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Abstract: Lane-level route planning is a critical issue for a lane-level navigation system for au-
tonomous vehicles. Current route-planning methods mainly focus on the road level and applying
them directly to search for lane-level routes results in a reduction in search efficiency. In addition,
previously developed lane-level methods lack consideration for vehicle characteristics and adaptabil-
ity to multiple road network structures. To solve this issue, this study proposes an accelerated and
refined lane-level route-planning algorithm based on a new lane-level road network model. First,
five sub-layers are designed to refine the internal structure of the divided road and intersection areas
so that the model can express multiple variations in road network structures. Then, a multi-level
route-planning algorithm is designed for sequential planning at the road level, lane group level, lane
section level, and lane level to reduce the search space and significantly improve routing efficiency.
Last, an optimal lane determination algorithm considering traffic rules, vehicle characteristics, and
optimization objectives is developed at the lane level to find the optimal lanes on roads with different
configurations, including those with a constant or variable number of lanes while satisfying traffic
rules and vehicle characteristics. Tests were performed on simulated road networks and a real road
network. The results demonstrate the algorithm’s better adaptability to changing road network
structures and vehicle characteristics compared with past hierarchical route planning, and its higher
efficiency compared with direct route planning, past hierarchical route planning, and the Apollo
route-planning method, which can better support autonomous vehicle navigation.

Keywords: lane-level; road network model; route planning

1. Introduction

Navigation systems based on digital maps can help drivers or intelligent vehicles
choose the optimal route given an origin and a destination, and map and route planning are
two major parts of a navigation system [1,2]. The convenience and efficiency of navigation
technology are apparent, especially in complicated road and traffic conditions. Traditional
navigation systems affect driving behavior by notifying a driver using a display and
sound, which requires the driver to process the guidance information further and choose
a trajectory in real time. However, for autonomous vehicles, the navigation system can
provide more detailed guidance if it reaches the lane level, which can significantly relieve
the computational burden and reduce the risk of failure of real-time perception and decision
systems [3]. Lane-level localization is the basis for lane-level navigation. The global
navigation satellite system (GNSS) [4] is used in navigation systems; it can reach the
centimeter level in open areas with real-time kinematic (RTK) [5] technology. When the
signal is blocked, high positioning accuracy can be attained by camera-based [6] or LiDAR-
based [7] feature-matching technology. More details about localization are not discussed
here, but can be found in the literature.
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The map is a foundation for route planning. Traditional route planning only outputs
road-level routes and falls short of providing more delicate route guidance since it is based
on road-level maps, which lack the context of lane information. To meet the needs of lane-
level navigation for autonomous driving, route planning should output routes accurately
to the lane level, which relies on lane-level maps enhanced with lane-level details of the
environment, compared with road-level maps [8].

Many researchers have focused on the lane-level road network model, the mathe-
matical expression used to abstract and simplify an actual lane-level map. On the one
hand, various road network geometric models have been proposed, including polylines [9],
arc splines [10], clothoids [11,12], Cubic Hermite Spline [13], B-spline [14], and piecewise
polynomial curves [15]. They have achieved centimeter-level mapping accuracy. On the
other hand, the logical representation of lane-level road networks is developing rapidly.
In 2007, the DARPA Urban Challenge Road Network Definition File (RNDF) and Mission
Definition File (MDF) were used to define map and mission data [16]. Each road segment
in the map data contained multiple lanes represented by numerous waypoints, and some
waypoints were marked as entries or exits to build connections between the roads. Never-
theless, the model and information in the map files are too concise to express a complex
road environment. Bétaille et al. [12] established a one-way road and lane model for each
road and represented it with a centerline but ignored the intersection model, so the model
was not adapted for lane-level route planning. Jiang K et al. [3] designed a multi-layer
map model for lane-level route planning. However, the model could not express possible
changes in the number of lanes on the road (for example, when a road changes from three
to four lanes), which is a typical road network structure. Several map standards, such as
the Navigation Data Standard (NDS) [17] and OpenDRIVE [18], could be employed for
lane-level route planning. However, the standards store detailed map information, most
of which is not required for a given route-planning task. The direct application of these
standards to lane-level route planning lacks pertinence, flexibility, and efficiency.

