
Freie Universität      Berlin 

Line Planning and Steiner Path Connectivity 

Ralf Borndörfer 

 

2015 Workshop on 
Combinatorial Optimization with Applications in 

Transportation and Logistics 

 

Beijing, 28.07.2015 

1 Line Planning and Steiner Path Connectivity | CO∈TL 2015 



Freie Universität      Berlin 
Overview 

 Service Design 

 Steiner Path Connectivity 

 Line Planning 

 Project Stadt+ 
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Planning Problems in Public Transit 
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Service Design 

Operational Planning 

Operations Control 
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Line Plan 
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Line Planning and Steiner Path Connectivity 

 

 

 

 

 

 

 

 

 

 

 

 

Features 

 Bicriteria problem 
    (cost vs. quality) 

 Passenger behavior 
    (transfers) 
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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. 

Graphics: JavaView, F4 
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Line Planning and Steiner Path Connectivity 

Line Planning Problem 

 Find lines and frequencies to 
satisfy a given demand 

Objectives 

 Minimize operation costs 

 Minimize travel time 

Input 

 Public transport network 

 OD-matrix of travel demands 

 Operation costs and travel 
times 

Output 

 Set of lines and frequencies 

 Passenger flow 

Steiner Path Connectivity Problem 

 Find paths to connect a set of 
terminal nodes 

Objectives 

 Minimize path costs 

 

Input 

 Undirected graph 

 Set of terminal nodes 

 Path costs 

 

Output 

 Connecting set of paths 
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Steiner (Path) Connectivity Problem 
(B., Karbstein., Pfetsch [2009]) 
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Minimize cost 

Connect all OD nodes 

Terminals T (OD nodes) 
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Proof: Primal dual algorithm similar to Goemans, Williamson [1995] for the Steiner 
forest problem.  

Theorem 

There exists a (𝑘 + 1)-approximation algorithm for the SCP, where 

𝑘 = 𝑚𝑖𝑛{max. path length, max. number of terminals per path}. 

Complexity and Approximation 

Line Planning and Steiner Path Connectivity | CO∈TL 2015 8 

Proposition 

1. The Steiner connectivity problem (SCP) is NP-hard even for T=V.  
2. The SCP is solvable in polynomial time for 𝑇 = 𝑟, 𝑟 fixed (𝑇 set of OD nodes). 
3. The SCP is not approximable in the general case. 

Basic property of minimal solutions (w.r.t. 
inclusion): 
Proposition (B, Karbstein [2014]): The average 
path-degree (nr. of paths incident to a node) of 
a terminal node is ≤ 𝑘 + 1. 
 

For Steiner trees the node degree (nr. of edges) 
of non-terminal nodes is ≥ 2; the analogue is 
not true for minimal solutions of the SCP. 

  
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Cut Formulation 

where P𝛿 𝑊 = 𝑝 ∈ P :Pδ 𝑊 ∩ 𝑝 ≠ ∅  (Steiner path cuts) is the set 

of paths that cross a Steiner cut 
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Steiner Path Cut 

𝑊 = 𝑑, 𝑓, 𝑔    →   𝑥1 + 𝑥2 + 𝑥4 + 𝑥6 ≥ 1 

Weaker:        𝑥1 + 𝑥2 + 2𝑥4 + 𝑥6 ≥ 1 
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Separation of Steiner Path Constraints 

Construct Steiner connectivity digraph 𝐷′ for 𝑥 ∈ ℝ≥0
𝑃  : 

 Consider cuts between 𝑠 and 𝑡; 𝑉′ = 𝑠, 𝑡 ∪ {𝑣𝑝, 𝑤𝑝: 𝑝 ∈ P} 

 Insert arcs 𝑎 = 𝑣𝑝, 𝑤𝑝 , 𝑝 ∈ P with capacity 𝜅𝑎 = 𝑥 𝑝 

 Insert arcs 𝑎 = 𝑠, 𝑣𝑝 , 𝑤𝑝, 𝑡 , 𝑝 ∈ P with capacity 𝜅𝑎 = 𝑥 𝑝 

 Insert arcs 𝑎 = 𝑤𝑝 , 𝑣𝑝 , 𝑝, 𝑝 ∈ P, 𝑟 ∉ 𝑝, 𝑝 ∩ 𝑝 ≠ ∅  with capacity 

𝜅𝑎 = min{𝑥 𝑝, 𝑥 𝑝 }  
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Separation of Cut Constraints 
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Proposition 

There is a one-to-one correspondence between minimal directed (𝑠, 𝑡)-cuts 
in 𝐷′ and minimal (𝑠, 𝑡)-Steiner path cuts in 𝐺, and the capacities are 
equal. 

