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Problem Definition

* Euclidean plane:

- polygonal obstacles
- a set of vertices
- set of closed edges
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Problem Definition

= Euclidean plane:

- polygonal obstacles
- a set of vertices
- set of closed edges

= Euclidean Shortest Path
Problem:

- For a given pair of start s
and target t, ESPP finds a
shortest obstacles-avoiding
path for an agent to travel
from stot.
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= Runs on navigation mesh
with a set of convex
polygons
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= Runs on navigation mesh
with a set of convex
polygons

* Run an A*-like search
starting from s

= Advantage: no
preprocessing needed

= Disadvantage: query
runtime increases as s
and t are further apart
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End Point Search (EPS) [2]

» Distance oracle — CPD [3]
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Previous work A
End Point Search (EPS) [2]

» Distance oracle — CPD [3]

= EPS - query
— Incremental exploration from
sandt
— Connects s and t to visible
vertices I, and I/;
— ForeachuinV;and v in V;

= CPD finds a path between u
and v

= Maintains the best distance
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= EPS
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— requires finding vertices
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End Point Search (EPS) [2]

» Distance oracle — CPD [3]

= EPS

= Advantage: 10x faster than
Polyanya

= Disadvantage:

— requires finding vertices
visible from s and t

— Pairwise comparisons
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Euclidean Hub Labeling
Hub Labeling [4]

= Popular technique used
In road networks
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Hub Labeling [4]

= Popular technique used
In road networks

= Some nodes in a graph
are more important than
others

Melbourne road network with highway M1 highlighted
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= Popular technique used
In road networks

= Some nodes in a graph i
are more important than
others

= Computing distance
labels from the important
hub node to all other
nodes in the graph : ‘

Melbourne road network with highway M1 highlighted
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Hub Labeling [4] niversity

= Popular technique used
In road networks

= Some nodes in a graph s s e Iy
are more important than gt > T -
Oth erS 2;\:’1'0 = ;‘«\n}&w D 4 b 3 R D ‘
= Computing distance e b“\ £ “rm
labels from the important o R
hub node to all other e A PN T
1 o ‘\‘-:b«%ﬂ ¢
nodes in the graph ; ; avEe XN
= EffICIent dlstance retrleval Melbourne road network with highway M1 highlighted

by merging the labels
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Hub Labeling [4]

= Computes and stores a
set of hub labels for each
vertex in a graph

Figure 1: Visibility graph for the example in Figure 2

| Vertex | Hub labels |
(A, 0)

(A, 1.6), (B, 0)

(A, 6.2),(B,4.6), (C, 0)

(A, 4.1),(B,2.5), (C,2.7), (D, 0)

(A, 5.1), (B, 3.5), (C,2.9), (D, 1), (E, 0)
(A, 2.2),(B,3.7), (E 0)

(A, 2), (B, 2.8), (F, 1.9), (G,0)

Q|| m| g Q= >

Table 1: Hub labeling for the graph in Figure 1
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Hub Labeling [4]

= Computes and stores a
set of hub labels for each
vertex in a graph

= Data structure: each hub
label is tuple (h;, d;;) €

T Figure 1: Visibility graph for the example in Figure 2
H(v;) with:

| Vertex | Hub labels |
(A, 0)

(A, 1.6), (B, 0)

(A, 6.2),(B,4.6), (C,0)

(A, 4.1),(B,2.5), (C,2.7), (D, 0)

(A, 5.1), (B, 3.5), (C,2.9), (D, 1), (E, 0)
(A, 2.2),(B,3.7), (E 0)

(A, 2), (B, 2.8), (F, 1.9), (G,0)

) Hub vertex h; € V
i) Shortest distance d;;

i) Predecessor

Q|| m| g Q= >

Table 1: Hub labeling for the graph in Figure 1
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Hub Labeling [4]

= Computes and stores a
set of hub labels for each
vertex in a graph

= Data structure

= Coverage property: at
least one common hub

Figure 1: Visibility graph for the example in Figure 2

node on the shortest path [ Vertex | Hul;)'abels |
A (A,

for any two reachable B | (A 1.6),(B,0)

- C (A, 6.2),(B,4.6), (C,0)

Ve rtl CesS D (A, 4.1),(B,2.5), (C,2.7), D, 0
E (A,5.1),(B,3.5),(C,29), D, 1), E0
F (A, 2.2),(B,3.7), (F,0)
G (A, 2), (B, 2.8), (F, 1.9), (G,0)

Table 1: Hub labeling for the graph in Figure 1
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Hub Labeling [4]

= Computes and stores a
set of hub labels for each
vertex in a graph

= Data structure

= Coverage property

* The shortest path
between any v, € V and
v, € V can be computed

by merging the hub labels
of v, and v;.

