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Einführung

Betrachtung eines Graphen G = (V,E) mit n = |V |, m = |E|
ein Graph der US-Straÿenkarte hat ca. 24mio Knoten und
58mio Kanten

bei zufälligen Knoten hat Dijsktra eine Laufzeit von
O(n + log (n + m))
aus diesem Grund Vorberechnungen zur Optimierung der
Laufzeit
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vorherige Arbeiten

Einführung -
vorherige Arbeiten
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vorherige Arbeiten

vorherige Arbeiten

Dijkstra

Suche nach kürzestem Pfad von genau einer Quelle aus

Aufspannung eines Baumes shortest-path tree

Unterscheidung von reached, unreached und settled Knoten
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vorherige Arbeiten

vorherige Arbeiten

seperator based multi-level method

Aufteilung des Graphen in mehrere Teilstücke durch
Entfernung einer geringen Anzahl an Knoten (separator nodes)

man erhält einen next level-Graph, wobei die Knoten als
Transitknoten verwendet werden können

allerdings ist so die Zahl der Transitknoten um das 8-fache
höher als in den später vorgestellten Algorithmen
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vorherige Arbeiten

vorherige Arbeiten

Highway Hierarchies

kommerzielle Systeme nutzen die Straÿenkategorisierung, um
Anfragen zu beschleunigen

es existiert eine Straÿenhierarchie (Autobahn, Landstraÿe etc.)

liegen 2 Städte weit entfernt auseinander, so wird der meiste
Weg auf der Autobahn zurückgelegt

so kann die Suche in einem Graphen eingeschränkt werden -
später mehr
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Transit-Node Routing
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Einführung

Transitknoten (transit nodes)

liegen 2 beliebige Knoten weit genug auseinander, so verläuft
ihr kürzester Pfad durch mindestens einen Transitknoten
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Einführung

Transitknoten (transit nodes)

Transit-Node Routing basiert auf 2 Beobachtungen

für eine immens groÿe Karte existiert eine vergleichbar kleine
Menge an Transitknoten

für jeden Knoten existiert nur eine geringe Anzahl an
Transitknoten (access-Knoten), die erst ab einer bestimmten
Entfernung auftreten
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Implentation

132 Chapter 6. Transit-Node Routing

1 if ¬L(s, t) then compute and return dT (s, t);
2 else use any other routing algorithm.

Figure 6.1 gives a schematic representation of transit-node routing, while
Figure 6.2 (first published in [5]) gives a real-world example.
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distances between access node

access node

transit nodes

Figure 6.1: Schematic representation of transit-node routing.

Figure 6.2: Finding the optimal travel time between two points (flags) some-
where between Saarbrücken and Karlsruhe amounts to retrieving the two
times four access nodes (diamonds), performing 16 table lookups between
all pairs of access nodes, and checking that the two disks defining the local-
ity filter do not overlap. Transit nodes that do not belong to the access-node
sets of the selected source and target nodes are drawn as small squares.
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Einführung

Grundidee

Vorberechnung der Abstände der Transitknoten untereinander
und der Abstände jedes Knoten zu seinen access-Knoten

der kürzeste Pfad zwischen 2 beliebigen Knoten, die weit
genug auseinander liegen, kann so durch wenige
Tabellen-lookups berechnet werden
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Implentation

132 Chapter 6. Transit-Node Routing

1 if ¬L(s, t) then compute and return dT (s, t);
2 else use any other routing algorithm.

Figure 6.1 gives a schematic representation of transit-node routing, while
Figure 6.2 (first published in [5]) gives a real-world example.
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Figure 6.1: Schematic representation of transit-node routing.

Figure 6.2: Finding the optimal travel time between two points (flags) some-
where between Saarbrücken and Karlsruhe amounts to retrieving the two
times four access nodes (diamonds), performing 16 table lookups between
all pairs of access nodes, and checking that the two disks defining the local-
ity filter do not overlap. Transit nodes that do not belong to the access-node
sets of the selected source and target nodes are drawn as small squares.
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Allgemein: Transit-Node Routing

allgemein und formal
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Allgemein: Transit-Node Routing

Transit-Node Routing

betrachte

eine Menge Transitknoten T ⊂ V

ein access mapping A : V → 2T , das jedem Knoten seine
access-Knoten liefert

ein locality-Filter L : V × V → {true, false}, der entscheidet,
ob eine s-t-Anfrage lokal ist, d.h. der kürzeste Pfad keinen
Transitknoten enthält
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Allgemein: Transit-Node Routing

Transit-Node Routing

Distanzen

wenn ¬L(s, t), so gilt
d(s, t) = min {d(s, u) + d(u, v) + d(v, t)|u ∈ A(s), v ∈ A(t)},
andernfalls nutze einen anderen Suchalgorithmus

um möglichst e�zient zu sein, benötigt man eine gute
Auswahl von (T, A, L)
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Allgemein: Transit-Node Routing

Transit-Node Routing

zweiter Layer

man legt einen zweiten Layer an, um die restlichen lokalen
Anfragen schnell bearbeiten zu können

mit T ⊂ T2, A2 : V → 2T2 und L2

es soll gelten für ¬L2(s, t): d(s, t) =
min {d(s, u) + d(u, v) + d(v, t)|u ∈ A2(s), v ∈ A2(t)}
benötigt wird nur zusätzlich {d(u, v)|u, v ∈ T2 ∧ L(u, v)}
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Allgemein: Transit-Node Routing

Transit-Node Routing

Computing Access Nodes: Backward Approach

führe von jedem Transitknoten v solange den
Rückwärts-Dijkstra-Algorithmus durch, bis der Baum von
Knoten w ∈ T überdeckt (covered) wird

speichere v als access-Knoten für jeden Knoten u auf dem
kürzesten Pfad von v, der nicht über einen anderen
Transitknoten führt

man bildet nun den Transit-Graph G[T ], in dem man Kante
(v, w) mit Gewicht d(v, w) zu ET hinzufügt

so erhält man für jeden Knoten seine access-Knoten und
speichert sich mit Hilfe von G[T ] die Distanzen in einer Tabelle
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Allgemein: Transit-Node Routing

Transit-Node Routing

Computing Access Nodes: Backward Approach - Anmerkung

die Suche bei höheren Layer ist ähnlich

die Suche kann schon gestoppt werden, wenn alle Pfade von
Knoten eines niederen Layer überdeckt werden

denn nur die lokalen Distanzen werden für die späteren
Anfragen von Bedeutung sein
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Allgemein: Transit-Node Routing