Route planning in road networks is usually simplified to the shortest path problem
on a graph. According to whether the edge weights in the road network change with
time, route planning can be divided into two major categories: static route planning and
dynamic route planning. In static route planning, the edge weights do not change with
time, and the key to the problem at this point is how to search for the shortest path on the
graph structure of the road network. The shortest path algorithms applied to static route
planning include Dijkstra’s algorithm [19], Floyd’s algorithm [20], the A* algorithm [21],
the ant colony algorithm [22], and so on. The Dijkstra algorithm and Floyd algorithm
can find the global optimal route, but the number of iterations of the algorithm is high.
The A* algorithm uses a heuristic function to optimize the Dijkstra algorithm, but the
specific degree of optimization is closely related to the selection of the heuristic function.
The ant colony algorithm takes its inspiration from the natural biological environment
and is also known as the bionic intelligence algorithm. In addition, some scholars have
improved the above algorithms, for example, Xu et al. [23]. used a bidirectional search
strategy to improve the traditional A* algorithm as a way to speed up the efficiency of
the search. Lee et al. [24]. used a genetic algorithm to improve the ant colony algorithm
and proposed the IAACO algorithm, which improved the convergence performance and
optimal-solution-finding ability of the algorithm. Jiang et al. [25] proposed an intelligent
optimization algorithm of adaptive ant colony and particle swarm optimization to improve
efficiency. Lan et al. [26] proposed an improved algorithm based on the A* algorithm fused
with the ant colony algorithm to improve the convergence speed compared with the ant
colony algorithm. In dynamic route planning problems, some studies consider real-time
traffic conditions and model the uncertain edge weights [27–29]. The above algorithms
are all considered at the road level. When they are applied directly to the lane level, the
efficiency is greatly reduced due to the large increase in the number of vertices and edges,
especially in the large-scale road network, which makes it challenging to meet the real-time
requirements for autonomous driving. Heuristic rules and hierarchy structures have been
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exploited to realize efficient routing in large networks [30–32]. However, they focus on
road-level maps and do not reach the lane level. On the other hand, more factors should
be considered to plan the optimal lane-level routes, such as whether the routes involving
lane changing and turning operations meet vehicle characteristics and traffic regulations
and how to determine the best lane-level route on a road with a variable number of lanes.
Jiang K et al. proposed a seven-layer map structure and developed a hierarchical route-
searching algorithm to accelerate the planning process [3]. However, for one thing, the
algorithm lacked the adaptability to determine the optimal lanes on a road with variable
lane numbers; for another, the algorithm did not consider minimum allowable distance
constraints for vehicle turns and lane changes, which may lead to unreasonable results.

To sum up, an applicable road network model is needed as a foundation for lane-level
route planning. Specifically, this model should include the necessary traffic elements to
demonstrate lane-level details and express various road network structures while also being
simple enough for practical applications. Then, based on this map model, it is important a
lane-level route-planning method be provided that can improve the efficiency of existing
search algorithms in searching for lane-level routes and can find the optimal lane sequence
in various road network structures while satisfying traffic rules and vehicle characteristics.

The goal of this study is to design a route planning algorithm that is compatible with
existing graph search methods based on the designed multi-layer road network model,
which can find optimal lanes in changing road network structures and further improve
the existing methods’ efficiency when applied to lane-level route planning while also
satisfying traffic rules and vehicle characteristics. This study’s primary research content is
summarized in Figure 1. The main contributions are listed as follows:

1. A new road network model for lane-level route planning is proposed. The model is
divided into the road and intersection areas containing five sub-layers. The model can
express multiple road network structures and can facilitate more flexible, fine-grained,
and efficient route planning.

2. Based on the proposed road network model, an accelerated and refined lane-level
route-planning method is proposed. First, a multi-level route-planning algorithm is
designed for sequential planning at the road level, lane group level, lane section level,
and lane level, reducing the number of nodes and edges traversed and improving
routing efficiency. Then, an optimal lane determination algorithm considering traffic
rules, vehicle characteristics, and optimization objectives is developed to find the
optimal lanes at the lane level. The entire route-planning algorithm can remarkably
improve existing search algorithms’ efficiency in searching lane-level routes and
acquire optimal lanes satisfying traffic rules and vehicle characteristics on roads with
different structures, including those with a constant or variable number of lanes.
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The rest of this paper is organized as follows. Section 2 introduces the proposed road
network model. Section 3 details the designed lane-level route-planning algorithm based
on the model. Experiments are performed on simulated road networks and an actual
road network to validate the route-planning algorithm, and the results and discussion are
presented in Section 4. Finally, conclusions are given in Section 5.

