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What is happening?

» Volume

Billions of ton kilometers, FIS Mobilitét und Verkehr (www.for i i de)
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» Urbanization

Volkswagen Group Italy S.P.A. (modo.volkswagengroup.it)
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» Complexity

# trains with less than 6 minutes of delay (www.myway.de/e.lauterbach/pstat.html)
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Die Digitale Schiene
Deutschland bringt die
Eisenbahn in Deutschland
in ein neues Zeitalter.
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Do we need mathematicse

The bent pyramid of Dashur




Smart City = Netzworks + Data + Math + ...
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Mathematics & Mobility

» Leonid V. Kantorovich » Tjalling C. Koopmans
Nobel prize for ECconomics 1975 Nobel prize for Economics 1975
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Resource Allocation: Sea Freight
(Koopmans [1965], 7 Sources, 7 Sinks, all Sea Links)

in 1913.

Figures at ports: Net surplus of
emply ships.

Figures along routes: Optimal flows
of ballast traffic.

Al figures in millions of metric tons A
per month.
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Mathematics & Mobility

» D.Ray Fulkerson » L.Randolph Ford Jr.




Network Flows: Military Logistics
(Ford & Fulkerson [1955], Schrijver [2002])
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Mathematics & Mobility

» Abraham Charnes » Merton H. Miller
Finalist for the Nobel prize Nobelprize for EConomics 1990
in Economics 1975 mit Markowitz & Sharpe
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RAILWAY FREIGHT TRAIN MOVEMENTS*

A. CHARNES anp M. H. MILLER
Purdue University and Carnegie Inatitute of Technology

The structure shown in Table 1 can be translated into equation form by mov-
ing a row of A's, one for each column, up through the rows and inserting the
equal sign to the right of the Py column. The first two equations, for example,
would be:

4= 1IN4 I\ = e+ Iy
=104+ 1 — I+ I

With the addition of the variables, the problem has been reduced to a standard
simplex problem of: the form:

Min, il e

subject to:

> AP

te=1

Py

f

Nz0
and can be solved by the simplex technique,

More fundamentally, the train-scheduling problem will be seen to possess certain
striking structural features whxch may merit its inclusion among the basic model
types of linear programming.’ The background necessary for an understandmg

* The research underlying this paper was supported; in part, by a grant to the Graduate ‘

. 8cboo} of Industrial Administration, Carnegie Institute of Technology by the Westing-
bouse Air Brake Corp. for fundamental research on problems of the transportation
industries and in part by the Office of Naval Research.

The authors wish to scknowledge the many contributions made to the study by their
colleague, W. W. Cooper; and by their co-workers at the railroad which served as the
focus of the study, Messra. Johu Cunningham, Robert Lake, Harold Soyater and Glenn
8quibb. We.also wish to thank Miss Suzanne Levin, Mr. Kenneth Kretschmer and Mr.
Richard Poulin for assistance and advice on the computations during the research phase of
the project; and the other members of the Westinghouse Air Brake Project, Messrs. Frank
Brown, Edwin Mansfield and Harold Wein for many helpful suggestions made throughout

"the course of the investigation.

! In 1952, there were some 230 companies classified as terminal railroads with roughly
7500 miles of track and a total investment in railway property of over $1 billion {8). Total
revenues from handling some 20 million freight cars were in excess of 250 million dollars.
These figures are conservative. They understate considerably the size of the terminal
switching operation since they do not include the essentially similar services undertaken
direetly by the trunklines and consolidated in their regular accounts.