Transit-Node Routing

Computing Access Nodes: Forward Approach

führe Dijstra-Algorithmus für alle Knoten u ∈ V durch, bis alle
kürzesten Pfade von Transitknoten überdeckt (covered) werden
und nehme diese Transitknoten als access-Knoten von u

diese Methode ist ohne weitere Anpassung viel ine�zienter als
die vorherige

aus diesem Grund ist es einfacher, zuerst A(v) für Knoten
v ∈ T2 und A2(u) für beliebigen Knoten u ∈ V zu bestimmen

dann gilt: A(u) =
⋃

v∈A2(u) A(v)
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Allgemein: Transit-Node Routing

Transit-Node Routing

Outputting Shortest Path

gesucht ist aber nicht nur die Entfernung, sondern der kürzeste
Pfad zwischen s, t

Algorithmus:
suche nach einer Kante (s, u), so dass

d(s, u) + d(u, t) = d(s, t) und gebe (s, u) aus

wiederhole mit der Suche nach dem kürzesten Pfad von (u, t)
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Allgemein: Transit-Node Routing

Transit-Node Routing

Outputting Shortest Path - Optimierung

Annahme: der Pfad, der über die access-Knoten x ∈ A(s) und
y ∈ A(t) verläuft mit d(s, x) + d(x, y) + d(y, t) ist minimal

man spart so die Suche nach den richtigen access-Knoten und
die Pfadsuche braucht zwischen x, y nur G[T ] zu betrachten

speichert man während den Vorberechnungen die kürzesten
Pfade aus G zwischen Transitknoten ab, erfolgt die Wegsuche
zwischen weit auseinander liegenden Knoten genauso schnell
wie die bei nah beieinander liegenden
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Implentation

Transit-Node Routing -
Implementation
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Implentation

Implentation

es gibt 2 Möglichkeiten Transit-Node Routing zu
implemtentieren

man kann mit einem locality-Filter L starten, um dafür eine
Menge T zu �nden (Grid basierend)

oder man startet mit einer Menge T und muss dafür einen
e�zienten lokalen Filter L berechnen (Highway Hierachies
basiert)
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Implentation

Eine Grid-basierte Implementation
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Implentation

Grid basierend

das Grid

betrachte das kleinste Quadrat, das alle Knoten aus V umfasst

für eine Zahl g teilt man dieses Quadrat in g × g gleich groÿe
Quadrate
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Implentation

Grid basierend

Transitknoten

sei Sinner ein Quadrat aus 5× 5 Zellen und Souter aus 9× 9
Zellen um einen Zelle C herum

sei EC die Menge an Kanten, mit einem Knoten in und einem
auÿerhalb von C und füge genau einen Knoten jeder Kante zu
VC hinzu

mache gleiches, um Vouter und Vinner zu erhalten
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Implentation

Grid basierend
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Figure 2: Definition and computation of transit nodes in the grid-based construction.

for which d(vL, v) + d(v, vR) is minimal. With this set
of transit nodes we associate the cells corresponding to
vL and vR, respectively.

It is not hard to see that two such sweeps, one
vertical and one horizontal, will compute the set of
transit nodes defined in the previous subsection. The
computation is space-efficient, because at any point in
the sweep, we only need to keep track of distances
within a small strip of the network. The consideration
of all pairs (vL, vR) is negligible in terms of running
time. As a further improvement, we first do the above
computation for some refinement of the grid for which
we actually want to compute transit nodes. For the
finer grid, we consider only those sweep lines, which
also lie on the coarser grid. When computing the transit
nodes for the coarser grid, we can then restrict ourselves
to nodes from the sets of transit nodes computed for
the finer grid. This easily generalises to a sequence of
refinements. In our experiments we use grids with 2i×2i

cells.

4.2 Access Nodes and Distance Tables. The ac-
cess nodes for a node v are just the transit nodes of the
cell containing v. The distances from v to these transit
nodes can be easily memorised from the Dijkstra com-
putations which had these transit nodes as source. A
standard all-pairs shortest-path computation gives us
the distances between each pair of transit nodes. Note
that we do not need to consider the whole original graph
for this computation but can operate on a small graph
only consisting of the transit nodes and (weighted) edges
as memorised from the above Dijkstra computations.
Since the number of transit nodes is typically small (e.g.
less than 8 000 for the US road network, using a 128×128
grid), this takes negligible time.

4.3 Queries. The query algorithm is extremely sim-
ple for the grid-based approach. Given a pair of source
and target node, we determine whether the two nodes
are more than four grid cells in apart in either hori-
zontal or vertical direction. If so, then by construction
the shortest path must pass through at least one transit
node, and we can do table lookup as described in Sec-
tion 3. Otherwise, we resort to another shortest-path
algorithm as described in the following.

4.4 Dealing with the Local Queries. If source and
target are very close to each other (less than four grid
cells apart in both horizontal and vertical direction), we
cannot compute the shortest path via the transit nodes.
The good news is that most shortest-path algorithms
are much faster, when source and target are close to
each other. In particular, Dijkstra’s algorithm ist about
a thousand times faster for local queries, where source
and target are at most four grid cells apart, for an
256 × 256 grid laid over the US road network, than
for arbitrary random queries (most of which are long-
distance). However, the non-local queries are roughly a
million times faster and the fraction of local queries is
about 1 %, so the average running time over all queries
would be spoiled by the local Dijkstra queries.

Instead, we can use any of the recent sophisticated
algorithms to process the local queries. Highway Hier-
archies, for example, achieve running times of a frac-
tion of a millisecond for local queries, which would then
only slightly affect the average processing time over all
queries. The main drawback here is the additional space
requirement.

