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Abstract: A solution to compute the optimal path based on a
single-line-single-directional ( SLSD) road network model is
proposed. Unlike the traditional road network model, in the
SLSD conceptual model, being single-directional and single-line
style, a road is no longer a linkage of road nodes but abstracted
as a network node. Similarly, a road node is abstracted as the
linkage of two ordered single-directional roads. This model can
describe turn restrictions, circular roads, and other real
scenarios usually described using a super-graph. Then a
computing framework for optimal path finding ( OPF) is
presented. It is proved that classical Dijkstra and A ™ algorithms
can be directly used for OPF computing of any real-world road
networks by transferring a super-graph to an SLSD network.
Finally, using Singapore road network data, the proposed
conceptual model and its corresponding optimal path finding
algorithms are validated using a two-step optimal path finding
algorithm with a pre-computing strategy based on the SLSD
road network.
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ptimal path finding (OPF) functionality is helpful for
O a driver to make a quick decision on how to get to the
destination with the least cost, such as time, oil, distance,
etc'™"

So far, road networks in digital maps are generally in sin-
gle-line mode style'” “*', which means that a road is ab-
stracted as a single line, and road crossings are abstracted as
nodes. Most existing road network conceptual models meet
difficulties in supporting kinds of real-world road network
cases, such as a circular road and turn restrictions”. A su-
per-graph has the aforementioned ability; however, it is too
complex to be used in an embedded system in its data mod-
el, data storage, data update, and spatial operation.

First, a single-line-single-directional ( SLSD) road net-
work model is presented. It is proved that any super-graph
can be transferred to a normal SLSD road network. So the
proposed SLSD road network is able to describe such real-
world road scenarios: road directions, turn restrictions, cir-
cular roads, etc.

Secondly, it is proved that classical Dijkstra and A" algo-
rithms can be used without any modifications in OPF com-
puting by transferring the corresponding super-graph to an
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SLSD road network.

Finally, tests using a two-step optimal path finding algo-
rithm are conducted. From test results, with the SLSD road
network model, classical A" and Dijksta algorithms can be
directly used for optimal path finding without any modifica-
tion.

1 Conceptual Model of SLSD Road Network

A road network model is usually based on road connec-
tion, and it can be described as

RoadWork = (N, R)

N ={x | xe NodeSet}

R = {NR}

NR = {(x,y) | L(x,y)(x,yeN)}

where N is the set of all the road nodes; L(x, y) means a
link between road nodes x and y, and its value is affected by
geometrical length between two nodes (the road segment’s
length) and other parameters, such as road lanes, road clas-
sification, etc.

This model has some disadvantages in describing a super-
graph:

1) Difficulty in describing circular roads (see Fig. 1(a))
and multiple roads between two nodes (see Fig. 1(b)).

2) Difficulty in describing turn restrictions (see Fig. 1
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Fig.1 Two simplified cases of super-graphs and turn restriction.
(a) Circular road; (b) Multiple roads between two nodes; (c) Turn restriction

To overcome the above disadvantages, a node-connected
SLSD road network model is presented. The principle of
this model can be described as follows:

1) All roads are single-directional;

2) A road node is regarded as the linkage of directional
roads; therefore, they are “roads” in the new model instead
of “nodes” in the traditional model.

3) The term traverse is used to describe an ordered direc-
tional road pair, through which a vehicle can run from the
first road to the next one.

The model can be defined as

RoadWork = (N, R)

N = {x | x e DirectRoadSet}

R ={NR}

NR = {(x,y) | L(x, ) (x,y eN)}
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where N is a directional road. If a real-world road is bi-
directional, it will be divided into two different single-direc-
tional roads. NR describes topological relationships set a-
mong directional roads.

In this model, if a driver can go through directional road
x to y, there must be a link L(x, y) between the two roads,
and L(x,y) is the road node connecting the two roads.

The core elements in the SLSD road network model are
shown in Fig. 2. In the figure, a node represents an end-
point of a road, and it can be presented with 2-D or 3-D co-
ordinates. The term traverse is defined to describe link L(x, y).

(a) (b) (e)

Fig.2 Core elements in SLSD road network. (a) Node; (b)
Road; (c¢) Traverse

Sometimes, a vehicle is allowed to make a turn inside a
road. In Fig.3(a), single-directional roads AB and B'A’ are
reversed to each other in the same physical road. A driver in
this road can make a turn at almost any point, so we define
the two single-directional roads as being “all-connected”. A
virtual road node (see Fig. 3(b)) is abstracted to describe
such connectivity information. Now, the special case in
Fig.3(a) is consistent with the aforementioned model.

(b)

Fig.3 All-connected road and virtual node

Fig. 4 shows a simplified road network. CO-OC is an all-
connected traverse. It can be described by Tab. 1 and Tab.
2. In Tab. 1, road node topological information is listed.
InLink is used to describe which directional roads can go to
this node directly, and OutLink is used to present informa-
tion regarding which directional roads can run from the node
directly. In Tab. 2, topological information of directional
roads is listed. InNode means the node through which a car

Fig.4 A simplified road network based on SLSD model

Tab.1 Road node topological information

ID InLink OutLink
1(A) OA
2(0) AO, CO, BO OA, OC, OB

Note: only for node A and O, others are not listed.