2. Lane-Level Road Network Modeling

A new lane-level road network model, which is the foundation of the lane-level route
planning elaborated upon later, is created in this section. The whole model consists of road
and intersection areas containing five sub-layers, which are used to refine the structures of
real roads and intersections. This multi-sub-layer modeling can express multiple variations
in the road network structure and be adapted to the multi-level route-planning algorithm
proposed in a later section.

The road network is expressed as follows:

G = (R, I) (1)

where G represents the complete road network, R describes the road area consisting of a set
of roads {rm}Nr

m=1, and I is the intersection area comprising a group of intersections {im}Ni
m=1.

2.1. Road Area
2.1.1. Road Layer

This article defines a set of lanes in the same direction on one road as a lane group.
When the lanes on the road have two opposite directions, the road has two lane groups; if
there is only a single direction, there is only one lane group. One road r is

r = (LG, qr, f , b) (2)

where LG is a set of lane groups {lgm}
Nlg
m=1, qr represents common road attributes such as

length, class, and type, and f and b indicate the intersection entering and leaving this road.

2.1.2. Lane Group Layer

One lane group in a road can be expressed as

lg = (LS, isequal) (3)

where LS is a set of lane sections {lsm}Nls
m=1, and one lane section is defined as a unit for

which the number of lanes is constant. isequal can be 1 or −1, where 1 means that the
lane group’s direction is the same as the forward direction defined by the road, and −1 is
the opposite.

2.1.3. Lane Section Layer

One lane section in a lane group is

ls = {lm}Nl
m=1 (4)

where {lm}Nl
m=1 is a set of lanes.

2.1.4. Lane Layer

One lane in a lane section can be characterized as

l = (seq, pre, suc, Pgeo, Pattr, q) (5)

where seq denotes the sequence number of l in ls; starting from the lane closest to the road
centerline, the serial number increases from 1 in order. pre and suc define the intersection
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or lane connecting the start and end of l. Pgeo and Pattr are point sets defined in the point
layer. q contains lane attributes such as the width, length and speed limit.

2.1.5. Point Layer

The point layer consists of the geometric control point set Pgeo and the attribute control
point set Pattr on each lane. Pgeo comprises the points characterizing the lane geometry.
Each point pgeo in Pgeo can be expressed as

pgeo = (n, x, y, z) (6)

where n is the serial number of pgeo on the entire lane and x, y, z indicate the X, Y, and Z
coordinates in the ENU coordinate system.

Pattr is a set of points on the lane markings reflecting lane property changes, which
can be represented as

Pattr = (side, {pattr
m}Npattr

m=1 ) (7)

where side can be “left” or “right”, indicating that the lane marking is located on the left or
right side of the lane.

Each point pattr in Pattr can be denoted as

pattr = (x, y, z, s, h, type, lc) (8)

where x, y, z indicate the coordinates in the ENU coordinate system, s is the length from the
start point to this point along the lane, h is the lateral distance of the point relative to the
lane centerline, and type indicates the point type which can take the values “start”, “end”,
“lanechange”, or “typechange”. “start” and “end” represent the start and end of a lane
marking, respectively. “lanechange” or “typechange” indicate that pattr is a demarcation
point where the left or right lane marking type changes or the lane type changes. lc is true
if the interval of the lane marking following this point in the lane direction can allow a lane
change; otherwise, it is false.

A road is taken as an example to illustrate the model in the road area, as shown
in Figure 2; the road whose forward direction points to the right comprises two lane
groups. lg1 and lg2 both have two lane sections, ls1 and ls2. ls1 contains three lanes and ls2
contains four lanes. The left and right lane markings of l3 in ls2 in lg2 are used to illustrate
the attribute control points: according to (8), the right lane marking has two attribute
control points, the start and end points; since the left lane marking type changes, it has
one more control point than the right lane marking, which marks the place where the lane
marking type changes. For each lane marking, combining the value of lc in (8) of attribute
control points, the lane changeable interval can be known, facilitating the refined lane-level
route-planning algorithm.
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2.2. Intersection Area
2.2.1. Intersection Layer

An intersection i is defined as

i = (VR, sig, Pcenter) (9)

where VR represents a set of virtual roads {vrm}Nvr
m=1 that connect roads entering and

leaving i, sig indicates the intersection attributes, such as the number and position of
traffic lights and the junction type, and Pcenter includes the coordinates of the intersection
center point.