* For a discussion of L.P. model types and their significance for management science:
See A. Charnes and W. W. Cooper [1].
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ODEL FOR THE OPTIMAL PROGRAMMING OF | . -

80 A. CHARNES AND M, H. MILLER

TABLE 1
Structural tableau of train-scheduling model

i~ x.o!x.o'x.ol:.zil.z °|°‘°I°I° ° M'MlMlM{M‘M
E":‘&' Routes Surplus Vectors (light maves) Attificial Vectors (legs)
From| To ments | 1,21 1,312,314,2,314,3,2{ 1-2 § 2-1 } 1-3 | 31 | 2-3 |32 |1-2 |20 | 1-3| 31} 2-3 |32
Pu Po (P [Py | Po | Py | Paf Pr | Po | Po | Pra|Pu| Puis|Pu|Pu Py | Pue Py
1 2 4 1 1 -1 1
2 1 1 1 1 -1 1
1 ] 9 1 1 -1 1
3 1 8 1 1 =1 1
3 3 ] 1 1 -1 1
3 2 3 1 1 -1 1
#2
A R‘3
&/, 4
"
b &
#
#I 3
€5

CrART 1. Simplified map of terminal switching railroad, showing connections with
trunklines, major interchange and customer yard areas, and traffic requirements (in train-
loads) between major points.

postponed until the description of the model and the computational routine has
been completed.

Above the routes, in the row labeled ¢;, are entered the costs of assigning a
gingle crew and engine package to the route in question. These costs may be
stated either as the standard crew and engine expense, or as the expected costs
reflecting the fact that on longer runs there is a greater probability of running
into overtime. We constructed working models both ways and found, that
optimal programs were not particularly sensitive to variations in the cost of
crews. In fact, it was usually possible to simplify the calculation by minimizing
the number of crews, that is treating the cost of each crew as 1.

Py to Py, in the tableau are overfulfillment slack vectors. In the train scheduling
context they correspond to “light moves”, or trips by a crew and engine without
cars. If, for example, four crews should be assigned to the route Py—which runs
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Shortest-Path-Algorithms: Route Planning
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Planning Problems in Public Transport

Strategic Planning

(@) 690 s babeisberg - AmStern, ohannes Kepler otz

Weitere Fahrausweise erhalten Sie in unseren Bussen und StraBenbahnen
an den Automaten im ersten Wagenzug.

Tarif ab 1.4.2004 fir Potsdam und Umland (shne Stadt Berlin)
N s
e s
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Track Capacity
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The corridor capacity can be explored.
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time slot

» 180 trains for network small (no station routing, no buffer times)
» 196 trains for network big with precise routing through stations (no buffer times)
» 175 trains for network big with precise routing through stations and buffer times
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Line Planning @ Karlsruhe

DIE KOMBILOSUNG Jf BEWEGT MICH

Unten gut voran.

Legend :
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Substantial improvements are possible.

[ |
Kombi — ggg
7 B @ N = Quality
FrequencyA
FrequencyB
6.8
I
g Qualitiit
6.6 | ’ .
c .
£ TTHBK |
1% Basis ’
o oo
© 641 B Konzerthaus N ( Ii
Takt A TaktB
6.2 | Kosten n
\ \
1.02 1.03 1.03 1.04 1.04 B
travel time in minutes x 106 (system optimum) improvements in # direct travelers
Average Perceived & perceived TT [%  # transfers & transfer freq. [% Operation costs [%
T plan VBK] plan VBK] plan VBK]
Reference case 26.771 99.4% 0.3959 98.9% 108.6%
Plan VBK 26.922 100.0% 0.4004 100.0% 100.0%
Quality 26.601 98.8% 0.3958 98.9% 102.1%
Costs 26.695 99.2% 0.3972 99.2% 90.4%
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Line Planning @ Istanbul
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Mathematics can explore new ideas.
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Planning Problems in Public Transport

Strategic Planning

Weitere Fahrausweise erhalten Sie in unseren Bussen und StraBenbahnen
an den Automaten im ersten Wagenzug.

Tarif ab 1.4.2004 fir Potsdam und Umland (shne Stadt Berlin)
Tarifbereich

s []
[ o e

10
om0

Operational Planning o 4
Operations Control ~

@#MUDAL

FORSCHUNGSCAMPUS



Konrad Zuse

=3

|

o !
: T | q ; j ‘
N

I

Metropolig.# ~™®

FORSCHUNGSCAMPUS




Meftropolis (A-Grid with Branches & Rings)
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Once built, networks persist.
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Planning Problems in Public Transport

Strategic Planning

Uniemsets Stadtvrkohr
WOBGO mom

prg «» Am Stern, Johannes-Kepler-Platz

Weitere Fahrausweise erhalten Sie in unseren Bussen und StraBenbahnen
an den Automaten im ersten Wagenzug.