As we were aiming for a very space efficient solution
we used a simple extension of Dijkstra’s algorithm using
geometric edge levels (as in [9]) and shortcuts. This
extension uses only six additional bytes per node. An
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Implentation

Grid basierend

Transitknoten

die Menge der access-Knoten für C sind die Knoten v ∈ Vinner

mit der Eigenschaft, dass ein kürzester Pfad von einem Knoten
aus VC zu Knoten aus Vouter v enthält

die Menge der Transitknoten ist die Vereinigung der
access-Knoten Mengen über alle Zellen

liegen 2 Knoten 4 Zellen auseinander, so verläuft ihr kürzester
Pfad über solch einen Transitknoten

ist ein Knoten für einige Zellen ein access-Knoten, so ist er
auch das von vielen anderen Zellen
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Implentation

Grid basierend

Berechnung

naiv könnte man für jede Zelle C den kürzesten Pfad von
jeden Knoten aus VC zu Vouter bestimmen

dann jeden Knoten aus Vinner markieren, der wenigsten einmal
auftauchen

doch so eine Berechnung würde selbst bei einem 128× 128
Grid mehrere Tage dauern

aus diesem Grund verwendet man einen sog. sweep-line
Algorithmus
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Implentation

Grid basierend

sweep-line Algorithmus

teile die Karte mit Hilfe von vertikalen Linien in mehrere Teile
auf und betrachte eine vertikale Linie nach der anderen

sei v ein Knoten, dessen Kante die vertikale Linie schneidet

sei Cleft die Menge der Knoten, die von v aus genau 2 Zellen
horizontal und maximal 2 Zellen vertikal entfernt sind

de�niere gleichermaÿen Cright
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Implentation

Grid basierend

sweep-line Algorithmus
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Figure 2: Definition and computation of transit nodes in the grid-based construction.

for which d(vL, v) + d(v, vR) is minimal. With this set
of transit nodes we associate the cells corresponding to
vL and vR, respectively.

It is not hard to see that two such sweeps, one
vertical and one horizontal, will compute the set of
transit nodes defined in the previous subsection. The
computation is space-efficient, because at any point in
the sweep, we only need to keep track of distances
within a small strip of the network. The consideration
of all pairs (vL, vR) is negligible in terms of running
time. As a further improvement, we first do the above
computation for some refinement of the grid for which
we actually want to compute transit nodes. For the
finer grid, we consider only those sweep lines, which
also lie on the coarser grid. When computing the transit
nodes for the coarser grid, we can then restrict ourselves
to nodes from the sets of transit nodes computed for
the finer grid. This easily generalises to a sequence of
refinements. In our experiments we use grids with 2i×2i

cells.

4.2 Access Nodes and Distance Tables. The ac-
cess nodes for a node v are just the transit nodes of the
cell containing v. The distances from v to these transit
nodes can be easily memorised from the Dijkstra com-
putations which had these transit nodes as source. A
standard all-pairs shortest-path computation gives us
the distances between each pair of transit nodes. Note
that we do not need to consider the whole original graph
for this computation but can operate on a small graph
only consisting of the transit nodes and (weighted) edges
as memorised from the above Dijkstra computations.
Since the number of transit nodes is typically small (e.g.
less than 8 000 for the US road network, using a 128×128
grid), this takes negligible time.

4.3 Queries. The query algorithm is extremely sim-
ple for the grid-based approach. Given a pair of source
and target node, we determine whether the two nodes
are more than four grid cells in apart in either hori-
zontal or vertical direction. If so, then by construction
the shortest path must pass through at least one transit
node, and we can do table lookup as described in Sec-
tion 3. Otherwise, we resort to another shortest-path
algorithm as described in the following.

4.4 Dealing with the Local Queries. If source and
target are very close to each other (less than four grid
cells apart in both horizontal and vertical direction), we
cannot compute the shortest path via the transit nodes.
The good news is that most shortest-path algorithms
are much faster, when source and target are close to
each other. In particular, Dijkstra’s algorithm ist about
a thousand times faster for local queries, where source
and target are at most four grid cells apart, for an
256 × 256 grid laid over the US road network, than
for arbitrary random queries (most of which are long-
distance). However, the non-local queries are roughly a
million times faster and the fraction of local queries is
about 1 %, so the average running time over all queries
would be spoiled by the local Dijkstra queries.

Instead, we can use any of the recent sophisticated
algorithms to process the local queries. Highway Hier-
archies, for example, achieve running times of a frac-
tion of a millisecond for local queries, which would then
only slightly affect the average processing time over all
queries. The main drawback here is the additional space
requirement.

As we were aiming for a very space efficient solution
we used a simple extension of Dijkstra’s algorithm using
geometric edge levels (as in [9]) and shortcuts. This
extension uses only six additional bytes per node. An
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Implentation

Grid basierend

sweep-line Algorithmus

führe den Dijkstra-Algorithmus für alle Knoten v der Linie so
lange durch, bis alle Knoten am Rand von Cright und Cleft

gefunden wurden und speichere deren Entfernungen zu v

betrachte alle Paare (vL, vR) mit einer maximalen vertikalen
Distanz von 4 und wähle das v mit minimaler Distanz
d(vL, v) + d(v, vR)
es werden nun den jeweiligen Zellen von vR und vL, v als
Transitknoten zugewiesen

die acces-Knoten eines beliebigen Knoten u sind dann die
Transitknoten der Zelle die u enthält
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Implentation

Grid basierend

Anfragen

bei Anfrage prüft man nun, ob Start- und Zielknoten 4 Zellen
entfernt sind

falls ja, muss der kürzeste Pfad über mindestens einen
Transitknoten verlaufen und der vorher beschriebene
Algorithmus kann genutzt werden

andernfalls wird eine lokale Suche, die aufgrund der Nähe der
Knoten nun nicht mehr so lange Laufzeiten hat, verwendet
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Implentation

Grid basierend

Multi-Level Grid

es existiert trade-o� zwischen Gröÿe des Grids und Anzahl der
lokalen Anfragen

bei einer Gridgröÿe von 64× 64 ist z.B. 10% der Anfragen lokal

für ein Grid mit 1024× 1024 Zellen sind gerade mal 0, 1% der
Anfragen lokal

ABER: Anzahl der Transitknoten und die Berechnungen sind
so immens, dass es nicht mehr schnell von einer einzelnen
Maschine berechenbar ist
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Implentation

Grid basierend

Multi-Level Grid

|T | |T | × |T |/node avg. |A| % global queries preprocessing

64 × 64 2 042 0.1 11.4 91.7% 498 min
128× 128 7 426 1.1 11.4 97.4% 525 min
256× 256 24 899 12.8 10.6 99.2% 638 min
512× 512 89 382 164.6 9.7 99.8% 859 min
1 024× 1 024 351 484 2 545.5 9.1 99.9% 964 min

Table 1: Number |T | of transit nodes, space consumption of the distance table, average number |A| of access
nodes per cell, percentage of non-local queries (averaged over 100 000 random queries), and preprocessing time to
determine the set of transit nodes for the US road network.

edge has level l if it is on the middle of a shortest path,
where the sum of the euclidean lengths of the edges
along that path are above a certain monotonic function
f(l). For each node u, we insert at most two shortcuts
as follows: consider the first level, if any, where u lies
on a chain of degree-2 nodes (degree with respect to
edges of that level); on that level insert a shortcut from
u to the two endpoints of this chain. In each step of the
Dijkstra computation for a local query, then consider
only edges above a particular level (depending on the
current euclidean distance from source and target), and
make use of any available shortcuts suitable for that
level. This algorithm requires an additional 5 bytes per
node. Note that ’uncompressing’ edges in a compressed
shortest path is completely straightforward with this
scheme and does not require any additional memory.