2.2.2. Virtual Road Layer

One virtual road vr can be indicated as

vr = (r f , rr, w, VLG) (10)

where r f , rr represent the roads entering or exiting the intersection and w describes the
passage method, including going straight, turning left, turning right, and making a U-turn.

2.2.3. Virtual Lane Group Layer

VLG in (10) contains a set of virtual lane groups {vlgm}
Nvlg
m=1.

One virtual lane group, vlg in VLG, comprises all virtual lanes connecting to the same
lane entering the intersection:

vlg =
(

seq, {vlm}Nvl
m=1

)
(11)

where seq denotes the sequence number of the lane entering the intersection and {vlm}Nvl
m=1

is a set of virtual lanes.

2.2.4. Virtual Lane Layer

One virtual lane vl can be denoted as

vl = (l f , lr, Pvl) (12)

where l f , lr represent the lanes entering or exiting the intersection.

2.2.5. Virtual Point Layer

Pvl in (12) represents the control points approximating the possible turning trajectory
of a vehicle traveling from lane l f to lr. Each point pvl in Pvl can be expressed as

pvl = (n, x, y, z) (13)

where n is the serial number of pvl on the entire virtual lane and x, y, z indicate the X, Y,
and Z coordinates in the ENU coordinate system.

An intersection shown in Figure 3 illustrates the model in the intersection area. The
figure depicts an intersection where four roads join. Each road has two lane groups
represented by broad arrows on both sides of the road centerline, the direction of which
indicates the lane group’s driving direction. Each lane group has only one lane section
containing three lanes. The virtual roads with Road 3 as the entrance road are displayed.
Only one lane entering the intersection is linked with vr1, vr2, or vr3, so there is only one
virtual lane group for them. vr4, connecting Road 3 with Road 2, has two entering lanes;
namely, it has two virtual lane groups. The first virtual lane group vlg1 links with the
middle lane of the lane section on Road 3. The second virtual lane group vlg2 merges with
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the rightmost lane in Road 3: vl1, vl2, and vl3, marked in Figure 3, are three virtual lanes
in vlg2.
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2.3. Comparison with Other Map Models

In light of the preceding, the designed road area accounts for lane groups with different
driving directions. The lane group considers different lane sections to represent changes
in the lane number on real roads, and the change in lane type can be reflected in attribute
control points. The designed intersection area contains virtual roads consisting of virtual
lane groups with many virtual lanes, hierarchically representing the connections within
the intersection. Therefore, the model can express multiple road network structures. The
proposed model’s differences and advantages compared to the existing models are shown
in Table 1.

Table 1. Comparison of the proposed model with other map models.

Existing Map Models The Proposed Model (Referred to Here as A)’s Differences and Advantages
Compared to Those of the Existing Model (Referred to Here as B)

RNDF A can express possible changes in the number of lanes on one road, but B cannot.

The model proposed by Bétaille et al. [12] A contains the intersection model, but B ignores it, which is a basic requirement for
lane-level route planning.

The model proposed by Jiang K et al. [3] A can express possible changes in the number of lanes on one road, but B cannot.

OpenDRIVE
Compared with B, A defines lane groups and the point layer in the road area. In

addition, the designed intersection area contains five sub-layers that hierarchically
represent the connections within the intersection.

