 /25



Conclusions

Questions?
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