Tarif ab 1.4.2004 fir Potsdam und Umland (shne Stadt Berlin)
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"Kombiverkehr' (Combined Traffic) @ Karlsruhe

Kom bilOSUﬂg oberirdisch Bestand - - - - Rampe
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"Kombiverkehr' (Combined Traffic) @ Karlsruhe

DIE KOMBILOSUNG J/ BEWEGT MICH

¥Good move below. |




"Kombiverkehr' Construction Site

Ka-news.de
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Planning Process

Participation
Process
1.001 ideas,
complaints,
suggestiions

Data Basis / Visum Model / Targets

SWOT / Standards

N

new structure/lines )

design and model

Draft Versions

Optimisation

Impact Analysis

~ 7

Solution




Planning Process

Participation

Process
1.001 ideas, Data Basis / Visum Model / Targets
complaints,
suggestiions — —
SWOT / Standards Requirements / Restrictions
[ 1 [ 1
.~  Draft Versions "
new structure/lines L v
/ ) Optimisation /xrc &
design and model
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Impact Analysis Impact Analysis
~ 7 ~ 7
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Data to set up Visum Model

routes/stops: —— / -
appropriate/not A ,.hw | gerovoanes
appropriate for tram / T A

light rail / bus | W atm
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Im Linienverkehr
[ befahrbare Stredken

Im Linienverkehr
befahrbare Strecken
—— Stadtbahn

— Stadtbahn u, Tram

Nt b Faastald Bahifol

\ /%
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~ '.. i 7 1 |
o Sl .
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- 4 o s
. ~— %
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“artzranmat
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f’ meglch

IKorgrezzasatrum @ Zrakeahareialiostolle
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\ N
- S /
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times (bus, tram, light rail)

Public transport network including lengths and travel
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2015 PT Demand Data

-~ B20p & 5000
—~—

00 =y 5200

/

870

, o 523700 J 78000 88100 '
82 88100
L) .
Y - [l

/| Demand Estimate:
OD-Data (KVV inquiry
2008, pax counts 2015)
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2025 PT Demand Forecast

Demand Estimate:
extrapolation of OD-data
Population growth

2015 -> 2025

'Extrap lation factor 14-25
0%
>0% to 2%
>2% to 4%
>4% to 6%
>6% to 8%
>8% to 10%
>10% to 20%
>20% to 30%
>30%

T
700 1400 2100 2800 3500 m
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Planning Process: Definitions

/ Reference Case:
The overall costs
should not exceed the
,Standi“ solution,
constructed for a cost

benefit-study in 2003 /

/ determine vehicle
capacities and
costs per kilometer
taking fleet
development into

account /

transfer penalty:
8 minutes

small penalties on
overloaded segments

J

fixed passenger
demand (2025)

[ Operation costs = line length (to+fro) -frequenz -cost rate J

[ Vehicle costs = ["line travel time (to+fro)" /“frequency” " " |-fixed cost rate J

.~ MODAL
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Planning Process: Restrictions / Iterations

-

permit only 10
minutes headway or
superposition of at
least 2 frequencies of

[ fixed bus lines J

[ fixed LRT lines J

20 minutes
J

maximum capacity of
the tunnel

forbid some branch-
combinations: weakly

-
_ ! lines should @\
vs. highly capacitated y not cross —_—

themselves

\@/MUDAL
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Planning Process: “Specific” Restrictions

/ special effect:
one direct connection Konzerthaus

via Karlsstr. / via
Ettlinger Str. /
via Rippurer Str. _.&
to Karlsruhe main
station
%

all tracks must | 7C \_ } yAE:
be covered : I |
Q e.g. S2 generally

Kapellenstr.)