3. Lane-Level Route Planning

This section proposes an accelerated and refined lane-level route-planning method
based on the established road network model. First, a multi-level route-planning algorithm
is proposed and implemented in turn at the road, lane group, lane section, and lane level;
the number of nodes and edges traversed can be decreased significantly to enhance routing
efficiency. Then, at the lane level, an optimal lane determination algorithm considering
traffic rules, vehicle characteristics, and optimization goals is designed to find the optimal
lanes on roads with different configurations, including those with a constant or variable
number of lanes. The route-planning method at each level is discussed in detail.
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3.1. Route Planning at the Road Level

Route planning at the road level is based on the road layer and the virtual road layer,
generating a feasible route with a road or an intersection as a unit. A road-level directed
graph GR can be expressed as follows:

GR = (VR, ER) (14)

where VR and ER are a set of nodes comprising the intersections and edges that include roads.
When the starting point O and end point D are given in GR, many existing graph

search algorithms, such as Dijkstra and A*, can be used at this level. Finally, the result VR
contains an intersection sequence to pass from the start to the end:

VR = (O, i1, . . . , ik, . . . , in, D) (15)

where ik is the kth intersection in the sequence and n is the number of intersections.
Then, the roads between the intersection sequence can be written as

ER = (r0, . . . , rk, . . . , rn) (16)

where r0 and rn are the roads where point O and point D are located, respectively, and rk is
the road between ik and ik+1.

3.2. Route Planning at the Lane Group Level

Route planning at the lane group level is based on the lane group layer and the virtual
lane group layer.

According to the attribute is_equal in (3), the road sequence in ER can be refined into a
result based on lane groups:

ELG = (lgO−1, . . . , lg(k−1)−k, . . . , lgn−D) (17)

where lgO−1 represents the lane group between the origin O and the first intersection, lgn−D
represents the lane group between the nth intersection and the destination D, lg(k−1)−k
indicates the lane group between the (k− 1)th intersection and the kth intersection, and
k = 2, 3, . . . , n.

According to (9) and (10), the intersection sequence in VR can be described based on
virtual lane groups:

VVLG = (VLG1, . . . , VLGk, . . . , VLGn) (18)

where VLGk indicates the set of virtual lane groups in the kth intersection, and k = 1, 2, . . . , n.
Figure 4 displays the route planning from the road level to the lane group level; the

black lines mark the planned route. Suppose the route-planning result at the road level is
the road and intersection sequence from rk to rk+3; at the lane group level, it can be refined
to the lane group sequence from lgk−(k+1) to lg(k+3)−(k+4).
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3.3. Route Planning at the Lane Section Level

Route planning at the lane section level uses the correspondence between the lane
group layer and the lane section layer. According to (3) and the route-planning result at the
lane group level, the lane sections in the lane group lg(k−1)−k can be written as

LS(k−1)−k = (ls1, . . . , lsk, . . . , lsn) (19)

where lsk is the kth lane section in lg(k−1)−k and n is the number of lane sections. ls1 connects
the previous intersection’s exit and lsn connects the entrance to the next intersection.

Then, the whole lane section sequence is

VLS = (LSO−1, . . . , LS(k−1)−k, . . . , LSn−D) (20)

where LSO−1 represents the lane sections between the origin O and the first intersection,
LSn−D represents the lane sections between the nth intersection and the destination D,
LS(k−1)−k indicates the lane sections between the (k− 1)th intersection and the kth inter-
section, and k = 2, 3, . . . , n.

3.4. Route Planning at the Lane Level

Route planning at the lane level aims to find the optimal lanes in a sequence of lane
sections in one lane group. Figure 5 displays route planning from the lane group level to
the lane section level, and then to the lane level. Taking the lane group lg(k+1)−(k+2) as an
example, it can be refined to the lane section sequence from ls1 to ls2 at the lane section
level; at the lane level, the routing result is from l1 to l2. The route planning from the lane
section level to the lane level adopts the optimal lane determination algorithm illustrated
in Figure 6, which is designed as follows:
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Step i: Referring to the correspondence between the lane section layer and the lane
layer and the route-planning result at the lane section level, the lanes to be selected
are determined.

Step ii: According to the traffic rules indicated by (12), infeasible lanes are screened
out, and feasible lanes in both lsn in LS(k−1)−k entering iK and ls1 in LSk−(k+1) leaving iK
are determined. In other words, for each planned lane group, the lanes conforming to
traffic rules in the first and last lane sections are determined.

Step iii: Vehicle characteristics are considered for the elimination of unreasonable lanes
entering and leaving intersections. For example, a vehicle may not make a U-turn from
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the leftmost lane to the adjacent reverse lane considering the minimum turning radius of
the vehicle.