Proposition 

The separation problem for Steiner path cut constraints can be solved in 
polynomial time. 
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Steiner Partition Inequality 

Let 𝑃 = 𝑉1, 𝑉2, … , 𝑉𝑘 , 𝑉𝑖 ∩ 𝑇 ≠ ∅, 𝑖 = 1, … , 𝑘, 𝑉 =  𝑉𝑖
𝑘
𝑖=1 .  

The Steiner partition inequality is defined as 

 𝑎𝑝 ⋅ 𝑥𝑝

𝑝∈P
≥ 𝑘 − 1 

where 𝑎𝑝 ≔ 𝑖 ∈ 1, … , 𝑘 : 𝑉𝑖 ∩ 𝑝 ≠ ∅ − 1.  

Line Planning and Steiner Path Connectivity | CO∈TL 2015 13 

𝑥1 + 𝑥2 + 𝑥3 ≥ 1 
𝑥1 + 𝑥2 + 𝑥4 ≥ 1 
𝑥1 + 𝑥3 + 𝑥4 ≥ 1 

𝑥2 = 𝑥3 = 𝑥4 = 0.5 satisfies all Steiner path cuts 

 
2𝑥1 + 𝑥2 + 𝑥3 + 𝑥4 ≥ 2 separates this solution 
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Facetness 

Let P ≔ {𝑝 ∈ P: 𝑎𝑝 = 0}. Generalization of a result of Grötschel, 

Monma & Stoer [1990]: 

 

 

 

 

 

 

 

 

 

 

Only property 4 is necessary! 
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Proposition 

A Steiner partition inequality is facet defining if the following 
properties are satisfied. 
1. 𝐺[𝑉𝑖] is connected by P, ∀𝑖  
2. 𝐺[𝑉𝑖] contains no Steiner-path-bridge in P, ∀𝑖  
3. Each path is incident with at most two node sets, i.e., 
𝑎𝑝 ∈ {0,1} 

4. The shrunk graph (each node set a single node) is 2-node-
path-connected 
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Directed Cut Formulation 

Can use Steiner connectivity digraph to get equivalent directed 
formulation: 

 

 

 

 

 

 

 

 

All "path"-arcs get the cost of the corresponding path. All other arcs 

get 0 cost. 

 

 Directed Steiner tree problem in 𝐷′ 
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Directed Cut Formulation 

Projection in path variables yields: 

 

 

 

Consequence: objective value of SCP𝑎𝑟𝑐
𝑟  is independent of 𝑟. 
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Theorem  

𝑃𝐿𝑃 SCPcut = 𝑃𝐿𝑃 SCParc  
P
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 Quality depends on root 

Flow Balance Constraints 
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Directed vs. Undirected Formulation 

    ≥ 2𝑥1 + 𝑥2 + 𝑥3 + 𝑥4 = 2𝑥11  + 𝑥22  +𝑥33  +𝑥44   

    ≥ 2𝑥𝑎1 + 𝑥𝑎2 + 𝑥𝑎3 + 𝑥1 4 + 𝑥2 4 + 𝑥3 4 

    ≥ 1 + 𝑥𝑎1 + 𝑥𝑎3 + 𝑥1 4 + 𝑥2 4 

    ≥ 2 + 𝑥1 4 

    ≥ 2 
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Theorem  

𝑃𝐿𝑃 SCParc+
r  P satisfies all Steiner partition inequalities. 
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The Case 𝑇 = 2 

Totally dual integral (TDI): For each integral 𝑐 for which the optimum 
is finite, the dual has an integral optimal solution. 