J ~t most 6 nes considered as
operating in

via Gottesauer . :
ingle traction
Platz single tractio

J

J
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Computing Solutions

» Various solutions computed with varied restrictions
» Travel fime improvements vs. cost reductions




Extreme "Costs' Optimization

» Capacity utilization at maximum

» NO direct connection between Wolfartsweier and
center




Extreme Travel Time Optimization

» Tunnel capacity and costs at maximum




"Quality" Solution

» 8lines (reference case: 9)

e




Solution Overview

10°
| -
7 B [M]Lrl]]i |
6.8 |- -
2
= Qualitit
Z 6.6 [ ° =
= TTH R
2 Iy BK
wn Basis
O [0 - ]
o 64 Konzerthaus
TaktA  TaktB
6.2 |- Kosten N
| |

| |
1.02 1.03 1.03 1.04 1.04

travel time in minutes 106
(system optimum)




Scenario "Costs” (6 Lines of Maximum Load)
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Reference Case
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Solution "Quality”
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Solution "Costs”
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Reference Case: Visum Pax Routing




Solution "Quality": Visum Pax Routing

=y -
9 35700 11300




Solution "Costs": Visum Pax Routing




Visum Pax Routing: Comparison of KPIs

» Scenario "Costs": -10% costs compared to status quo ante
» Quality: - 6% costs compared to reference case

Scenario Average Average Average # of Average Operation
perceived TT perceived TT transfers transfer costs [% plan

[min] [% plan VBK] frequency [% VBK]
plan VBK]

Reference case:

St Bonertong 26 771 99.4% 0.3959 98.9% 108.6%
Current plan VEK 26 922 100.0% 0.4004 100.0% 100.0%
l']'gg‘;vgg 1K 2025 27 200 101.0% 0.4005 100.0% 100.1%
ZIB scenario basis 26 627 98.9% 0.3947 89.6% 97.9%
218 scenario quality 26 601 98.8% 0.3958 98.9% 102.1%
ZIB scenario costs 26 695 99.2% 0.3972 99.2% 90.4%
ZIB scenario 26 434 98.2% 0.3814 95.3% 95.0%

frequency A
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Vsisum Pax Routing: Comparison of Loads

» Tunnel (East-West): 4 instead of 5 lines (10-mins headway)

Load Kaiserstr. Load Kriegsstr. Load Kriesstr. West

[percentage]

Scenario West West
[pax/weekday] [pax/weekday]

Reference case:

0,

Stand. Bewertung 80 500 16 600 17.1%
Current plan VBK 78 300 16 700 17.6%
NGRS 20223 81 400 25 200 23.6%
updated

ZIB scenario basis 77 100 28 900 27.3%
ZIB scenario quality 76 200 29 900 28.2%
ZIB scenario costs 78 400 24 200 23.6%
IS el 72 800 32700 31.0%

frequency A
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Average Travel Time (Comparison to "VBK")

TTK 1
Costs X » Basis: Average travel

Quality . .
FrequencyA fime in network VBK

FrequencyB .
» Difference of average
travel time in percent
» Bar goes up = higher
/ average travel time
,’ » Bar goes down =

“m smaller average travel
' time

— B




Direct Travelers (Comparison to "VBK")

TTK

Costs
Quality
FrequencyA
FrequencyB

» Basis: Number of direct
travelers (starting in
region) in network VBK

» Difference of direct
travelers in percent

» Bar goes up =more
direct travelers

» Bar goes down = less
direct travelers




Network Extensions

» The demand justifies only the extension on KriegsstraBe.




Conclusions

» A high level of accuracy is required regarding the
modelling of infrastructural and operational parameters.

» Optimization needs high quality OD-data.

» Restrictions can be standardized to some extent, but some
requirements will be specific in each case/town.

» Discussions in the planning process focus on restrictions, not
on quality measures/solutions.

» An iterative planning process is essential to improve
solutions.




Line Planning and Steiner Path Connectivity

Line Planning Problem

Find a cost minimal set of lines
and associated frequencies,
s.t. a given set of travel
demands can be transported
in minimal time.

Steiner Path Connectivity

Problem

Find a cost minimal set of
paths that provide enough
capacity to route a fastest
multi-commodity flow.

