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Track Allocation (= Routes in Space-Time) * g
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Railway Network + Trains Train Routes + Timetable
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Integrated Train Routing and Scheduling

Routing: Flow Scheduling: Headway constraints

llocking time display

HANNOVER \é
ey
«' BRAUN- <
\‘ SCHWEIG -
§94741-3: 334-343 ?___:/_——

CEQ42/952-1: 317-327
4484-2: 306-316

5 260-279
- y . REZ4706-1: 255-265 %
GOTT G RE24484-1 246-256 =
RE24208. 237-24

A

KASSEL

FULDA

Track Allocation and Path Configurations | CO€TL 2015 7



Block Occupation Conflict
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Track Allocation Problem

Freie Universitat {/l#)]

r

= Train Path Packing Problem
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Multicommodity Flow + Arc Packing Model
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Block occupation
conflict graph
(here: interval
graph, perfect)

Conflict cliques
Local for each block

Packing constraints
= local constraints
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Arc Packing Model
(APP) max ZZc;x;

=
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[eg)

iel acA
(i) Y xX-Dx, = B Vvel,iel Trains
aes; (v) qeé‘f (v)
(ii) D xl < 1 VkeK Conflicts
(a,i)ek
(111) x! S {0,1} Vae Ajiel Integ.

Theorem (Lukac [2004]):

Let H be a quadrangle-linear headway matrix for train types Y, i.e.,
H(,j)+H(, k) =H(i,k)+ H(j,j) Vij,k.
Then all maximal cliques in Gy are of the form
| Jo x e+ G0 - 11,
leY
if after setting t; = 0 for some i, € Y the following holds for any different i, j:
H(,i))—HG, )<t —t; <H®j) —H(Q,J).
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Arc Packing Model
(APP) max ZZc;x;

ie! acA .
(i) DT I
aes; (v) aco; (v)
(11) DX,
(a,i)ek
) 5
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Block Occupation Configurations

(B., Schlechte [2007]) Freie Universita erlin 2/
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Arc Packing and Arc Configuration Model

(APP) max Z Z clx!

iel acA

Berlin 7775

Freie Universitat (/'

N4

(i) Y xX->x, = B Vvel,iel Trains
aed; (v) acd; (v)
(ii) > xl < 1 VkeK Conflicts
(a,i)ek
(111) x! € 10,1} Vae Ajiel Integ.
(ACP) max > > ¢l x!
ie[aeA .
() > x, - D.x, B;(v) VveV,iel  Trains
aco; (v) aco; (v)
(i1) 2 Vg 1 VjiedJ Configs
q€0;
(iii) > Vg x, VYaeAd,jiel Coupling
acsqgeQ
(iv) X, 0,1} Vaed,iel Integ.
(V) Vg {0,1} VgeQ Integ.
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Arc Packing and Configuration Model e om [oens |-
(APP) max Z Z clx!
iel aeA
(i) Y xX->x, = B Vvel,iel Trains
aed; (v) acd; (v)
(ii) > xl < 1 VkeK Conflicts
(a,i)ek
(111) x! S {0,1} Vae A,iel Integ.
(ACP) max > > ¢l x!
ie[aeA .
(i) > x,— >x, < pBi() VveV,iel  Trains
aco; (v) aco; (v)
(i1) > Vg = 1 Vied Configs
q<€0Q;
(1ii) 2. Vg > > x, Vae A Coupling
acsqgeQ iel
(iv) X, e {01} Vaecd,iel Integ.
(V) Vg e {0,1} VgeQ Integ.

Track Allocation and Path Configurations | CO€TL 2015 15



Arc Packing and Path Configuration Model, . . r.. @ &
(APP) max Z Z clx!
iel aeA
(i) Y xX->x, = B Vvel,iel Trains
aed; (v) acd; (v)
(ii) > xl < 1 VkeK Conflicts
(a,i)ek
(111) x! S {0,1} Vae A,iel Integ.
(PCP) max > > Zcﬁ,xp
iclpeP, aep
(1) 2. X, < 1 Viel Trains
PEF,
(i1) 2. Vg < 1 VjeJ  Configs
9<€Q;
(ii1) 2. X, — 2.Vg4 < 0] Vae A Coupling
acspelP acsgeQ
(1v) X p e {0,1} Vpe P Nonneg.
(V) Vg e {0,1} Vge© Nonneg.
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Model Comparison

Theorem (B., Schlechte

[2007]):
Vip(PCP) = v;(ACP)

ACP =) PcCP
= Vp (APP) = vip(PPP)
= Vip(APP)
and
VsPCP) = vip(ACP) PPP
< v, (APP) = v, ,(PPP) |
< v, ,(APP"). I’ S
| APP' :
-
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Column Generation Algorithm s [ sern |
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Configuration Pricing = Shortest Path Problem

(B, Schlechte [20071) Freie Universitat Berlin n
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Configuration Pricing = Shortest Path Problem . o

/
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Configuration LP

(PLP) max > > > c.x,

iel peP asp

@ 2%,

pPel;
(1) > v,
quj
ainp 2> x,— 2 v,
acspelP acsqgeQ
(av) x,
(V) V.,
(DUA) min Z Y, + Z 7
iel jeJ
(1) 7/1' -+ Z /la
aep
(ii) T, —> A,
acsq
(111) Y7, A
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<1 Viel Trains (y,)
=1 VjeJ Configs (x;)
<0 Va e A Coupling (1,)

=0 Vp e P Nonneg.
=0 Vge QO Nonneg.

