
Part6

Query Processing in Spatial Network Databases

◮ Spatial network databases

◮ Nearest neighbor search

◮ Closest-pair search

◮ Computing isochrones
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Spatial Network Databases (SNDB)/1
Definition (Spatial network databases)
In a spatial network database objects can move only on pre-defined
trajectories as specified by the underlying network (representing e.g., roads,
railways, rivers, etc.)

◮ The distance between two objects is the shortest trajectory between the
two rather than the Eucledian distance

Example

◮ Query “Find the hotels within a 15km range” returns {a, b, c}
◮ Query “Find the closest hotel” returns {b}

◮ Eucledian nearest neighbor is d (which is the farest in the network)
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Spatial Network Databases (SNDB)/2

Definition (Network distance)

◮ For each edge connecting ni and nj , the network distance, dN(ni , nj), is
stored with the edge.

◮ For nodes ni and nj that are not directly connected, the network distance,
dN(ni , nj), is the length of the shortest path from ni to nj .

Euclidean Lower-Bound Property: For any two nodes, the Euclidean
distance, dE (ni , nj), lower bounds the network distance, dN(ni , nj), i.e.,

dE (ni , nj) ≤ dN(ni , nj)
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Nearest Neighbors in SNDB

Definition
Given a source point q and an entity dataset S , a k-nearest neighbor (kNN)
query retrieves the k (≥ 1) objects of S closest to q according to the network
distance.

Example

◮ S = {a, b, c , d}

◮ 1-NN is {b}

◮ 2-NN is {b, a}
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Incremental Euclidean Restriction (IER)/1

◮ Applies the Euclidean distance to reduce the search space in combination
with the Euclidean lower bound

◮ Basic idea for 1-NN search
◮ Retrieve the Euclidean NN pE1 using an incremental kNN algorithm on the

R-tree built on S
◮ Compute the network distance dN(q, pE1)
◮ Due to the lower-bound property, objects closer to q should be within

Euclidean distance dEmax = dN(q, pE1) (shaded area in the figure below)
◮ The second Euclidean NN, pE2, is retrieved with dN(q, pE2) < dN(q, pE1);

thus pE2 becomes the new NN and dEmax = dN(q, pE2).
◮ Repeat the last step until no more Eulidean NN is found in the search region
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Incremental Euclidean Restriction (IER)/2

Algorithm: IER(q, k)

{p1, . . . , pk} = Euclidean NN(q, k);
foreach entity pi do

dN(q, pi ) = compute ND(q, pi );
end

Sort {p1, . . . , pk} in ascending order of dN(q, pi );
dEmax = dN(q, pk);
repeat

(p, dE (q, p)) = next Euclidean NN(q);
if dN(q, p) < dN(q, pk) then

Insert p in {p1, . . . , pk};
dEmax = dN(q, pk);

end

until dN(q, p) > dEmax ;
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Incremental Euclidean Restriction (IER)/3
◮ IER performs well if Euclidean distance is similar to network distance;

otherwise, many Euclidean NNs are inspected before the network NN.

Example

◮ The nearest entity to query point q is the entity p5

◮ The subscripts in p1, . . . , p5 are in ascening order of d(q, pi )

◮ p5 will be examined after p1, . . . , p4, since it has the largest network
distance
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Incremental Network Expansion (INE)/1

◮ Performs network expansion starting from query point q and examines
entities in the order they arrive

◮ Nodes not yet explored are stored in a queue Q which is sorted according
to the network distance from q

Example
◮ Locate the edge (n1, n2) that covers q and

add n1 and n2 to the queue;
Q = {(n1, 3), (n2, 5)}.

◮ No entity is on (n1, n2), and the closest
node n1 is expanded;
Q = {(n2, 5), (n7, 12)}

◮ No entity is on (n1, n7) and n2 is expanded;
Q = {(n4, 7), (n3, 9), (n7, 12)}

◮ p5 is discoverd on (n2, n4)

◮ dN(q, p5) = 6 provides a bound to restrict
the search space
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Incremental Network Expansion (INE)/2

Algorithm: INE(q, k)

ninj = find segment(q);
Scover = find entities(ninj);
{p1, . . . , pk} = the k network nearest entities in Scover ;
Sort {p1, . . . , pk} in ascending order of dN(q, pi );
if pk 6= ∅ then dNmax = dN(q, pk);
else dNmax = ∞;
Q = 〈(ni , dN(q, ni )), (nj , dN(q, nj))〉;
De-queue the node n in Q with the smallest dN(q, n);
while dN(q, n) < dNmax do

foreach non-visited adjacent node nx of n do
Scover = find entities(nxn);
Update {p1, . . . , pk} from {p1, . . . , pk} ∪ Scover ;
dNmax = dN(q, pk);
En-queue (nx , dN(q, nx));

end

De-queue next node n in Q;
end
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Isochrones/1

◮ Isochrones: Intuitively, the set of all points in a SNDB from which a point
of interest (query point) can be reached within a given timespan.

◮ In multi-modal networks different transporation modes have to be
considered, e.g., walking, taking a bus, using the car/bicycle, etc.