Tab.2 Directional road topological information

ID InNode OutNode InLink OutLink AllCon
OB, OC
1(AO) A o OA OA
BO, CO
2(0A) (0] A A0 AO
3(0C) o C AO, BO co

Note: only for road AO, OA and OC, others are not listed.

can go to the current road. Similarly, OutNode is the node
that the current directional road can run to. InLink is used to
give information regarding which directional roads can run
to the current road through InNode; OutLink is used to pres-
ent information regarding which roads the current road can
run to through OutNode. AllCon is used to store “all-con-
nected” traverses.

The model has the following advantages:

1) Being able to represent any real-world roads, single-
directional or not;

2) Being able to express turn restrictions;

3) Being able to describe any styles of super-graph.

In modern metropolises, the widths of some roads are
even more than 30 m, and there are 8 lanes or more. To re-
solve this problem, the multi-lane model is used. A physi-
cal road can be divided into more than 2 or even 5 to 6
SLSD roads. Fig. 5 shows a real-world physical road with
12 lanes in Hong Kong, and to describe it better, two non-
overlapped directional lines are used (see Fig. 6).

Fig.6 Multi-lane model for broad streets or roads
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2 Optimal Path Computing Framework Based on
SLSD Road Network Model

2.1 Dijkstra algorithm

Most OPF algorithms, precise or quasi-precise, hierarchi-
cal"" or non-hierarchical"' ™", pre-computed”’™ ' or real-
time''"", can be roughly divided into two kinds: 1) Dijkstra
or Dijkstra-like algorithms™ '; 2) A* or A”-like algo-
rithms, such as the width-first searching algorithm, the De-
queue algorithm, etc'™ ',

Given a road-connected graph (see Fig. 7), if all the
weights are non-negative, to find a shortest path, usually
the Dijkstra algorithm can be used.

The Dijkstra algorithm, initially proposed by E. W. Dijk-
stra, depends on the Dijkstra matrix, which is used to store
weight values between pairs of nodes. Tab. 3 shows the Di-
jkstra matrix of a graph as shown in Fig. 7, and the value in
each cell is the weight between two corresponding nodes.
After the Dijkstra matrix is obtained, the algorithm can be
described using the process in Ref. [15].

1 to 5—Road nodes
a to h—Roads

Fig.7 A simple road-connected network

Tab.3 Dijkstra matrix for traditional road network

Node
Node

1 2 3 4 5
1 c b a
2 d e h
3 c e f
4 b g
5 a h f g

Limited by the disadvantages of the traditional road net-
work model, sometimes the Dijkstra algorithm cannot be di-
rectly used. In the SLSD road network model, being single-
directional, each road owns the road information it con-
nects, so turn restriction information is stored in the Dijkstra
matrix. Therefore, with the node-connected SLSD road net-
work model, the Dijkstra algorithm can be directly used
without any modification. In Fig.8, a simple road network
is described; the corresponding Dijkstra matrix is shown in
Tab. 4. In Tab. 4, matrix element (m, n) means whether a
vehicle

Turn restrictions:
(8,3)
(9,10)
(7,8)
(2,1)
(5,6)

Fig.8 A simple SLSD road network

Tab.4 Dijkstra matrix for road network in Fig. 8

ToRoad
FromRoad

2 3 4 5 6 7 8 9 10
1
2 o o
3 o o o
4 (9 o 0
5 (9 0
6
7 P
8 o
9 (0] (0]
10 P P

can go from directional road m to n or not. For example,
the value of (3,1) is O, which means that a vehicle can go
from road 3 to 1 through node O. So being different from
the traditional Dijkstra matrix, the Dijkstra matrix of the
SLSD road network has the following characteristics:

1) The value of the matrix element means the road node
through which a vehicle can go from FromRoad to ToRoad.
If the value is empty, it shows that FromRoad and ToRoad
are not topologically connected.

2) The cost of a vehicle going through a road is not
stored in the matrix. Instead, it can be obtained from the
road property in the road database.

2.2 A’ algorithm

A" algorithm is a heuristic width-first searching algorithm
for OPF computing. Generally, there are two kinds of
searching strategies: 1) Single-directional; 2) Bi-directional.

Furthermore, the single-directional A" searching algo-
rithm can be divided into two kinds: 1) Forward searching;
2) Reverse searching. To implement the first one, for a giv-
en node, information regarding which succeeding nodes a
car can arrive at should be provided. And in the second
searching process, we should know through which nodes a
car can arrive at the current node. In bi-directional search-
ing, both of them are needed.

In the A" algorithm, usually searching cost f(x) is used
to guide heuristic searching.