\

> ¢, VpeP,iel Paths
aep

0 VgeQ,,jeJ Contigs

vV

> 0
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Configuration Pricing = Shortest Path Problem., r.... ©
(DUA) min Z)/i + Zﬂ'j

iel jeJ
(1) 7/Z.+Z/1a > Zc; Vpe P,iel Paths
aep asp
(ii) T, —> A, > 0 VgqeQ,,jeJ Configs
aeq
(111) V7T, A > 0

Prop. (B., Schlechte [2007]):

Config pricing is an acyclic shortest
path problem with arc weights

C, = —hy

that can be solved in polynomial
time.
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Path Pricing = Shortest Path Problem

(DUA) min Z Y, + Z 7

iel jeJ
(1) 7/Z.+Z/1a > Zc; Vpe P,iel Paths
aep acp
(11) ﬂj—Zﬂa > 0 VgeQ,,jeJ Configs
aceq
(111) Y, 7T, A > 0

Prop. (B., Schlechte [2007]):

Route pricing is an acyclic shortest
path problem with arc weights

Cq = —Cq + Ay,

that can be solved in polynomial ,;;

- N\
\ )
ime. . .
\
\
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Model Comparison -

Theorem (B., Schlechte
[2007]):

Vip(PCP) = v;(ACP)

ACP l¢=) PCP
= Vp (APP) = vip(PPP)
= Vip(APP)
and
VsPCP) = V(ACP) T PPP
< v, (APP) = v, ,(PPP) |

< v, -(APP").
v, (PCP) and v,,(ACP) can be |

computed in polynomial time.
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A Dual Bound g
(DUA) min Zyi +Z7zj
(1) 7/11.61—2/{? > ZC; Vpe P,iel Paths
(11) 7 —%ﬂa > ae}z) VgeQ,;,jeJ Configs
(ii1) 7/,7;fq/1 > 0
7, =r§?13§a€z];(02—/1a)—7i:>77i+7,- ZE(CL—EQ)VZ'ELPEB
szrqu%i(;/la—ﬂj :>¢9j+7zj2;/1a ViedJ,qeQ,

Prop. (B., Schlechte [2007]): ([n+Y]*,[60+x]*,A) is dual
feasible for PLP and

B(v, m, A)=Z [n+y]*+ Z [6+n]

is an upper bound on v(PLP).
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Solving the LP-Relaxation

Freie Universitat ﬁ:j‘q Berlin 3 n I
5 scenario 570 trains
Xx 10

1 O I I ] T T

~B(v, T, A)
of —v(RPLP)

objective value
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column generation iterations
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Rapid Branching & Track Allocation

(B., Schlechte, Weider, Reuther [2013])

> HaKaFu, req32, 1140 requests, 30 mins time windows
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o

TS-OPT run. model PCP, PCP-24H-NS-BUNDLE-BNB- 100401-17:22:40 TS-OPT run, model PCP, PCP-24H-NS-BUNDLE-BNB-TW-30-100331-15:46:57
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Packing vs. Configuration Model

( Schlechte [2011])

T #Hrows #ecols Htrains ub™ v(LP) v* gap ts~ #bbn
in % in s
0 288 316 29 37.10 37.10 37.10 - B.87 1
2 962 1005 67 99.92 99.92 99.92 - 8.20 1
4 3134 3589 121 219.05 222.92 219.05 = 8.90 68
6 5552 6372 143 238.67 246.25 238.67 — 9.49 570
8 9584 10515 161 260.77 279.99 260.77 - Tl 569
10 15451 15726 155 309.54 322.47 309.54 - 12.93 518
12 23135 21730 198 336.63 348.29 334.93 0.51 3609.85 1521298
14 33004 28569 220 375.97 387.26 373.94 0.54 3612.16 1209431
16 47245 36673 239 401.50 408.92 399.81 0.42 3612.97 TT3386
18 66181 45882 254 439.78 458.45 438.08 0.39 3613.58 462670
20 93779 56951 257 456.57 458.45 451.76 1.06 3613.94 303575

= Scenario REQ_36 from ttplib.zib.de (Packing T, Config ¥)

T Hrows #ecols Htrains ub* v(L.P) w™ gap 5 #bbn
in % in s
0 835 920 29 37.10 37.10 37.10 — S.44 1
2 2418 2895 67 99.92 99.92 99.92 — 8.41 1
4 6920 9345 21 219.05 219.05 219.05 - 8.63 8
6| 11129 16329 143 238.87 242772 238.67 - 9.39 i
8 17393 27470 161 260.77 269.25 260.77 - 13.29 280
10 24825 41517 185 309.54 314.04 309.54 - 46.41 577
12 33156 57149 198 334.93 342.66 334.93 - 110.98 528
14 42282 T4562 220 373.94 381.45 373.94 - 259.62 T80
16 53142 96729 239 399.81 405.33 399.81 - 1467.77 1485
18 65378 1241 15 254 438.08 450.48 438.08 - 2399.55 512
20 79697 156674 257 A54.77 458.30 451.76 0.67 3618.53 421
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Track Allocation and Train Timetabling . ... @ &
Article Stations Tracks Trains Modell/Approach
Szpigel [1973] 6 5 10 Packing/Enumeration
Brannlund et al. [1998] 17 16 26 Packing/ Lagrange, BAB
Caprara et al. [2002] 74 (17) 73 (16) 54 (221) Packing/ Lagrange, BAB
B. & Schlechte [2007] 37 120 570 Config/PAB
Caprara et al. [2007] 102 (16) 103 (17) 16 (221) Packing/PAB
Fischer et al. [2008] 656 (104) 1210 (193) 117 (251) Packing/Bundle, IP Rounding
Lusby et al. [2008] ?77? 524 66 (31) Packing/BAP
B. & Schlechte [2010] 37 120 >1.000 Config/Rapid Branching
= BAB: Branch-and-Bound = BAP: Branch-and-Price
= PAB: Price-and-Branch
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