Proof: Primal-dual algorithm.  
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Theorem  

SCPcut  is TDI for 𝑇 = {𝑠, 𝑡}. In particular, it is integral. 
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The Case 𝑇 = 2 

𝑐 ≡ 1: A Menger companion theorem follows: 
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Theorem  

The minimum cardinality of an (s, t)-connecting set is equal 
to the maximum number of path-disjoint (s, t)-disconnecting 
sets. 
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 An (s, t)-connected set of paths connects two nodes 𝑠 and 𝑡 (≜ (s, t)-path). 

 An (s, t)-disconnecting set of paths breaks all (s, t)-connected sets (≜ (s, t)-cut). 
 
 
 
 
 
 

 1. is hypergraph folklore, 2. is new.  

 Generalizes class of blocking pairs of ideal incidence matrices of paths and cuts. 

 
 
 
 
 
 

Example (2): Network with 5 paths 

(s, t)-connected: 

1. green, 2. yellow, 3. red 

(s, t)-disconnecting (path-disjoint): 

1. green 

2. yellow, blue, brown 

3. red 
 
 
 

Min-Max Results 
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Theorem (Menger and companion theorem for path-connectivity)  

1. The minimum cardinality of an (s, t)-disconnecting set is equal to the 
maximum number of path-disjoint (s, t)-connected sets. 

2. The minimum cardinality of an (s, t)-connected set is equal to the maximum 
number of path-disjoint (s, t)-disconnecting sets. 
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Relation to Line Planning 

Observation for 𝑐 ≡ 1: 

 minimum number of paths  
connecting 𝑠 and 𝑡 

lower bound on number of 
transfers−1 in line planning 

 

 

Idea: use this lower bound in line planning 

 associate with a passenger route 𝑟 the minimum number of transfers 𝑘 

 𝑘 depends on all possible lines 

 include constraints to ensure direct connections, i.e., for 𝑘𝑟 = 0 

 𝑦𝑟,0  – variable for direct connection 

 𝑦𝑟,1 – variable for connections with at least one transfer 
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Line Planning and Steiner Path Connectivity 

 

 

 

 

 

 

 

 

 

 

 

 

Features 

 Bicriteria problem 
    (cost vs. quality) 

 Passenger behavior 
    (transfers) 
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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. 

Graphics: JavaView, F4 
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Line Planning and Steiner Path Connectivity 

Line Planning Problem 

 Find lines and frequencies to 
satisfy a given demand 

Objectives 

 Minimize operation costs 

 Minimize travel time 

Input 

 Public transport network 

 OD-matrix of travel demands 

 Operation costs and travel 
times 

Output 

 Set of lines and frequencies 

 Passenger flow 

Steiner Path Connectivity Problem 

 Find paths to connect a set of 
terminal nodes 

Objectives 

 Minimize path costs 

 

Input 

 Undirected graph 

 Set of terminal nodes 

 Path costs 

 

Output 

 Connecting set of paths 
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Example 

 Line capacities 50 

 Demands 
𝑎 → 𝑓 = 50, 𝑎 → 𝑏 = 50 

𝑑 → 𝑓 = 20, 𝑑 → 𝑐 = 80 

 

 

 

 Solution 
lines ℓ3, ℓ4 with frequency 2 
lines ℓ5, ℓ4 with frequency 1 
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Literature 

 Minimize transfers/transfer time 

 Scholl [2005], Schöbel & Scholl [2005], Schmidt [2012] 

 Advantage: detailed treatment of transfers 

 Disadvantage: change-and-go-graph on the basis of all possible lines; 
large scale model 

 Maximize travel quality 

 Nachtigall & Jerosch [2008] 

 Advantage: utility for each path including all transfers 

 Disadvantage: capacity constraint for each partial route and line; large 
scale model 

 Minimize pareto function of line cost and travel times 

 B., Grötschel & Pfetsch[2005], B., Neumann & Pfetsch [2008] 

 Advantage: allows line pricing; computationally tractable 

 Disadvantage: ignores transfers within same transportation mode 
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Basic Line Planning Model (B) 
(B., Grötschel & Pfetsch [2007]) 