J(x) =ag(x) +ph(x) (1)

where «, B are the weight coefficients; x is the current cost;
h(x) is the estimated future cost. The cost can be distance,
time consumption, oil consumption, etc. Take distance as
an example. Suppose that we have

a=p=1 (2)

The real cost is always more than that of Eq. (1). Ac-
cording to Fig. 8, a data structure using C++ can be used to
aid the searching process:

struct anode_t¢

{

id_t idNode; //current node

cost_t costCurrent; //current cost
cost_t costFull; //full cost

anode_t " nodeParent; //preceding node

}s
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We need to maintain the track of all visited nodes by put-
ting them in a CLOSE list. Likewise, we will maintain the
track of all the nodes we want to visit in an OPEN list. If
only non-negative weight is legal for each linkage, a for-
ward A" algorithm can be described as the following
process:

1) Initiate the OPEN and CLOSE lists.

2) Put the original node in the OPEN list, and set it as
the current extending node.

3) Extend the current node, sort all its sequential nodes
according to its heuristic cost in Eq. (1).

4) For each sequential node,

a) If it has been in the CLOSE list, ignore it;

b) If it is already in the OPEN list with an equal or
lower cost, ignore it; if with a higher cost, remove the old
one, and reinsert the new node and make sure that the
OPEN list is continue to be sorted.

5) Insert the extended node to the CLOSE list, and make
sure the CLOSE list is sorted.

6) Go to step 4), until the destination is found, or there
is no node in the OPEN list which means that it fails to find
any path.

7) If the destination is found, trace the path from destina-
tion to origin using data structure anode_t.

For a reverse searching process, a similar algorithm can
be used.

Clearly, if there are circular roads ( see Fig. 9(a)) or
multiple roads between two nodes (see Fig. 9(b)), both
single-directional and bi-directional searching processes will
have the same problem as that of the Dijkstra algorithm be-
cause the system does not know how to remember through
which road to get to the next node (see Figs. 9(c) and

(d)).

Fig.9 Problem of traditional A algorithm and A~ search
process in an SLSD road network model

With the SLSD road network, each searching step can be
considered as the process of finding a directional road whose
whole cost is the minimum. The cost can be written as

J(x) =ag(x) +ph(x) +ym(x) (3)

where vy is the weight coefficient; m(x) is the transmission
cost of a vehicle from the preceding single-directional road
to the next one in each traverse. The value of m(x) depends

on the traffic rule (run on the left side or the right side),
road crossing complexity, road class, and real-time traffic
current, etc.

For retrieving the computed result, the structure anode _
slsd_¢ which is similar to anode_¢ is used:

struct anode_slsd_¢

{

id_t idRoad; //current node

cost_t costCurrent; //current cost

cost_t costFull; //full cost

anode_slsd_r" roadParent; //preceding node

}s

For path planning algorithms based on tree searching tech-
niques, a basic means to decrease searching cost is tree-
trim.

In the classical A" algorithm, if not considering turn re-
strictions, a basic tree truncation rule can be written as fol-
lows: An optimal path will not go through a given node
more than twice. If turn restriction is considered, the algo-
rithm will be very complex. Likewise, considering turn re-
strictions in the SLSD road network, the tree-trim rule of
the A" algorithm can be described as follows: An optimal
path will not go through the same single-directional road
twice or more than twice. Clearly, it is very straightforward
since a single-directional road in the SLSD road network
corresponds to a “node” in classical road networks.

Therefore, it is proved that with the SLSD road network
we can implement path-planning using classical Dijkstra and
A" algorithms directly with supporting turn restrictions,
road direction, and some other special real-world road net-
work cases.

2.3 Algorithm complexity

For a digital map, the scale of a road network can be de-
scribed using the number of nodes. Given a simplified road
network in Fig. 10, we can use Eq. (4) to evaluate the com-
plexity.

S=N (4)

Fig. 10

A simplified road network

In the SLSD roadwork model, the road network complex-
ity evaluated using directional roads can be roughly written as

S=2(2(N(N-1))) =4N* -4 (5)

It seems that more time and memory will be consumed in
path finding in the SLSD road network model. However,
considering that the classical A" algorithm and the Dijkstra
algorithm cannot directly handle scenarios like turn restric-
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tions and other cases, the SLSD road network model and its
A" and Dijkstra algorithms are valuable because of their sim-
plicity.

3 Experimental Results

Based on the research, we implement a two-step quasi-
optimal path finding algorithm. In the system, pre-compu-
ting technology is used to calculate optimal path data in a
stem road network (high-grade highway), and the A" algo-
rithm is used. Usually we just find the route to a highway,
and obtain the best path by searching existing computing re-
sults. Fig. 11 shows OPF computing results.

Fig.11 Test results from a two-step algorithm in Singapore map

4 Conclusion

By investigating various kinds of real road network cases,
an SLSD road network model is presented. And it is proved
by transferring a super-graph to an SLSD road network that
traditional A* and Dijkstra algorithms can be directly used
to obtain optimal path finding in any real-world cases with-
out any algorithm modification.

In the future, we will adopt the presented network model
and the OPF algorithm in large-scale digital maps for better
performance.
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