Figure 1: Visibility graph for the example in Figure 2

| Vertex | Hub labels |
(A, 0)

(A, 1.6), (B, 0)

(A, 6.2),(B,4.6), (C,0)

(A, 4.1),(B,2.5), (C,2.7), (D, 0)

(A, 5.1), (B, 3.5), (C,2.9), (D, 1), (E, 0)
(A, 2.2),(B,3.7), (E 0)

(A, 2), (B, 2.8), (F, 1.9), (G,0)

Q|| m| g Q= >

Table 1: Hub labeling for the graph in Figure 1
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Hub Labeling [4]

= Computes and stores a
set of hub labels for each
vertex in a graph

= Data structure

= Coverage property

* The shortest path
between any v, € V and
v, € V can be computed

by merging the hub labels
of v, and v;.

Figure 1: Visibility graph for the example in Figure 2

| Vertex | Hub labels |
(A, 0)

(A, 1.6), (B, 0)

(A, 6.2),(B,4.6), (C,0)

(A, 4.1),(B,2.5), (C,2.7), (D, 0)

(A, 5.1), (B, 3.5), (C,2.9), (D, 1), (E, 0)
(A, 2.2),(B,3.7), (E 0)

(A, 2), (B, 2.8), (F, 1.9), (G,0)

Q|| m| g Q= >

Table 1: Hub labeling for the graph in Figure 1
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Hub Labeling [4]

= Computes and stores a
set of hub labels for each
vertex in a graph

= Data structure

= Coverage property

* The shortest path
between any v, € V and
v, € V can be computed

by merging the hub labels
of v, and v;.

Figure 1: Visibility graph for the example in Figure 2

| Vertex | Hub labels |
(A, 0)

(A, 1.6), (B, 0)

(A, 6.2),(B,4.6), (C, 0)

A.4.1), (B, 2.5), (C,2.7), D, 0)

B, 3.5), (C, 2.9), (D, 1), (E, 0)
A, 2.2)B, 3.7), (F, 0)

(A, 2), (B, 2.8), (F, 1.9), (G,0)

Q|| m| g Q= >

Table 1: Hub labeling for the graph in Figure 1

Distance = E(A, 5.1) + F(A, 2.2)
=73 23
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Hub Labeling [4]

= Computes and stores a
set of hub labels for each
vertex in a graph

= Data structure

= Coverage property

* The shortest path
between any v, € V and
v, € V can be computed

by merging the hub labels
of v, and v;.

Figure 1: Visibility graph for the example in Figure 2

| Vertex | Hub labels |
(A, 0)

(A, 1.6), (B, 0)

(A, 6.2),(B,4.6), (C, 0)

(A, 4.1).(B.25).(C, 2.7). (D, 0)

@A, 5.1 (C,29), D, 1), (E, 0)
(A, 2.25 (B, 3.7)1(F 0)

(A, 2), (B, 2.8), (F, 1.9), (G,0)

Q|| m| g Q= >

Table 1: Hub labeling for the graph in Figure 1

Distance = E(B, 3.5) + F(B, 3.7)
7.2 29
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Preprocessing

University

1. Construct a visibility
graph on convex vertices
In the map
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Euclidean Hub Labeling aeay

Preprocessing

1. Construct a visibility
graph on convex vertices
In the map

2. Compute hub labels on
top of the visibility graph

Figure 1: Visibility graph for the example in Figure 2

| Vertex | Hub labels |
(A, 0)

(A, 1.6), (B, 0)

(A, 6.2),(B,4.6), (C, 0)

(A, 4.1),(B,2.5), (C,2.7), (D, 0)

(A, 5.1), (B, 3.5), (C,2.9), (D, 1), (E, 0)
(A, 2.2),(B,3.7), (E 0)