Travel time on path is sum of travel times on edges 

     𝑝1 = 𝑎, 𝑒, 𝑓 ,  𝜏𝑝1
= 𝜏𝑎𝑒 + 𝜏𝑒𝑓 

     𝑝2 = 𝑎, 𝑒, 𝑓, 𝑏 , 𝜏𝑝2
= 𝜏𝑎𝑒 + 𝜏𝑒𝑓 + 𝜏𝑓𝑏 

     𝑝3 = 𝑑, 𝑔, 𝑓 ,  𝜏𝑝3
= 𝜏𝑑𝑔 + 𝜏𝑔𝑓 

     𝑝4 = 𝑑, 𝑔, 𝑐 ,  𝜏𝑝4
= 𝜏𝑑𝑔 + 𝜏𝑔𝑐 

Note: direct connection are not distinguished from transfer 
connections, e.g., paths 𝑝1 and 𝑝3 

 Line capacities 50 

 Demands 
𝑎 → 𝑓 = 50, 𝑎 → 𝑏 = 50 

𝑑 → 𝑓 = 20, 𝑑 → 𝑐 = 80 

 Solution 
lines ℓ3, ℓ4 with frequency 2 
lines ℓ5, ℓ4 with frequency 1 
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Basic Line Planning Model (B) 
(B., Grötschel & Pfetsch [2007]) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Features 

 Complete line pool 

 Multi-criteria objective 

 Integrated passenger routing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Disadvantage 

 No transfers  Direct Connection 
Model (Metric Inequalities) 
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Variables: 𝑥ℓ,𝑓 = 1 if line ℓ ∈ L is chosen with frequency 𝑓 ∈ F; 𝑥ℓ,𝑓 = 0 otherwise 

               𝑦𝑝 ≥ 0 passengers on path 𝑝 ∈P 

Minimize cost and travel time 

Transport all demand 

Capacity constraints 

One frequency per line 
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Change & Go Model (CG) 
(Schöbel & Scholl [200]) 

 Copy every node number of 
lines containing node times, 
i.e., nodes 

𝑣, ℓ  ∀𝑣 ∈ 𝑉, 𝑣 ∋ ℓ ∈ ℒ 

 Complete transfer graph for 
every node, i.e., edges 

v, ℓ , 𝑣, ℓ ∀ℓ, ℓ ∈ ℒ 
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Travel time on path is sum of travel times on tavel + transfer edges 

 𝑝1 = 𝑎, 𝑒, 𝑓 ,  𝜏𝑝1
= 𝜏(𝑎,ℓ3)(𝑒,ℓ3) + 𝜏(𝑒,ℓ3)(𝑓,ℓ3) 

 𝑝2 = 𝑎, 𝑒, 𝑓, 𝑏 , 𝜏𝑝2
= 𝜏(𝑎,ℓ3)(𝑒,ℓ3) + 𝜏(𝑒,ℓ3)(𝑓,ℓ3) + 𝜏(𝑓,ℓ3)(𝑓,ℓ5) + 𝜏(𝑓,ℓ5)(𝑏,ℓ5) 

 𝑝3 = 𝑑, 𝑔, 𝑓 ,  𝜏𝑝3
= 𝜏(𝑑,ℓ4)(𝑔,ℓ4) + 𝜏(𝑔,ℓ4)(𝑔ℓ5

) + 𝜏 𝑔,ℓ5 𝑓,ℓ5
 

 𝑝4 = 𝑑, 𝑔, 𝑐 ,  𝜏𝑝4
= 𝜏(𝑑,ℓ4)(𝑔,ℓ4) + 𝜏(𝑔,ℓ4)(𝑐,ℓ4) 

Note: all transfers are taken into account 



Freie Universität      Berlin 

Change & Go Model (CG) 
(Schöbel & Scholl [200]) 

 

 

 

 

 

 

 

 

 

 

 

 

Features 

 Complete line pool 

 Multi-criteria objective 

 Integrated passenger routing 

 Correct handling of transfers 

 