4.5 Saving Space via a Multi-Level Grid. In our
implementation as described so far, there is an obvious
tradeoff between the size of the grid and the percentage
of local queries which cannot be processed via transit
node routing. For a very coarse grid, say 64 × 64, the
number of transit nodes, and hence the table storing
the distances between all pairs of transit nodes, would
be very small, but the percentage of local queries would
be as large as 10 %. For a very fine grid, say 1024×1024,
the percentage of local queries is only 0.1 %, but now
the number of transit nodes is so large, that we can no
longer store, let alone compute, the distances between
all pairs of transit nodes. Table 1 gives the exact
tradeoffs, also with regard to preprocessing time. Note
that the average query processing time for the non-local
queries is around 10 microseconds, independent of the
grid size.

To achieve a small fraction of local queries and a
small number of transit nodes at the same time, we
employ a hierarchy of grids. We briefly describe the two-
level grid, which we used for our implementation. The
generalisation to an arbitrary number of levels would be

straightforward.
The first level is a 128 × 128 grid, which we

precompute just as described so far. The second level is
a 256×256 grid. For this finer grid, we compute the set
of all transit nodes as described, but we compute and
store distances only between those pairs of these transit
nodes, which are local with respect to the 128×128 grid.
This is a fraction of about 1/200th of all the distances,
and can be computed and stored in negligible time and
space. Note that in this simple approach, the space
requirement for the individual levels simply add up.

Query processing with such a hierarchy of grids is
straightforward. In a first step, determine the coarsest
grid with respect to which source and target are at
least four grid cells apart in either horizontal or vertical
direction. Then compute the shortest path using the
transit nodes and distances computed for that grid as
described before. If source and target are at most four
grid cells apart with respect to even the finest grid, we
have to resort to the special algorithm for local queries.

4.6 Reducing the Space Further. As described so
far, for each level in our grid hierarchy, we have to store
the distances from each node in the graph to each of
its closest transit nodes. For the US road network,
the average number of closest transit nodes per node
is about 11, independent of the grid size, and most
distances can be stored in two bytes. For a two-level
grid, this gives about 44 bytes per node.

To reduce this, we implemented the following addi-
tional heuristic. We observed that it is not necessary to
store the distances to the access nodes for every node
in the network. Consider a simplification of the road
network where chains of degree 2 nodes are contracted
to a single edge. In the remaining graph we greedily
compute a vertex cover, that is, we select a set of nodes
such that for every edge at least one of its endpoints
is a selected node. Using this strategy we determine
about a third of all nodes in the network to store dis-
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Multi-Level Grid

um eine kleine Anzahl an lokalen Anfragen und eine kleine
Anzahl an Transitknoten zu erhalten, Einführung einer
Hierarchie des Grids

das erste Level ist ein 128× 128 Grid und man berechnet die
Transitknoten für dieses Grid wie beschrieben

das zweite Level ist ein 256× 256 Grid, man berechnet auch
die Transitknoten wie beschrieben, speichert aber nur
Distanzen von solchen Knotenpaaren, die in Bezug auf das
128× 128 Grid lokal sind

bei Anfrage betrachtet man erst das grobe Grid; ist die
Anfrage lokal, so betrachtet man das feine Grid; ist die Anfrage
immer noch lokal, benutzt man ein lokales Suchverfahren
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getestet wurde mit einem US-Straÿenkarten-Graph auf einer
Dual-Opteron-Maschine mit 8 Gbyte RAM

non-local (99%) local (1%) all queries preprocessing space per node

12 μs 5112 μs 63 μs 20 h 21 bytes

Table 2: Average query time (in microseconds), preprocessing time (in hours), and space consumption (in bytes
per node) for the grid based approach, for the US road network.

grid size ≤ 29 210 211 212 213 214 215 216 217 218 219 220 ≥ 221

128× 128 100% 100% 100% 99% 99% 99% 98% 94% 85% 64% 29% 5% 0%

256× 256 100% 99% 99% 99% 97% 94% 84% 65% 36% 12% 1% 0% 0%

Table 3: Estimated fraction of queries which are local with respect to a given grid, for various ranges of Dijkstra
ranks. The estimate for the column labeled 2r is the average over 1000 random queries with Dijkstra rank in the
interval [2r, 2r+1).

tances to their respective access nodes. Then, for the
source/target node v of a given query we first check
whether the node is contained in the vertex cover, if so
we can proceed as before. If the node is not contained
in the vertex cover, a simple local search along chains
of degree 2 nodes yields the desired distances to the ac-
cess nodes. The average number of distances stored at
a node reduces from 11.4 to 3.2 for the 128×128 grid of
the US, without sigificantly affecting the query times.
The total space consumption of our grid data structure
then decreases to 16 bytes per node.

4.7 Implementation and Experiments. We
tested all our schemes on the US road network, pub-
lically available via http://www.census/gov/geo/
www/tiger. This is a graph with 24 266 702 nodes
and 58 098 086 edges, and an average degree of 2.4.
Edge lengths are travel times. We implemented our
algorithms in C++ and ran all our experiments on a
Dual Opteron Machine with 8 GB of main memory,
running Linux. Table 2 give a summary of experimental
results for our actual two-level grid approach with a
reach based Dijkstra implementation for the local
queries.

The grid based approach achieves an average query
time of 12 microseconds for 99% of all queries. To-
gether with our simple algorithm for the local queries,
described in Section 4.4, we get an average of 63 mi-
croseconds over all queries. This overall average time
could be easily improved by employing a more sophisti-
cated algorithm, e.g. highway hierarchies from [17], for
the local queries, however at the price of a larger space
requirement and a considerably more complex imple-
mentation. The space consumption of our algorithm is

21 bytes per node, which comes from 16 bytes per node
for the distance tables of the two grids (Sections 4.5, 4.6)
plus 5 bytes per node for the edge levels and shortcuts
for the local queries (Section 4.4).