(A, 2), (B, 2.8), (F, 1.9), (G,0)

Q|| m| g Q= >

Table 1: Hub labeling for the graph in Figure 1
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Preprocessing

1. Construct a visibility
graph on convex vertices
In the map

2. Compute hub labels on
top of the visibility graph
3. Superimpose a uniform

grid covering the whole
graph

32



Euclidean Hub Labeling
Preprocessing

1. Construct a visibility
graph on convex vertices
In the map

2. Compute hub labels on
top of the visibility graph

3. Superimpose a uniform
grid covering the whole
graph

4. For each cell c, copy

labels of vertices visible
from it (via labels)

g MONASH

‘@ University

| Vertex | Hub labels

A, 0

(A, 1.6), (B,0)

(A, 6.2), (B,4.6), (C,0)

(A, 4.1), (B, 2.5),(C,2.7), (D, 0

(A,5.1), (B, 3.5), (C,2.9), (D, 1), (E,0)

(A, 2.2),(B,3.7), (F,0)

QT m o QW >

(A, 2), (B, 2.8), (F, 1.9), (G,0)

Hub nodes ] Via labels

|

A (A, 0), (B, 1.6), (G, 2), (F, 2.2)
B (B, 0), (G, 2.8), (F, 3.7)

F (F, 0), (G, 1.9)

G (G, 0)

Table 2: Hub labels and via labels for the figure above 33



Euclidean Hub Labeling
Preprocessing

1. Construct a visibility
graph on convex vertices
In the map

2. Compute hub labels on
top of the visibility graph

3. Superimpose a uniform
grid covering the whole
graph

4. For each cell c, copy

labels of vertices visible
from it (via labels)

g MONASH
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| Vertex | Hub labels

A, 0

(A, 1.6), (B,0)

(A, 6.2), (B,4.6), (C,0)

(A, 4.1), (B, 2.5),(C,2.7), (D, 0

(A,5.1), (B, 3.5), (C,2.9), (D, 1), (E,0)

(A, 2.2) (B, 3.7), (F, 0)

QT m o QW >

(A, 2), (B, 2.8), (F 1.9), (G,0)

Hub nodes ] Via labels J

A

(A, 0). (B, 16), (G, 2)|(F. 2.2)|]

B

(B, 0), (G, 2.8), (F, 3.7)

F

(E0), (G, 1.9

G

G, 0)

Table 2: Hub labels and via labels for the figure above 34
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Query processing
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1. Checkifs andt are
visible to each other

35



' ' P4 MONASH
Euclidean Hub_ Labeling o
Query processing

1. Checkifs andt are
visible to each other

2. Locate the grid cells of s
and t, retrieving all the
labels within it
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Query processing

1. Checkifs andt are
visible to each other

2. Locate the grid cells of s
and t, retrieving all the
labels within it

3. Scan the via labels when
there iIs a common hub
node found and
calculate the distance

37
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Query processing

1. Checkifs andt are
visible to each other

2. Locate the grid cells of s
and t, retrieving all the
labels within it

3. Scan the via labels when
there iIs a common hub
node found and
calculate the distance

4. The minimum distance Is
the shortest path

38
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Euclidean Hub Labeling
Running example

Current minimum distance = infinity
| H(cs) | ViaLabels V Ln,(cs) | | H(c:) | ViaLabels VL, (c:) ]

A: (A, 0), (F, 2.2), (G, 2) A: (B, 1.6), (C, 6.2), (D, 4.1), (E, 5.1)
B: (F, 3.7), (G, 2.8) B: (B, 0), (C, 4.6), (D, 2.5), (E, 3.5)
F: (F, 0), (G, 1.9) & (G, 0), (D, 2.7), (E, 2.9)
G: (G, 0) D: (D,0), (E, 1)
E: (E, 0)
Dist(s,A) =1 + 2 Dist(t,A) =5.5+ 1.6

=3 =7.1 43



Euclidean Hub Labeling
Running example

Current minimum distance = 10.1
| H(cs) | ViaLabels V Ln,(cs) | | H(c:) | ViaLabels VL, (c:) ]