 

 

 

 

 

 

 

 

 

 

 

 

Disadvantage 

 Very large graph 
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Variables: 𝑥ℓ,𝑓 = 1 if line ℓ ∈ L is chosen with frequency 𝑓 ∈ F; 𝑥ℓ,𝑓 = 0 otherwise 

               𝑦𝑝 ≥ 0 passengers on path 𝑝 ∈P 

Minimize cost and travel time 

Transport all demand 

Capacity constraints 

One frequency per line 

∀ 𝑎, ℓ ∈A  
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Associate transfer penalty 𝜎 with non-direct connections 

 𝑝1 = 𝑎, 𝑒, 𝑓 ,   𝑦𝑝1,0
ℓ3 = 50,  𝜏𝑝1

= 𝜏𝑎𝑒 + 𝜏𝑒𝑓 

 𝑝2 = 𝑎, 𝑒, 𝑓, 𝑏 ,  𝑦𝑝2,1 = 50  , 𝜏𝑝2
= 𝜏𝑎𝑒 + 𝜏𝑒𝑓 + 𝜏𝑓𝑏 + 𝜎 

 𝑝3 = 𝑑, 𝑔, 𝑓 ,   𝑦𝑝3,1 = 20,  𝜏𝑝3
= 𝜏𝑑𝑔 + 𝜏𝑔𝑓 + 𝜎 

 𝑝4 = 𝑑, 𝑔, 𝑐 ,   𝑦𝑝4,0
ℓ4 = 80,   𝜏𝑝4

= 𝜏𝑑𝑔 + 𝜏𝑔𝑐 

Note: 𝑦𝑝1,0
ℓ1 =𝑦𝑝3,0

ℓ7 =0, since ℓ1, ℓ7 not in solution 

Direct Line Connection Model (DLC) 
(B., Karbstein [2012]) 

 Idea: associate with a pax path 
either a direct connection line 
or a transfer penalty: 

𝑦𝑝,0
ℓ  number of pax on 𝑝 

  traveling directly with ℓ 
𝑦𝑝,1 number of pax on 𝑝 

  traveling with ≥ 1 transfer 
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Direct Line Connection Model (DLC) 
(B., Karbstein [2012]) 
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Relaxation I – Line Aggregation 

Idea: Aggregate 𝑦𝑝,0 =  𝑦𝑝,0
ℓ

ℓ∈ℒ   

Problem: Replace dlc constraints 
 

 

Idea: find set of paths that have 
the same direct connection lines 

 ℒ𝑠𝑡
0 (𝑎) = set of dc lines for 

(𝑠, 𝑡) containing arc 𝑎 

 𝑠, 𝑡 𝑎 = { 𝑢, 𝑣 : ℒ𝑢𝑣
0 𝑎 =

ℒ𝑠𝑡
0 𝑎 } 

 𝑠, 𝑡 𝑎
≤ = { 𝑢, 𝑣 : ℒ𝑢𝑣

0 𝑎 ⊆
ℒ𝑠𝑡

0 𝑎 } 
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Direct Connection Model (DC) 
(B., Karbstein [2012]) 

 𝑝1 = 𝑎, 𝑒, 𝑓 ,   𝑦𝑝1,0 = 50,  𝜏𝑝1
= 𝜏𝑎𝑒 + 𝜏𝑒𝑓 

 𝑝2 = 𝑎, 𝑒, 𝑓, 𝑏 ,  𝑦𝑝2,1 = 50  , 𝜏𝑝2
= 𝜏𝑎𝑒 + 𝜏𝑒𝑓 + 𝜏𝑓𝑏 + 𝜎 

 𝑝3 = 𝑑, 𝑔, 𝑓 ,   𝑦𝑝3,1 = 20,  𝜏𝑝3
= 𝜏𝑑𝑔 + 𝜏𝑔𝑓 + 𝜎 

 𝑝4 = 𝑑, 𝑔, 𝑐 ,   𝑦𝑝4,0 = 80,  𝜏𝑝4
= 𝜏𝑑𝑔 + 𝜏𝑔𝑐 

 

Here: same travel times as in DLC 
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Direct Connection Model (DC) 
(B., Karbstein [2012]) 
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Relaxation II – DC Path Pricing 

 

 

 

 

 

 

dc-passenger routing digraph  

 

Problem: How to identify direct connection paths, i.e., what is P0+ ? 