Features

» Bicriteria problem
(cost vs. quality)

» Passenger behavior
(transfers)

Graphics: JavaView, F4
. MODAL
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Steiner (Path) Connectivity Problem

min Z Cy Xy Minimize cost
el
s.t. Z x, >1 DAWNT#V Connect all OD nodes
LeLsiw)
Xy € {0, 1}

a Terminals T

(OD nodes) -
b c b )
j !
/ *
e £ d e f

d




Mathematical Line Planning Example

p » line capacity 50
» demands:
a— f:50;, a— b:50;

(1| le d- f:20;,d-c:80
d g ¢
d e . .
® b » feasible solution:

lines ¢35, ¢, at frequency 2
line ¢ at frequency 1

Qe




Basic Line Planning Model

a
o— » feasible solution:
lines ¢5,¢, at frequency 2
line £ at frequency 1
®
: : c

» fravel time on path = sum of travel times on edges
1= (aef) Tp, = Tae T Tef
p, = (a,e, f,b) Ty, = Tge + Tef + Trp
p3 = (d'g'f) Tps, = Tar + Tgr
ps = (d, g,c) Tp, = Tag T Tgc
» direct connections are not distinguished from non-direct
connections, fransfer fimes (within a mode) are ignored

@/MUDAL
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Basic Line Planning Model

min AY > crxer + (L=A) D T yp Minimize cost and travel time
fel felF pEP
Z Yp = st Vs teD Transport all demand
pETst
Capacity constraints
Zy"g Z Z""’E,fxe,f YacA pacity
p=a fel3afeF
Z xp <1 Viée Ll One frequency per line
feFr

Yp >0, Xp,f € {0.}.1}

Features Disadvantage

» Complete line pool » No fransfers (within a mode)
» Multi-criteria objective

» Integrated passenger routing




Literature (with Passenger Routing)

Maximize direct travelers
Bussieck, Kreuzer & Zimmermann [1997], Bussieck [1997]

» System split (a priori pax routing)

Minimize transfers/transfer time
Scholl [2005]; Schdbel & Scholl [2005]; Schmidt [2012]

» detailed freatment of transfers
» change-&-go-graph on the basis of all lines; large scale model

Maximize travel quality
Nachtigall & Jerosch [2008]

» Ufility for each path including all tfransfers

» capacity constraint for each partial route and line; large scale
model

Minimize pareto function of line cost and travel fimes
B., Grotschel & Pfetsch [2007]; B., Neumann & Pfetsch [2008]

» allows line pricing; computationally fractable
» ignores fransfers within same transportation mode

@/MUDAL
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Change-and-Go Model

(Schébel & Scholl [2005])

» change-and-go graph

» each node/edge is copied
for each line covering it
V={Wwl):veV,LeLveV(¥

» complete graph (of transfers)
((v,0),(v,¢)) Ve €L

travel time on path = sum of travel times on edges

P1= (a6 f) Tp, = T(ats)(els) T T(ets)(f )

P2 = (a6, f,b) Tp, =T(aes)(ets) T Tets)(ft2) T T(r8)(05)
T T(f,65)(b,ts)

Ps = (4,9, 1) Tps = T(a,,)(g.L0) T (0 (9:¢5) T T(g,Ls)(f1t5)

Ps = (d,g,0) Tp, = T(ae,)(g.65) T T(g.£2)(cts)

» all tfransfers are considered




Change-and-Go Model

(Schébel & Scholl [2005])

min A Z Z cofxef+ (1—A) Z o Vp Minimize cost and travel time
tel feF peP
Z Vo = ds V(s,t)eD Transport all demand
PEPs;
Z Yp = Z kefxer Vi(al)e Ag Capacity constraints
peP:acp fe F
Z X <1 Vie Ll One frequency per line
feF

Variables: x, » = 1 if line £ € L is chosen with frequency f € F; x, = 0 otherwise
yp = 0 passenger flow on path p € 7

Features Disadvantage
» (Complete) line pool » Very large scale (needs
» Multi-criteria objective enumeration of all possible lines)