A: (A, 0), (F, 2.2), (G, 2) A: (B, 1.6), (C, 6.2), (D, 4.1), (E, 5.1)
B: (F, 3.7), (G, 2.8) B: (B, 0), (C, 4.6), (D, 2.5), (E, 3.5)
F: (F, 0), (G, 1.9) & (G, 0), (D, 2.7), (E, 2.9)
G: (G, 0) D: (D,0), (E, 1)
E: (E, 0)
Dist(s,A) =1 + 2 Dist(t,A) =5.5+ 1.6

=3 =7.1 44



Euclidean Hub Labeling
Running example

Current minimum distance =10.1
| H(cs) | ViaLabels V Ly, (cs) | | H(ce) | ViaLabels V Ly, (ct) |

| A: (A, 0), (E, 2.2), (G, 2) A: (B, 1.6), (C, 6.2), (D, 4.1), (E, 5.1)
B: | (F3.7),(G,238) * B: | (B,0),(C, 46), (D,25), E,3.5)
F: (F, 0), (G, 1.9) & (G, 0), (D, 2.7), (E, 2.9)
G: | (G,0) D: [ (D,0),(E 1)
E: (E, 0)
Dist(s,B) =1 + 2.8 Dist(t,B) = 5.5

=3.8 45



Euclidean Hub Labeling
Running example

Current minimum distance = 9.3
| H(cs) | ViaLabels V Ln,(cs) | | H(c:) | ViaLabels VL, (c:) ]

| A: (A, 0), (E, 2.2), (G, 2) A: (B, 1.6), (C, 6.2), (D, 4.1), (E, 5.1)
B: | (F3.7),(G,238) * B: | (B,0),(C, 46), (D,25), E,3.5)
F: (F, 0), (G, 1.9) & (G, 0), (D, 2.7), (E, 2.9)
G: | (G,0) D: [ (D,0),(E 1)
E: (E, 0)
Dist(s,B) =1 + 2.8 Dist(t,B) = 5.5

=3.8 46
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Running example

Shortest distance =9.3
Shortest path=5s, G, B, t



Euclidean Hub Labeling
Optimisations

1. Non-taut region
pruning

2. Non-taut labels pruning

3. Distance bound
pruning

4. Dead-end labels
pruning

Figure 3: Illustrating pruning rules

MONASH
" University

| H(cs) | ViaLabels VL, (cs)

A A0), F22), (6.2
B: &3, (G, 2.8)

F: (F,0),

G: (G, 0)

| H(c) | ViaLabels VL, (c;)

A: (B, 1.6), (€:6:2), (ES D
B: (B, 0), (€-4-6), , (E53-5)
C: S0, , E:29)

D: D, 0), EH

E: EH

Table 3: Labels pruned by different pruning rules (PR) are
shown in different colors. PR1: blue, PR2: orange, PR3:
red, PR4: purple. The hub nodes with all labels pruned are
struckthrough gray.
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Results
Experimental setup

= Benchmarks: widely used
game map benchmarks

[5]

#Maps | # Queries | #Vertices | #Convex Vertices
DAO 156 159,464 1727.6 926.5
DA 67 68,150 1182.9 610.8
BG 75 93,160 1294.4 667.7
SC i 198,224 11487.5 3792.7

Table 4: Total number of maps and queries, and average
number of vertices and convex vertices in each benchmark.
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Experimental setup

» Benchmarks [5]

» Grid sizes: a parameter of
the superimposed grid
sizes

— EHL 1x
— EHL 4x
— EHL 16x
— EHL 64x

EHL 4x



Results
Preprocessing costs

Approach Build Time (Secs)
EHL (1x) 4.41
EHL (4x) 0.35
EHL (16x) 0.05
EHL (64x) 0.02
EPS-CPD 0.11
EPS-HL 0.05

Memory (MB)
137
27.5
7.1

2.4
0.21
0.78

Average cost (build time and memory) for DAO benchmark for EHL and EPS

MONASH
University
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Query performance
Dragon Age Origins (DAO)
104_: A— Polyanya —<— EHL(16x)
| —#— EPS-CPD  —S— EHL(4x)
cg_ _ EPS-HL —&— EHL(1x)
3 1037 —=— EHL(64x)
E ]
o
£ 102
10
&
&
© 191‘:
1 ¥ ]
>
=Y
10° ;
0 25 50 75 100
The x-axis shows the percentile ranks of queries in number of node expansions 53

needed by A* search to solve them.
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