If we also output the edges along the shortest path,
our average query processing becomes just about 5 mil-
liseconds (which happens to be the average processing
time for the local queries, too).

Many previous works provided a figure that showed
the dependency of the processing time of a query on
the Dijkstra rank of that query, which is the number of
nodes Dijkstra’s algorithm would have to settle for that
query. The Dijkstra rank is a fairly natural measure
of the difficulty of a query. In transit node routing,
query processing times are essentially constant for the
non-local queries, because the number of table lookups
required varies little and is completely independent from
the distance between source and target. Table 3 instead
gives details on which percentage of the queries with a
given Dijkstra rank are local. Note that for both the
128× 128 grid and the 256× 256 grid, all queries with
Dijkstra rank of 29 = 512 or less are local, while all
queries with Dijkstra rank above 221 ≈ 2 000 000 are
non-local.

5 An Approach Based on Highway Hierarchies
5.1 Preliminaries. For each node v, we define some
neighbourhood node set N(v). Then, the highway
network of a graph G = (V, E) is defined by its edge
set: an edge (u, v) ∈ E belongs to the highway network
iff there are nodes s, t ∈ V such that the edge (u, v)
appears in the shortest path 〈s, . . . , u, v, . . . , t〉 with the
property that v �∈ N(s) and u �∈ N(t). The size of
a highway network (in terms of the number of nodes)

39 Christian Kaptur Transit Nodes und Dynamic Highway Node Routing



Einführung Transit-Node Routing Dynamic Highway-Node Routing

Implentation

Eine Highway Hierarchie-basierte Implemantation

40 Christian Kaptur Transit Nodes und Dynamic Highway Node Routing



Einführung Transit-Node Routing Dynamic Highway-Node Routing

Implentation

Highway Hierarchie basierend

Highway Hierarchie

eine Highway Hierarchie enthält mehrere Level G0, G1, ..., GL

G0 entspricht dem Original-Graph, G1 erhält man aus dem
Highway-Netz von Level 0, G2 berechnte sich aus dem core G′

1

aus Level 1 usw.

wenn man festlegt, welcher Knoten, beim Dijkstra-Algorithmus
von s aus, bei 2 gleichbewerteten als Erstes entnommen wird,
erhält man eine feste Reihenfolge

damit erhält man den sogenannten Dijkstra-Rang rks(v)
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für jeden Knoten v de�niert man eine Nachbarschaft N(v)
ein Highway-Netz eines Grpahen G = (V,E) wird der�niert
über seine Kantenmenge

eine Kante (u, v) ∈ E gehört zum Highway-Netz, wenn es
Knoten s, t ∈ V existieren, so dass die Kante (u, v) im
kürzesten Pfad < s, .., u, v, .., t > mit der Eigenschaft
v /∈ N(s) und u /∈ N(t)
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Transitknoten

Knoten der hohen Level der Highway Hierarchie haben die
Eigenschaft, dass sie im kürzesten Pfad vieler weit genug
entfernten Knoten enthalten sind

für ein Level K verwendet man die Knoten des Highway
Netzwerkes als Transitknoten

bisherige Versuchen verwendeten maximal Level 4 und 5
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man kann auch verschiedene Transitknoten-Layer einführen

z.B. als 1. Layer K1 := K, als 2. Layer K2 = [K/2] und Layer
3 (soweit vorhanden) K3 = [K/4]
Achtung: Layer 6= Level
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wollen feststellen, für welche Paare s, t gilt, d(s, t) kann nicht
in niedrigerem Layer berechnet werden

für jedes Paar wählen wir bestimmten Knoten p (witness) aus
dem kürzesten Pfad (s, t) aus
witness-Knoten kann vererbt werden

wollen wissen, ob L(s, t) = true, so prüfen wir, ob ein
gemeinsamer witness-Knoten existiert
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sei p(s, t) ein bestimmter Knoten zwischen dem kürzesten Pfad

sei l(u) := min{l|u ∈ Tl}
sei Kl(s) die Funktion, die jedem Knoten seine witness-Knoten
liefert, folgendermaÿen de�niert:

für l > l(s) + 1: Kl(s) := ∅
für l = l(s) + 1:
Kl(s) := {p(s, t)|t ∈ V ∧ l(s) = l(t) ∧ d(s, t) < d<l(s, t)}
für l < l(s) + 1: Kl(s) :=

⋃
u∈Al(s)(s)

Kl(u)

Ll(s, t) := ∨
k>l

(Kk(s) ∩Kk(t) 6= ∅)
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access-Knoten

um access-Knoten zu bestimmen, wird die Forward-Methode
mit dem Unterschied der Highway-Suche, verwendet

zwei Möglichkeiten, eine ökonomische und eine groÿzügige
Variante

Level Layer

14

22

1

0

generous

(3)

Level Layer
15

23

1

0

economical

L

L
L2 L2

Figure 3: Representations of information relevant to highway hierarchy transit node routing.

can be considerably reduced by a contraction procedure:
for each node v, we check a bypassability criterion that
decides whether v should be bypassed—an operation
that creates shortcut edges (u, w) representing paths
of the form 〈u, v, w〉. The graph that is induced by
the remaining nodes and enriched by the shortcut edges
forms the core of the highway network.

A highway hierarchy of a graph G consists of several
levels G0, G1, G2, . . . , GL. Level 0 corresponds to the
original graph G. Level 1 is obtained by computing the
highway network of level 0, level 2 by computing the
highway network of the core G′

1 of level 1 and so on.
Let us fix any rule that decides which element

Dijkstra’s algorithm removes from the priority queue
when there is more than one queued element with the
smallest key. Then, during a Dijkstra search from a
given node s, all nodes are settled in a fixed order.
The Dijkstra rank rks(v) of a node v is the rank of v
w.r.t. this order.

5.2 Transit Nodes. Nodes on high levels of a high-
way hierarchy have the property that they are used on
shortest paths far away from starting and target nodes.
‘Far away’ is defined with respect to the Dijkstra rank.
Hence, it is natural to use (the core of) some level K
of the highway hierarchy for the transit node set T .
Note that we have quite good (though indirect) control
over the resulting size of T by choosing the appropri-
ate neighbourhood sizes and the appropriate value for
K =: K1. In our current implementation this is level
4 or 5 in the biggest graph we have. In addition, the
highway hierarchy helps us to efficiently compute the
required information. Our layer 2 is level K2 := �K/2�
of the highway hierarchy. If present, layer 3 is level
K3 := �K/4�. Note that there is a difference between
the level of the highway hierarchy and the layer of tran-
sit node search.