» Integrated passenger routing with transfers
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ldea of the Direct Connection Model

» |ldeq: Associate a passenger
path either with a direct
connection line or with a
transfer penalty

sz,o # passengers on path p
traveling directly with line ¢
Vp1 # passengerson pathp

traveling with = 1 transfer

» add fransfer penalty ¢ on non-direct connections
p1 = (a,ef) szio =50 T, =Tget Tef
p, = (a,e, f,b) Vp,1 = 50 Ty, =Tge T Teg +Tpp+ 0
3 =(d,9,f)Yp,1 =20 Ty, =Tgr+T5r+0
ps=(d, g,c) Z;i;“’o =80 1y, =Tgq+ Ty

» transfer times for > 2 transfers are underestimated




Direct Path Connection Model

(DPC) min A Z z cofxes+ (1 — )\)( Z Tp.0

2| 2.

zﬁ,[} + Z Yp1 — dst

pEPY LEL(p) PEPst

2

pEPY(a)

2.

£eL(p)

Z ‘zfr,ﬂ i Z Tp1 y;n,l)

CeL(p)

peEP

zg,ng Z Yp1 < Z Z-‘if.’,f-’ﬂff‘,f

pEP(a) teLl(a) fEF

Z z;f;j[] < Z Ke,fTe, f

pePY(a):feL(p) feF

Problem

» Stillmany variables
» Primal degeneracy (pax paths

me:f <1

feF
Ty f € {G, 1}

Yp1 = 0 ldea

V(s,t) e D
Vae A
Vaec A, Ve L(a)

Ve L

Ve LV feF
Vpe P, Ve L(p)
VpeP

» Line independent aggregation
of direct connections as

: : _ ¢
can be assigned to many lines) Yp0 = 2 teL(p) Zp.0

&QJMUDAL

FORSCHUNGSCAMPUS



"Skeleton" Direct Connection Model

(DC-skeleton) min A Z Zcfvf wp, g+ (1 — )\)( Z Tp.0|Yp.0|+ Z Tp.d yp,l)

el feF pePY peP
Z @l"‘ Z Yp,1 = dst YV (s,t) € D
pE'Pnt pEPst
Z Ypo [t z Yp1 = z Zﬁffﬂ‘»ff Vae A
peP(a peP(a (eL(a) fEF
Z zef <1 VieL
feF
zef € 10,1} Vie L,VfeF
Yp,0 = 0 Vpe PD
Properties Yp1 =0 deq pEP
» Only necessary variables » Line independent aggregation
» Treatment of direct connec- of direct connections as

tions needs to be added Yp,0 = ZEEﬁ(p) Zﬁ,.o




What about the direct connection capacities?

Either the aggregated direct connection flow can be spilit ...

(C) >

pEPO(a):4L(p) fer
¢
Z 2p0 = Yp,0
teL(p)
Zp0 2 0

... or the Farkas dual solves:

(C) Y DY wa+ Y wpyno <0

el act pePL

Zﬂi"‘wiﬂ >0
acp

Ho >0

4 ¢
Zpo < € (= Z K, T 1)

Vace AVl el (act) (ub)
Vp e 2 (Wp)

vp € P, ¥l € L(p)

Vpe Pl vieLl(p)

Vie L, Vae A




What about direct connection capacities?

(C) Y DY wa+ Y wpyno <0

el act pePL

> ph+wp >0 VpeP' Ve Lp)
acp

pé >0 Vee L, Yae A

» Consider a solution of the dual:

» Wlo.g. —wp= Eg}g&){z Hat (= disty (p))
acp

(C) has a solution if and only if there exists u € [0,1]%%4 s.1.