◮ Bus networks have schedules, thus the isochrone
◮ depends also on the arrival time at the point of interest;
◮ might be formed of several islands around bus stations.

◮ Can be used as an instrument for city planners
◮ Analyse the coverage of the city with important services
◮ How many citizen can reach a hospital in 20 minutes?
◮ How many children can reach a specific school in 15 minutes?
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Isochrones/2

Example: 6 minutes isochrone in pedestrian network of Bolzano
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Isochrones/3

Example: 9 minutes isochrone in pedestrian network of Bolzano
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Isochrones/4

Example: 12 minutes isochrone in pedestrian network of Bolzano

NStdDBS Fall09 Prof. Dr. M. Böhlen 14/39



Isochrones/5

Example: 6 minutes isochrone in pedestrian and bus network of Bolzano
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Isochrones/6

Example: 9 minutes isochrone in pedestrian and bus network of Bolzano
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Isochrones/7

Example: 12 minutes isochrone in pedestrian and bus network of Bolzano
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Isochrones/8

Example: 6 minutes isochrone in pedestrian and car network of Bolzano
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Isochrones/9

Example: 9 minutes isochrone in pedestrian and car network of Bolzano
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Isochrones/10

Example: 12 minutes isochrone in pedestrian and car network of Bolzano
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Isochrones/11

Example: 6 minutes isochrone in pedestrian, bus and car network of Bolzano
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Isochrones/12

Example: 9 minutes isochrone in pedestrian, bus and car network of Bolzano
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Isochrones/13

Example: 12 minutes isochrone in pedestrian, bus and car network of Bolzano
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Isochrones/14

Example
Multi-modal network consisting of a street/pedestrian network (solid lines) and
two bus lines (dashed lines).
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Pedestrian Network/1

Properties of a pedestrian network:

◮ A network node is a crossing or the begin/end of a segment.

◮ A segment is a polyline.

◮ A network node can have multiple incoming and outgoing edges.

◮ All positions on edges of the pedestrian network can be reached.

◮ The edges are undirected since we can go in both directions. (An
undirected edge can be modeled with two directed edges.)

◮ We can use the network at any time (continuous network).
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Pedestrian Network/2

Definition (Pedestrian Network)
A pedestrian network is a directed graph N = (V ,E , λ), where V is a set of
vertices, E ⊆ V × V is a set of edges, and λ : E 7→ R

+ is a function that maps
an edge (vi , vj) ∈ E to a positive real number that represents the edge’s length.

Example
In our example we have N = (V ,E , λ), where

◮ V = {v1, v2, . . . , v7}

◮ E = {(v1, v2), (v2, v3), ...}

◮ λ((v1, v2)) = 70, . . .

We use also ev ,v ′

to represent edge (v , v ′) ∈ E
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Pedestrian Network/3

Definition (Network Location)
A network location in a pedestrian network N = (V ,E , λ) is any point that
lies on an edge, and we represent it as l = (ev ,v ′

, o), where ev ,v ′

∈ E is an edge
and o ∈ R, 0 ≤ o ≤ λ(ev ,v ′

), is an offset that represents the relative position of
l from v on edge ev ,v ′

.

Example

◮ l = (ev ,v ′

, 10) is the point on ev ,v ′

with a relative position of 10 from v ;

◮ l = (ev ,v ′

, 0) is the point that lies on node v ;

◮ l = (ev ,v ′

, λ(ev ,v ′

)) is the point that lies on node v ′;
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Pedestrian Network/4

Definition (Path in Pedestrian Network)
Let N = (V ,E , λ) be a pedestrian network and l = (eu,v , o) and l ′ = (eu′

,v ′

, o′)
be two network locations. A path from l to l ′ is defined as a sequence of
locations and vertices pl,l′ = (l , v0, . . . , vk , l

′), where v0 = v , vk = u′, and
∀i , 1 ≤ i ≤ k : evi−1,vi ∈ E .

Example

u

v
l

10

10

u′

v ′

l ′
14

6
97

◮ l = (eu,v , 10), l ′ = (eu′
,v ′

, 14)

◮ pl,l′ = ((eu,v , 10), v , . . . , u′, (eu′
,v ′

, o′))
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Pedestrian Network/5

Definition (Length of Path in Pedestrian Network)
Let N = (V ,E , λ) be a pedestrian network and pl,l′ = (l , v0, . . . , lk , l

′) be a
path from location l = (eu,v , o) to location l ′ = (eu′

,v ′

, o′). The length of the
path pl,l′ is defined as

λ(pl,l′) =λ(eu,v ) − o +

k∑

i=1

λ(evi−1,vi ) + o′

Example
Length of the path from l to l ′: pl,l′ = (20 − 10) + 79 + 14 = 103
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Pedestrian Network/6

Definition (Cost of Path in Pedestrian Network)
Let N = (V ,E , λ) be a pedestrian network, s > 0 be an average walking speed,
and pl,l′ = (l , v0, . . . , lk , l