5.3 Access Nodes and Distance Tables. We use
our highway hierarchy based code for many-to-many
routing to compute the top level distance table [11].
Roughly, this algorithm first performs independent
backward searches from all transit nodes and stores
the gathered distance information in buckets associated
with each node. Then, a forward search from each tran-
sit node scans all buckets it encounters and uses the
resulting path length information to update a table of
tentative distances. This approach can be generalised
for computing distances at layer i > 1. As a byproduct
of the distance table computations, we obtain geometric
locality filters as described in Section 3.4.

We use the forward approach from Section 3.3 to
compute the access point sets. (In our case, we do not
perform Dijkstra searches, but highway searches [17].)

Figure 3 summarises the representation used for
running our algorithm. We have two variants. Variant
economical aims at a good compromise between space
consumption, preprocessing time and query time. Eco-
nomical uses K = 5 and reconstructs the access node
set and the locality filter needed for the layer-1 query
using information only stored with nodes in T2, i.e., for
a layer-1 query with source node s, we build the union⋃

u∈A2(s)
A(u) of all layer-1 access nodes of all layer-2

access nodes of s to determine on-the-fly a layer-1 ac-
cess node set for s. Similarly, a layer-1 locality filter
for s is built using the locality filters of the layer-2 ac-
cess nodes (cp. Section 3.4). Variant generous accepts
larger distance tables by choosing K = 4 (however us-
ing somewhat larger neighbourhoods for constructing
the hierarchy). Generous stores all information required
for a query with every node. To obtain a high quality
layer-2 filter L2, the generous variant performs a com-
plete layer-3 preprocessing based on the core of level 1
and also stores a distance table for layer 3.
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many-to-many routing

wird verwendet, um die Distanztabelle zu bestimmen

über alle Layer wird zuerst eine Rückwärtssuche von allen
Transitknoten v aus gestartet und es werden Informationen in
Form von (u, v, d(u, v)) gespeichert
dann wird ein Vorwärtsscan von allen Transitknoten v′

ausgeführt und mit Hilfe der Einträge d(v′, u) + d(u, v)
berechnet
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Anfragen

für ein Paar (s, t) wird zuerst A(s) und A(t) ermittelt

dann wird im obersten Level in die Distanztabelle geschaut
und d(s, t) ermittelt

wenn ¬L(s, t), dann sind wir fertig; andernfalls machen wir
das Selbe für den zweiten Layer

wenn L2(s, t) auch wahr, dann führe bidirektionale
Highway-Suche durch, die gestoppt wird wenn die äuÿeren
Grenzen Layer-3 verlassen

49 Christian Kaptur Transit Nodes und Dynamic Highway Node Routing



Einführung Transit-Node Routing Dynamic Highway-Node Routing

Implentation

Highway Hierarchie basierend

kürzester Pfad

um den kürzesten Pfad zwischen Knoten s, t zu bestimmen,
wird zuerst der Layer-i bestimmt, der verwendet wird, um die
Distanz zu ermitteln

dann wird der Pfad von s zu seinem access-Knoten u, den
access-Knoten v von t und der Pfad zwischen v und u im
Layer-i bestimmt

wenn s und u gegeben sind, wird mit Hilfe der Tabellen nach
Kante (s, s′) mit d(s, s′) + d(s′, u) = d(s, u) gesucht und
ausgegeben

für den Fall, u ist nicht access-Knoten von s′, muss man alle
acces-Knoten von s′ betrachten und den Knoten ermitteln mit
d(s, s′) + d(s′, u′) + d(u′, u) = d(s, u)
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layer 1 layer 2
metric variant |T | |table| |A| |T2| |table2| |A2| space time

[× 106] [× 106] [B/node] [h]

USA time eco 12 111 147 6.1 184 379 30 4.9 111 0:59
gen 10 674 114 5.7 485 410 204 4.2 244 3:25

dist eco 15 399 237 17.0 102 352 41 10.9 171 8:58

EUR time eco 8 964 80 10.1 118 356 20 5.5 110 0:46
gen 11 293 128 9.9 323 356 130 4.1 251 2:44

dist eco 11 610 135 20.3 69 775 31 13.1 193 7:05

Table 4: Statistics on preprocessing for the highway hierarchy approach. For layers 1 and 2, we give the size (in
terms of number of transit nodes), the number of entries in the distance table, and the average number of access
nodes to the layer. ‘Space’ is the total overhead of our approach.

All graphs4 have been taken from the DIMACS Chal-
lenge website [1]. Table 5 summarises the properties of
the used networks.

Europe USA
#nodes 18 010 173 23 947 347
#directed edges 42 560 279 58 333 344
#road categories 13 4
average speeds [km/h] 10–130 40–100

Table 5: Properties of the used road networks.

The experiments were done on one core of a sin-
gle AMD Opteron Processor 270 clocked at 2.0 GHz
with 8 GB main memory and 2 × 1 MB L2 cache, run-
ning SuSE Linux 10.0 (kernel 2.6.13). The program was
compiled by the GNU C++ compiler 4.0.2 using opti-
misation level 3.

At first, we report only the times needed to compute
the shortest path distance between two nodes without
outputting the actual route, while at the end of this
section, we also give the times needed to get a complete
description of the shortest paths.

Since it has turned out that a better performance is
obtained when the preprocessing starts with a contrac-
tion phase, we practically skip the first construction step
(by choosing neighbourhood sets that contain only the
node itself) so that the first highway network virtually
corresponds to the original graph. Then, the first real
step is the contraction of level 1 to get its core. Note
that compared to [17, 3], we use a slightly improved
contraction heuristic, which sorts the nodes according
to degree and then tries to bypass the node with the
smallest degree first.

4Note that the experiments on the TIGER graphs had been
performed before the final versions, which use a finer edge costs
resolution, were available. We did not repeat the experiments
since we expect hardly any change in our measurement results.