DAY <= wpypo= > dist;(p) s,




The Direct Connection Metric Inequalifies

Theorem (Direct Connection Metric Inequalities):

A capacity vector ¢ € ]R%ﬁ supports a direct connection routing y;;,o if and

only if
oY ph = ) disth(p)yhy Yu e [0,1]774
tcL acA pEPO

» Characterization of path capacities that support a direct
connection routing

Can be generalized to more than one transfer

Relation to multicommodity flow results of Iri [1971] & Kakusho &
Onaga [1971]

» Characterize arc capacities that support a multicommodity
flow by metric inequalities

» Paths are more general than arcs
» Direct connection routing is more restrictive than gen. routing

73 .  MODAL
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Direct Connection Model

(DC-complete) min Azzcefmff-i- L—A (ZTprpU+ZTP1yP>)

el feF pepl peP
> upot > vpa =da V(s,t) €D
pEPEt PE'P#
Z Upo Zypl Z Zﬁﬂfl‘ff Vaec A
peP(a) pEP(a) tel(a) fEF
D> we Y regrey> Y, > disti(p)ypo  Vpe[0,1]74
teLacA  feF (s)€D pePy,
Z Tof < 1 VieL
felr
rer €{0,1} Vie LVfeF
Yp.o = 0 Vp e P
Yp,1 = 0 VpeP

» Equivalent to basic DC model » Algorithmically tractable?

 MODAL
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Separating the DC Metric Inequalities

(©) S S S we <0

tel  act pcPY
> py+wp >0 Vpe Pl Ve Lp)
,uf;zo Ve L, Vae A

Restating the Farkas dual as an optimization problem:

(S) min > pn Y Keprip— > Wl

el act feF pePo
s.t. Zug—wpizo Vpe P, VIe Lp)

acp

> Vie L, Vae A
1>w,>0 vp € P




Separating the DC Metric Inequalities

(S) min Z Z I Z Ko, fTp f — Z WpYp.0

(el acl  feF pePO
s.t. Z,ui—wplz() Vpe P, Vle Lp)
acp
pt >0 Viec L, YacA
1>w,>0 vp e PY

» Feasible region does not depend on flow

» Polyhedron, polynomial number of (explicitly known)
constraints

Proposition (Separation of Direct Connection Metric Inequalities):

The dcmetric inequalities can be separated in polynomial time. Hence, the LP relaxation
of the direct connection model can be solved in polynomial time (non-direct
connection paths can be priced in polynomial time).
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Planning Problems in Public Transport

Strategic Planning

Uniemsets Stadtvrkohr
WOBGO mom

(@) 690 5 babeisberg - AmStern, Johannes Kepler latz
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Dutch Intercity Network

(Bussieck [1998], Bussieck, Kreuzer, Zimmermann [1996], Claessens, van Dijk, Zwaneveld [1998])
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Cost Allocation Games

N = [n]

N

yc2V 3t =3\0
c:2t - Ry

P c RY,
'=(N,cP,X)
fiE27 > Ry

__c(8)—x(S)
ef(S, xX) = )

X(T) ={xeP:x(N) =c(N)}
C={x € X:ep(-,x) = 0}
Cer=1{x € X:er(-,x) = €}
€f:=max €:Ccr # 0

LCr = Cc.r

N = lexmax LCf

¢:I' > P

vV vV VvV vV YV VvV VYV VY VvYYVvYYVvYYyY

Sext xeP

players

grand coalition

coalitions

cost function

feasible prices (polyhedron)
cost allocation game

weight function (1,

|' |,C)

f-excess of § at price x

Imputation set

(€, f)-

core
core

f-least core radius
f-least core
f-nucleolus

cost allocation method

&
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Desirable Properties

1. d(I(N) =c(N) efficiency
2. p(D(S) < p(T)(S) vSex™ coalifional stability
3. ¢(H)ec core price
4. 3AK,a > 0:1¢(:) — c()| < ac(:)

= |p(C); — p(c);| < Kagp(c);Vi bounded variation

Cost allocation methods

» ¢(); =c(i) VIiEN fixed-price (=1, 3)
» ¢p(I); =c(i ) ( > VieN proportional (=2, =3)
» o) = LCy f-least core (=2, =4)
= argmax, €
x(S) +ef(S) <c(S) VSEXT\N
x(N) =c(N)

xX €EP




Desirable Properties

1. o(MN) =c(N) efficiency
2. dp(M)(S) < p(T5)(S) VS ezt coalitional stability
3. ¢(H)ec core price
4. AK,a > 0:1¢(:) — c()| < ac(:)

= |p(C); — p(c);| < Kagp(c);Vi bounded variation

» Proposition (Hoang [2010]): There is no (general) cost allo-
cation method that can guarantee more than 2 out of the
above 4 properties (for all games), even for cost allocation
games with monotone, subadditive cost function:s.