Idea: For OD pair (𝑠, 𝑡) consider direct connection st-passenger 
routing digraph 𝐺𝑠𝑡 induced by all direct connection lines for (𝑠, 𝑡) 

 

P𝑠𝑡
0+

= set of all paths in 𝐺𝑠𝑡 , P
0+

= P𝑠𝑡
0+

𝑠,𝑡  
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Relaxation II – DC Path Pricing 

 

 

 

 

 

 

  

 

Problem: How to identify direct connection paths, i.e., what is P0+ ? 

Idea: For OD pair (𝑠, 𝑡) consider direct connection st-passenger 
routing digraph 𝐺𝑠𝑡 induced by all direct connection lines for (𝑠, 𝑡) 

 

P𝑠𝑡
0+

= set of all paths in 𝐺𝑠𝑡 , P
0+

= P𝑠𝑡
0+

𝑠,𝑡  
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Proposition 

 The pricing problem for the passenger paths variables 𝑦𝑝,0 for OD pair 

𝑠, 𝑡  is a shortest path problem in 𝐺𝑠𝑡. 
 𝐺𝑠𝑡 can be constructed in polynomial time. 
 The pricing problem for the passenger paths variables 𝑦𝑝,1 is a shortest 

path problem in the passenger routing graph induced by all lines. 
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Example 

P𝑠𝑡
0 ⊆ P𝑠𝑡

0+
 

 

 
 
 

 
dc constraints 

 Line capacity = 50 

 Demands 
𝑐 → 𝑎 = 50, 𝑑 → 𝑏 = 50 
𝑐 → 𝑒 = 50 

 Path (𝑐, 𝑑, 𝑒) is considered as a 
direct connection since it is a 
path in 𝐺𝑐𝑒 

 Line capacity = 50 

 Demands 
𝑐 → 𝑎 = 50, 𝑑 → 𝑏 = 50 

 DC-constraints on 𝑏, 𝑐  
 

 

 𝑦𝑎𝑏𝑐,0 = 𝑦𝑏𝑐𝑑,0 = 50, but either 

(𝑎, 𝑐) or (𝑏, 𝑑) must transfer 
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DC Model Discussion 

 The direct line connection model (DLC) accounts exactly for the 
number of direct travelers in a system optimum. It is a first order 
approximation of model (CG). 

 Model (DC) is a relaxation of the projection of model (DLC) onto 
the space of the direct connection path variables, i.e., (DC) 
approximates the number of direct travelers. 

 The relaxation is due to 

 a larger set of direct connection paths P𝑠𝑡
0 ⊆ P𝑠𝑡

0+ , 

 the direct connection constraints, a small, combinatorial set of all 
projected direct line connection constraints. 

 (DC) is algorithmically tractable: 

 passenger paths variables not dependent on lines; 

 pricing passenger path variables is a shortest path problem. 

 Model (DC) can be seen as transfer improvement of model (B) 
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Further Polyhedral Results 
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Proposition 

1. Uncapacitated case (B., G., Pfetsch [2009]): The fundamental classes of 
Steiner cut and Steiner partition inequalities can be generalized to the Steiner 
connectivity problem and hence to the line planning problem.  

2. Capacitated case (K. [recently]): The fundamental classes of band inequalities 
and Steiner partition band inequalities can be generalized to the line planning 
problem.  