The shortcut hops limit (introduced in [3]) is set
to 10. The settings of the other parameters (some of
them have been introduced in [16, 17]) can be found in
Tab. 6. Note that when using the travel time metric
(time), for all levels of the hierarchy, we use a constant
contraction rate c and a constant neighbourhood size
H—a different one for the economical (eco) and the
generous (gen) variant. For the distance metric (dist),
we use linearly increasing sequences for c and H .

metric time dist
variant eco gen eco
levels of layers 1–2(–3) 5–3 4–2–1 6–4
neighbourhood size H 60 110 90, 180, . . .
contraction rate c 1.5 1.5 1.5, 1.6, . . .

Table 6: Parameters.

Table 4 gives the preprocessing times for both road
networks and both the travel time and the distance met-
ric; in case of the travel time metric, we distinguish be-
tween the economical and the generous variant. In addi-
tion, some key facts on the results of the preprocessing,
e.g., the sizes of the transit node sets, are presented. It
is interesting to observe that for the travel time metric
in layer 2 the actual distance table size is only about
0.1% of the size a naive |T2|× |T2| table would have. As
expected, the distance metric yields more access nodes
than the travel time metric (a factor 2–3) since not only
junctions on very fast roads (which are rare) qualify
as access point. The fact that we have to increase the
neighbourhood size from level to level in order to achieve
an effective shrinking of the highway networks leads to
comparatively high preprocessing times for the distance
metric.

Table 7 summarises the average case performance
of transit node routing. For the travel time metric,
the generous variant achieves average query times more
than two orders of magnitude lower than highway
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Figure 4: Query times for the USA with the travel time metric as a function of Dijkstra rank.

and to traverse5 it summing up the weights of all edges
as a sanity check—assuming that the distance query has
already been performed. That means that the total av-
erage time to determine a shortest path is the time given
in Tab. 8 plus the query time given in Tab. 7.

preproc. space query #hops
[min] [MB] [μs] (avg.)

USA 4:04 193 258 4 537
EUR 7:43 188 155 1 373

Table 8: Additional preprocessing time, additional disk
space and query time that is needed to determine a
complete description of the shortest path and to traverse
it summing up the weights of all edges—assuming that
the query to determine its lengths has already been
performed. Moreover, the average number of hops—i.e.,
the average path length in terms of number of nodes—is
given. These figures refer to experiments on the graphs
with the travel time metric using the generous variant.

6 Conclusions and Future Work

We have demonstrated that query times for quickest
paths in road networks can be reduced by another
two orders of magnitude compared to the best previ-
ous techniques—highway hierarchies and reach based
routing. Building on highway hierarchies, this can be
achieved using a moderate amount of additional storage

5Note that we do not traverse the path in the original graph,
but we directly scan the assembled description of the path.

and precomputation but with an extremely low query
time. The geometric grid approach on the other hand
allows for very low space consumption at the cost of
slightly higher preprocessing and query times. Paradox-
ically, the biggest problem for the application of transit
node routing may be that it is far too fast for classical
route planning. Already the previous best techniques
had query time comparable to the time needed for just
traversing the quickest path, let alone communicating
or drawing it. Still, in applications like traffic simula-
tion or optimisation problems in logistics, we may need
a huge number of shortest path distances and only few
actual shortest paths. We also consider the proof that
few access nodes suffice for all long distance quickest
paths to be an interesting insight into the structure of
road networks.

Although conceptually simple, an efficient imple-
mentation of transit node routing has so many ingredi-
ents that there are many further optimisations opportu-
nities and a large spectrum of trade-offs between query
time, preprocessing time, and space usage. For reduc-
ing the average query time, we could try to precompute
information analogous to edge flags or geometric con-
tainers [12, 13, 23] that tells us which access nodes lead
to which regions of the graph.

There are many interesting ways to choose transit
nodes. For example nodes with high node reach [9, 6]
could be a good starting point. Here, we can directly
influence |T |, and the resulting reach bound might help
defining a simple locality filter. However, it seems that
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Einleitung

Vorstellung von dynamischen Methoden der Routenplanungen
für änderbare Kantengewichte, basierend auf Highway
Hierarchies

im Server-Scenario wird durch Aktualisierung der
Datenstruktur auf Änderungen reagiert

im Mobilen-Scenario soll keine Zeit für das Updaten des
Graphen an irrelevanten Zweigen verschwendet werden
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Dynamic Highway-Node Routing -
Server-Scenario
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Server-Scenario

Einleitung

bei Änderungen der Gewichte der Kanten behalten wir die
Highway-Knoten-Menge bei

es soll nicht die gesamte Konstruktion von vorn beginnen,
sondern nur an Knoten, die wirklich betro�en sind

denn ein Pfad von nicht betro�enen Knoten bleibt auch durch
Veränderung der Kostenfunktion unverändert
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Server-Scenario

Algorihtmus

sei Al
u die Menge an Knoten, die durch eine Veränderung einer

Kante von u im Level-l mit betro�en sind

mit folgendem Algorithmus kann dann auf Veränderung
reagiert werden:
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do not want to waste time for updating parts of the graph that are irrelevant to
the current query.

Server Scenario. Similar to an exchange of the cost function, when a single
or a few edge weights change, we keep the highway-node sets and update only
the overlay graphs. In this case, however, we do not have to repeat the complete
construction from scratch, but it is sufficient to perform the construction step
only from nodes that might be affected by the change. Certainly, a node v whose
partial shortest-path tree of the initial construction did not contain any node u
of a modified edge (u, x) is not affected: if we repeated the construction step from
v, we would get exactly the same partial shortest-path tree and, consequently,
the same result.

During the first construction (and all subsequent update operations), we man-
age sets A�

u of nodes whose level-� preprocessing might be affected when an
outgoing edge of u changes: when a level-� construction step from some node
v is performed, for each node u in the partial shortest-path tree3, we add v to
A�

u. Note that these sets can be stored explicitly (as we do it in our current
implementation) or we could store a superset, e.g., by some kind of geometric
container (a disk, for instance). Figure 2 contains the pseudo-code of the update
algorithm.

input: set of edges Em with modified weight;
define set of modified nodes: V m

0 := {u | (u, v) ∈ Em};
foreach level �, 1 ≤ � ≤ L, do

V m
� := ∅; R� :=

⋃
u∈V m

�−1
A�

u;
foreach node v ∈ R� do

repeat construction step from v;
if something changes, put v to V m

� ;

Fig. 2. The update algorithm that deals with a set of edge weight changes

Mobile Scenario. In the mobile scenario, we only determine the sets of poten-
tially unreliable nodes by using a fast variant of the update algorithm (Fig. 2),
where from the last two lines only the “put v to V m

� ” is kept. (Note that in
particular the construction step is not repeated.) Then, for each node u ∈ V , we
define the reliable level r(u) := min{i − 1 | u ∈ Ri} with min ∅ := ∞. In order
to get correct results without updating the data structures, the query algorithm
has to be modified. First, we do not relax any edge (u, v) that has been created

3 When the stall-in-advance technique is used, some nodes are only added to the tree
to potentially stall other branches. Upon completion of the construction step, we can
identify nodes that have been added in vain, i.e., that were not able to stall other
branches. Those nodes had no actual influence on the construction and, thus, can
be ignored at this point.