Step iv: After excluding lanes that do not meet traffic rules and vehicle turning
characteristics, a directed graph is constructed. The lane group displayed in Figure 7 is
taken as an example. Since the lane marking between every two adjacent lanes is dashed,
lane changes can occur between every two adjacent lanes. Figure 8 provides an abstraction
of the directed graph; nodes represent lanes, and edges represent the transitions between
every two lanes. Each node’s cost is the travel cost of driving along a single lane, and the
cost of each edge perpendicular to lanes, such as that between A and B, is the travel cost of
lane changing. These costs’ computing methods, which are not the focus of this study, refer
to the method in Ref. [3]. The cost of each edge parallel to lanes, such as that between A
and D, is zero.
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Step v: The lane change intervals can be obtained according to attribute control points
in the point layer. It is necessary to consider whether the lane change interval meets the
minimum allowable length in combination with vehicle characteristic constraints. For
example, if the lane change interval on the right lane marking of lane A is not enough for
lane changing, the edge between A and B is eliminated.

Step vi: According to the predetermined first lane in ls1 and last lane in lsn in Step
ii and Step iii and the constructed directed graph in Step iv and Step v, a graph search
algorithm, such as Dijkstra or A*, is implemented.

Step vii: The result in Step vi needs to be examined because the route can be extended
at the last lane section, and the extended route could not be searched by Step vi. For
example, if the result is route A-B-E-I, the route can be extended to route A-B-E-I-H-I, which
means changing lanes from I to H, and then back to I in the last lane section. The costs of
driving along lane I and driving from lane I to lane H and then back to I are compared. If
the cost of the extended route is lower than that of the original route, the extended route
replaces the result.

Step viii: After Step i–vii, the optimal lanes in each lane group are determined. The
optimal lane sequence in lg(k−1)−k can be expressed as follows:

L(k−1)−k = (l1, . . . , lk, . . . , ln) (21)

where lk is the kth lane in order and n is the number of lanes.
Step ix: The whole lane-level route can be obtained as

VL = (LO−1, . . . , L(k−1)−k, . . . , Ln−D) (22)

where LO−1 represents the lane sequence between the origin O and the first intersection,
Ln−D is the lane sequence between in and the destination D, L(k−1)−k indicates the lane
sequence between ik−1 and ik, and k = 2, 3, . . . , n.

4. Results and Discussion

A road network was first constructed to verify the lane-level routing algorithm using
RoadRunner [33]. This interactive editor allows us to design 3D scenes for simulating and
testing automated driving systems. Then, the OpenDrive file exported from RoadRunner
was imported into SCANeR studio [34] to build an ultra-realistic virtual driving scene.
SCANeR studio is a comprehensive software suite dedicated to automotive and transport
simulation that provides all the tools and models necessary to create an ultra-realistic
virtual world.
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Figure 9 displays a constructed road network consisting of 16 intersections and
24 roads. All roads were bidirectional and comprised two lane groups; each lane group
had one lane section containing three lanes. A green circle shows the host vehicle in the
simulation. All of the road network parameters are given in Table 2. A partially enlarged
intersection and corresponding virtual lanes in the intersection are displayed in Figure 10.
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Figure 9. The road network and the corresponding driving scene. (a) The road network constructed
by RoadRunner. (b) The driving scene created using SCANeR studio.

Table 2. Road network parameter settings.

Parameter Value

The number of lanes in one lane section 3
The number of lane sections in one lane group 1

The number of lane groups in one road 2
Lane width 3.5 m

Intersection width 24 m
The average speed of each road: vroad (km/h) Randomly chosen from {80, 60, 40}
The average speed of each lane: vlane (km/h) Inner: vroad + 20; middle: vroad; outer: vroad − 20

The traffic rules designed for the lanes Inner: left; middle: forward;
outer: right
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Figure 11 presents an abstraction of the simulated road network and the planned route
from A to B. There are 16 vertices representing intersections and 24 edges representing
roads. The average road speed is marked next to the road edge. The value on the coordinate
axis shows the length of each edge. Taking the shortest total time as the goal, the route
from vertex A on the lower left to vertex B on the upper right was planned using the
algorithm proposed, and the red lines indicate the planned route. The average speed of the
roads through the planned route is high, and the route meets the shortest time goal at the
road level. The circles on the right side depict the lane-level details inside the indicated
junctions: four roads enter the junction; the arrows represent the lanes’ driving directions,
the dotted lines represent the roads’ centerlines, and the red lines show the planned route
in the junction.
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Figure 11. Abstraction of the simulated road network. The red lines show the planned route. A and
B are the start and end of the route.