Public transport network partitioned into 3 components 
Numbers give max. number of passengers leaving/entering component 

60 

45 55 

Example (2): Network with 4 lines 

Capacity 𝜅ℓ = 10 

Frequency F = {1,2} 

Steiner partition band inequality 
2𝑥1,2 + 𝑥2,2 + 𝑥3,2 + 𝑥4,2 ≥ 2 

The yellow or two other lines with  
    frequency 2 have to be chosen. 
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Column Generation Approach 
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solve line planning problem (IP) 

solve LP 

relaxation 

stop? 

begin 

fix lines 

all fixed? end 

yes no 

yes 

no 

compute  

prices 

compute 

pax paths 

compute 

lines 

end 
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Test Instances 

Dutch 
China 
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Test Instances 

Sioux Falls Potsdam 
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Test Instances 

 Frequencis: 3,6,9,18 (

  
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DC vs. B 

 Line costs proportional to line lengths plus fixed cost 

 Objective weighing parameter 𝜆 = 0.8, transfer penalty 𝜎 = 15 min 
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Verifying Direct Travelers 

1 direct travelers computed by model 
2 direct travelers computed a posteriori at system optimum 

Line Planning and Steiner Path Connectivity | CO∈TL 2015 46 



Freie Universität      Berlin 
Verifying Direct Travelers 
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Verifying Direct Travelers 

DC 

Max: 7% 

Min: 0% 

Avg: 1.9% 

B 

Max: 49% 

Min: 7.5% 

Avg: 22.8% 
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Deviation of direct travelers from a posteriori system optimum: 
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Project Stadt+ 

Goal 

 Rearrange line plan, minimize travel time, no cost increase 

Data 

 Public transport network including lengths and times of 2009 

 Demand estimation (OD data) of 2007 

 Vehicle capacity bus 125, tram 170 

Planning Requirements 

 Cycle time of (10,) 20, 30, 60 minutes; tram at least 20 minutes 

 Minimum frequency 20, 60 (one line), 10, 30 (two lines) minutes 

 Maximum travel time for each line ≤ 45 minutes 

 Definition of endpoints for lines, important and forbidden stations 

 No parallel traffic of bus and tram 

 Fixed BVG and HVG lines 

Objectives 

 Cost per kilometer for bus and tram 

 Penalty of 15 minutes for each transfer 
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Bus: ViP vs. ZIB 
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Graphics: VISUM, ptv AG 
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Tram: ViP vs. ZIB 
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Graphics: VISUM, ptv AG 
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Comparing Cost and Travel Times 
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1 optimal solution 
2 0.4% duality gap 
3 in 107 sec 
4 transfer penalty 15 min 

from 6:00 to 9:00 am ViP ZIB min cost min time 

bus lines 16 16 17 120 

tram lines 7 7 6 18 

bus km 2392 2497 1644 10565 

tram km 1440 1207 1054 3156 

cost 8057 7717 56881 280912 

time3 with transfer penalty4 6.2484 6.1927 6.7344 6.0812 

time3 without  transfer penalty 5.1641 5.1550 5.2889 5.1422 
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Comparing Travel Times with VISUM 
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ZIB ViP 

Average travel time 36 min 3 s 36 min 39 s 

Average carriage time 16 min 8 s 17 min 42 s 

Average time in vehicle 13 min 8 s 14 min 36 s 

Average transfer waiting time 1 in 30 s 1 min 29 s 

Average walking time 1 min 38 s  1 min 37 s 

Average perceived travel time 26 min  27 min 37 s 

Total number transfers 10595 11141 

0 transfers 37338 36851 

1 transfer 10088 10503 

2 transfers 243 306 

>2 transfers 7 9 
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Comparing Transfers and Loads 
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Graphics: VISUM, ptv AG 

Direct travelers 
by districts: 

Green: ZIB > ViP 

Red: ViP > ZIB 

Load: 

Red: ZIB > ViP 

Blue: ViP > ZIB 
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Conclusion 

 The ViP line plan achieves a good compromise between 
minimizing travel times and costs. 

 The ZIB line plan achieve additional improvements by 
shortening the tram network. 

 The guidelines (for means of transportation, minimum service 
frequencies) strongly influence the result. 

 Even if the network is changed only slightly, passenger routes 
can differ strongly.  

 The current practice of data acquisition, computation of 
statistics, and evaluation of results is unsatisfactory. 

 Given suitable data and parameterization, optimization tools 
can compute line plans which are at least on a par with plans 
computed by experienced planners. 
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Line Plan Potsdam 2010 
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Thank you for your attention 
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