59 Christian Kaptur Transit Nodes und Dynamic Highway Node Routing



Einführung Transit-Node Routing Dynamic Highway-Node Routing

Mobile-Scenario

Dynamic Highway-Node Routing -
Mobile-Scenario

60 Christian Kaptur Transit Nodes und Dynamic Highway Node Routing



Einführung Transit-Node Routing Dynamic Highway-Node Routing

Mobile-Scenario

Mobile-Scenario

Erweiterung

Betrachtung einer schnellen Variante des vorherigen
Algorithmus: in den letzten beiden Zeilen bleibt �put v to V m

l �

De�nition eines reliable level r(u) := min{i− 1|u ∈ Ri} mit
min ∅ :=∞
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Erweiterung

um bei der Suche nach dem kürzesten Pfad korrekte Resultate
zu erhalten, muss der Suchalgorithmus angepasst werden

1. bei der Suche wird keine Kante (u, v) ausgelassen, wenn
Level l > r(u)
2. wenn die Suche einen Knoten u erreicht, wobei l > r(u) ist,
dann wird die Suche an diesem Knoten zu Level r(u)
downgraded

das heiÿt: wird ein Knoten erreicht, an dem wir die
Konstruktion der Hierarchie von vorn beginnen müssten, führt
man die Suche auf einem kleineren, aber unberührten Level
weiter
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Table 1. Construction time of the overlay graphs and query performance for different
speed profiles using the same highway-node sets. For the default speed profile, we also
give results for the case that the edge reduction step (Section 3) is applied.

speed profile default (reduced) fast car slow car slow truck distance

constr. [min] 1:40 (3:04) 1:41 1:39 1:36 3:56
query [ms] 1.17 (1.12) 1.20 1.28 1.50 35.62
#settled nodes 1 414 (1 382) 1 444 1 507 1 667 7 057

Table 2. Update times per changed edge [ms] for different road types and different
update types: add a traffic jam (+), cancel a traffic jam (−), block a road (∞), and
multiply the weight by 10 (×). Due to space constraints, some columns are omitted.

any road type motorway national regional urban
|change set| + − ∞ × + − ∞ × + ∞ + ∞ + ∞

1 2.7 2.5 2.8 2.6 40.0 40.0 40.1 37.3 19.9 20.3 8.4 8.6 2.1 2.1
1000 2.4 2.3 2.4 2.4 8.4 8.1 8.3 8.1 7.1 7.1 5.3 5.3 2.0 2.0

Table 3. Query performance depending on the number of edge weight changes (select
only motorways, multiply weight by 10). For ≤ 100 changes, 100 different edge sets
are considered; for ≥ 1 000 changes, we deal only with one set. For each set, 1 000
queries are performed. We give the average percentage of queries whose shortest-path
length is affected by the changes, the average number of settled nodes (also relative to
zero changes), and the average query time, broken down into the init phase where the
reliable levels are determined and the search phase.

affected #settled nodes query time [ms]
|change set| queries absolute relative init search total

1 0.6 % 2 347 (1.7) 0.3 2.0 2.3
10 6.3 % 8 294 (5.9) 1.9 7.2 9.1

100 41.3 % 43 042 (30.4) 10.6 36.9 47.5
1 000 82.6 % 200 465 (141.8) 62.0 181.9 243.9

10 000 97.5 % 645 579 (456.6) 309.9 627.1 937.0

PTV’s fast car profile. The last speed profile (‘distance’) virtually corresponds to
a distance metric since for each road type the same constant speed is assumed.
The performance in case of the three PTV travel time profiles is quite close to the
performance for the default profile. Hence, we can switch between these profiles
without recomputing the highway-node sets. The constant speed profile is a
rather difficult case. Still, it would not completely fail, although the performance
gets considerably worse. We assume that any other ‘reasonable’ cost function
would rank somewhere between our default and the constant profile.

Updating a Few Edge Weights (Server Scenario). In the dynamic sce-
nario, we need additional space to manage the affected node sets A�

u. Further-
more, the edge reduction step is not yet supported in the dynamic case so that
the total disk space usage increases to 56 bytes per node. In contrast to the static
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Table 3. Query performance depending on the number of edge weight changes (select
only motorways, multiply weight by 10). For ≤ 100 changes, 100 different edge sets
are considered; for ≥ 1 000 changes, we deal only with one set. For each set, 1 000
queries are performed. We give the average percentage of queries whose shortest-path
length is affected by the changes, the average number of settled nodes (also relative to
zero changes), and the average query time, broken down into the init phase where the
reliable levels are determined and the search phase.

affected #settled nodes query time [ms]
|change set| queries absolute relative init search total

1 0.6 % 2 347 (1.7) 0.3 2.0 2.3
10 6.3 % 8 294 (5.9) 1.9 7.2 9.1

100 41.3 % 43 042 (30.4) 10.6 36.9 47.5
1 000 82.6 % 200 465 (141.8) 62.0 181.9 243.9

10 000 97.5 % 645 579 (456.6) 309.9 627.1 937.0

PTV’s fast car profile. The last speed profile (‘distance’) virtually corresponds to
a distance metric since for each road type the same constant speed is assumed.
The performance in case of the three PTV travel time profiles is quite close to the
performance for the default profile. Hence, we can switch between these profiles
without recomputing the highway-node sets. The constant speed profile is a
rather difficult case. Still, it would not completely fail, although the performance
gets considerably worse. We assume that any other ‘reasonable’ cost function
would rank somewhere between our default and the constant profile.

Updating a Few Edge Weights (Server Scenario). In the dynamic sce-
nario, we need additional space to manage the affected node sets A�

u. Further-
more, the edge reduction step is not yet supported in the dynamic case so that
the total disk space usage increases to 56 bytes per node. In contrast to the static
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