» Theorem (Hoang [2010]): For weight functions f = ag + fc,
where a,f € Q,a+ B > 0,g: X - Q modular and positive on
%+, the f-nucleolus of a "strongly bounded" cost allocation
game can be computed in time that is polynomial in
oracles for computing c(S), g(S), membership for £, and
separation for P.




Fairness Diagram
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Cost Function (Line Planning Problem)

c(5) = min z (¢t & p + CEipry)
(T,f) ERXF arc capacities for shortest path routing
S.t. z z ccapf(mfr,f + pr,f) > 2 Pei Ve € E
eeErer feF LES
min frequencies for shortest path routing Z Z ffrf > Fl V(e, l) eE XS
eereR feF

Prf—M—m)&. <0 V(r,r) ERXF

< 1 frequencies per route F z €T‘,f <1 Vr e R

fEF

route r with frequency f
has m + p, ¢ coaches

route r has frequency f

Separation problem extends to OD-pair choice plus objective change fo excess.
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Setup

» Players
n = 81 OD-pairs of highest demand, 28! — 1 coalitions

» Reference price
c(N)

st — Z d . dst
SteN “st

» Monotonicity

X X X
0 <M <5t o Z = VsteS,uv € P,

Puv N PSt N qufPst Puv
» Distance-likeness
max Xst < K min Xst Vst €S
st dstPst - st dstPst
» Weight function
f=c
c(S)—x(S)

.e, er(S,x) =e.(S,x) = = relative savings

c(S)




Least-core Prices (K = +)
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Least-core Prices (K = +oo vs. K = 3)

c-excess
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Least-core Prices (K
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Best 15 (x,:/Pg; fOr K = 3 and K = +0)

Arnhem-Zevenaar Grens 0.63

Amsterdam CS-Roosendaal 0.63 \ "
Breda-Eindhoven 0.63

Roosendaal-Rotterdam CS 0.63

Roosendaal-Zwolle 0.65

Eindhoven-Den Haag CS 0.65 e
Roosendaal-Schiphol 0.69
Eindhoven-Roosendaal 0.70

Eindhoven-Rotterdam CS 0.71

Amsterdam CS-Eindhoven 0.72

Den Haag HS-Roosendaal 0.73

Roosendaal-Utrecht CS 0.73

Rotterdam CS-Zwolle 0.74

Amsterdam CS-Rotterdam CS 0.76

Amsterdam CS-Zevenaar 0.79 D siceacd
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Worst 15 (xg /Py for K =3 and K = +)

Breda-Roosendaal 1.30
Hengelo-Utrecht CS 1.30
Schiphol-Zwolle 1.30
Den Haag CS-Schiphol 1.35
Den Haag HS-Schiphol 1.36
Amsterdam Zuid-Zwolle 1.42
Amsterdam CS-Zwolle 1.52
Breda-Rotterdam CS 1.55
Leylstad-Utrecht CS 1.55
Amsterdam Zuid-Leylstadt 1.84
Apeldoorn-Hengelo 1.89
Apeldoorn-Oldenzaal 1.89
Den Haag HS-Den Haag CS 1.89
Hengelo-Oldenzaal 1.89
Leylstad-Zwolle 1.89
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Worst 15 (xg /Py for K =3 and K = +)

Lreningen




Thank you very much for your attention!

Strategic Planning

Uniemsets Stadtvrkohr
WOBGO mom

(@) 690 s babeisberg - AmStern, ohannes Kepler otz

Weitere Fahrausweise erhalten Sie in unseren Bussen und StraBenbahnen
an den Automaten im ersten Wagenzug.

Tarif ab 1.4.2004 fir Potsdam und Umland (shne Stadt Berlin)
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