′) be a path from location l = (eu,v , o) to location
l ′ = (eu′

,v ′

, o′). The cost of the path pl,l′ is defined as

γ(pl,l′ , s) =
λ(pl,l′)

s
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Schedule-Based Network/1

Properties of schedule-based networks

◮ A node is a bus stop

◮ A node has one incoming and one outgoing edge

◮ A trip is a cycle of segments

◮ Not all locations are reachable; only nodes (bus stops) are relevant; the
path between stations is irrelevant
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Schedule-Based Network/2

Definition (Schedule-based Network)
A schedule-based network is a directed graph Ns = (V ,E ,TID,S), where

◮ V is a set of vertices;

◮ E ⊆ V × V is a set of edges such that each vertex has exactly one ingoing
and one outgoing edge, i.e.,

∀v ∈ V∃u,w ∈ V (eu,v ∈ E ∧ ev ,w ∈ E )

∀eu,v , eu′
,v ′

∈ E (u 6= u′ ∧ v 6= v ′)

◮ TID is a finite set of trip identifiers;

◮ S = (σa, σd) is a schedule specified by two functions σa : TID × V 7→ T

and σd : TID × V 7→ T , where σa(tid , t) ≤ σd(tid , t) for all tid ∈ TID and
t ∈ T ; the two functions represent arrival and departure times, respectively.
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Schedule-Based Network/3
Example (Schedule)
The following table represents a schedule:

◮ TID = {. . . , 5, 6, . . . }

◮ V = {. . . , s1, s2, s3, . . . }
◮ Columns “Arrival time” and “Departure time” represent σa and σd

◮ e.g., σa(5, s2) = 09:41:00, σd(5, s2) = 09:41:30

TripID Station Arrival time Departure time

.

.

.
.
.
.

.

.

.
.
.
.

5 s1 – 09:40:00
5 s2 09:41:00 09:41:30
5 s3 09:42:00 09:42:00
5 s4 09:42:30 09:43:00

.

.

.
.
.
.

.

.

.
.
.
.

6 s1 – 10:00:00
6 s2 10:01:00 10:01:00
6 s3 10:01:30 10:02:00
6 s4 10:02:30 10:03:00

.

.

.
.
.
.

.

.

.
.
.
.
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Path in Schedule-Based Network

Definition (Path in Schedule-Based Network)
Let N = (V ,E ,TID, σ) be a schedule-based network. A path from vertex v0 to
vertex vk is defined as a sequence of vertices pv0,vk = (v0, . . . , vk), where
evi−1,vi ∈ E for i = 1, . . . , k.
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Bimodal Network

Definition (Bimodal Network)
M = ({N1, . . . ,Nk}, µ) is a bimodal network iff

◮ N1 is a pedestrian network

◮ N2, . . . ,Nk are bus networks

◮ µ is a mapping that maps a geographic coordinate to its locations in all
networks {N1, . . . ,Nk}.
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Path in Bimodal Network

Definition (Path in Bimodal Network)
Let M = ({N1, . . . ,Nk}, µ) be a bimodal network. A path from location l in N1

to a location l ′ in N1 is a sequence of connected paths, pl,l′ = (p0, . . . , pk),
such that the following holds:

◮ ρs(p0) = l

◮ ρe(pk) = l ′

◮ ∀1 < i ≤ k : ρe(pi−1) ∈ µ(x , y) ∧ ρs(pi ) ∈ µ(x , y)

ρs(pi ) is the start point of path pi . ρe(pi ) is the end point of path pi .
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Definition of Isochrone

Definition (Isochrone)
Let M = (N , µ) be a bimodal network, P(M) be the set of all paths in M, lpoi

be a network location that represents a point of interest, tpoi be the arrival time
at the point of interest, and d > 0 be a time duration.

The isochrone, ISO, is the set of all network locations from which the point of
interest can be reached no later than tpoi and starting not earlier than tpoi − d ,
i.e.,

∀l(l ∈ ISO ⇐⇒ ∃pl,lpoi ∈ P(M)(γ(pl,lpoi ) ≤ d))
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Algorithm

Algorithm: Bine(BIN, q, tq, dmax , s)

Initialize empty queue Q;
Map q with distance 0 to PN1 and update Q;
while Q 6= ∅ do

(v , dv )← element from Q with smallest dv ;
if dv ≥ dmax then return;
if v ∈ V (PN1) then

foreach edge uv ∈ E(N1) do
du ← dv + λ(uv)/s; ou ← max(0, (du−dmax )∗s); Output segment (uv , ou , 0);
UpdateQ(u, du);
MapToBus(uv , λ(uv), dv );

end

else
Let v be a bus vertex with edge eu,v ;
if ¬closed(u) then

t ← latest departure at u to reach v by tq − dv ; du ← tq − t;
UpdateQ(u, du);

end

MapToPed(u, du);
end

end

return;
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Summary

◮ Network databases consider the street network, which constrains the
positions and movements of objects.

◮ The Euclidean distance lower bounds the network distance.

◮ Incremental network expansion is based on Dijkstra’s shortes path
algorithm.

◮ The required parts of the network are loaded lazily to avoid excessive
loading times and memory costs

◮ The database system must offer efficient spatial access structures to
retrieve relevant nodes and segments from the database.
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