Two junctions are chosen to illustrate the lane-level routing results. At Junction 1, since
a vehicle on the road left of the intersection must turn left when entering the intersection, it
will travel in the inner lane, which meets the traffic regulations; on the other hand, after
leaving the intersection, the inner lane with a high average speed is chosen, which satisfies
the goal of achieving the shortest travel time. Similarly, at Junction 2, the vehicle will
travel straight from the middle lane to the inner lane. This result reveals that the proposed
algorithm based on the map model successfully chose the correct lanes on roads with a
constant number of lanes to meet both the traffic rules and the routing goal; namely, the
algorithm can find the optimal lane-level route in a road network.

Another test is shown in Figure 12, where the route from lane C to lane D is planned.
To illustrate the main route-planning problem in this paper, it is assumed that the minimum
turning radius, which can be estimated according to vehicle characteristics, is 8 m. The
planned route can be obtained using the method in Ref. [3], and this study, it is represented
by the green or red lines. We can see that the route planned by Ref. [3] goes from lane C to
lane D directly; however, the minimum turning radius is larger than the two-lane width,
such that the vehicle cannot directly U-turn from C to D; hence, the result is not feasible. In
contrast, the route developed using the method in this study first includes a U-turn from
C to E and then involves a change of lanes from E to D; although this route has a higher
cost, it fits the vehicle turning characteristics. Therefore, the algorithm in this study can
obtain a reasonable route considering vehicle turning characteristics, meeting the needs of
practical applications.
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Figure 12. The constructed road network includes four roads and an intersection. Each road has six
lanes, each with a width of 3.5 m. The lanes on the left road are represented by A–F. The average
speed on all six lanes is set to be the same. Lane A, B, and C enter the intersection, and Lane D, E,
and F exit. The traffic rules on Lane C allow for left turns and U-turns. The lane-level route from
Lane C to Lane D is demonstrated. The green route is obtained using the method in Ref. [3].

Another road network, displayed in Figure 13, was constructed to verify the optimal
lane determination algorithm at the lane level. The minimum length for lane changing,
considering vehicle characteristics, was set to 10 m, so the interval CD was not available for
a lane change; the interval AB and EF were allowed. The traffic rules designed on Lane 3–5
entering the intersection were left turn, forward and right turn, and forward and right turn,
respectively. The average speeds in Lane 1–5 were 50 km/h, 30 km/h, 30 km/h, 60 km/h,
and 30 km/h, respectively.
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Figure 13. The road had two lane sections, ls1 and ls2, containing two and three lanes numbered
from 1 to 5. A–F are attribute control points stored in the point layer, and the dotted line between the
two points indicates that lane changes are allowed.

First, the lanes to be selected were determined according to Steps i–iii of the optimal
lane determination algorithm at the lane level; the lanes chosen from ls1 were Lane 1
and Lane 2, and the lanes chosen from ls2 were Lane 4 and Lane 5. In contrast, Lane 3
was excluded due to the traffic rule. According to Steps iv–v, the directed graph was
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created as shown in Figure 14. Figure 15 illustrates all possible routes. After Step vi,
Route 1 (Lane 1–Lane 4) in Figure 15a was chosen. Then, according to Step vii, Route 2
(Lane 1–Lane 4–Lane 3–Lane 4) in Figure 15a, which was the extended route of Route 1, was
compared with Route 1. Finally, Route 1, with a lower cost than Route 2, was chosen as the
optimal lane-level route. At the same time, the costs of all possible routes were calculated.
By comparison, the cost of Route 1 was the lowest, which verified the correctness of the
optimal lane determination algorithm.
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Figure 15. (a). Three possible routes with Lane 1 as the start lane. (b). Three possible routes with
Lane 2 as the start lane.

This test demonstrates that the optimal lane determination algorithm could find the
optimal lanes while satisfying traffic rules and vehicle characteristics on roads with a
variable number of lanes. In contrast, the algorithm in Ref. [3] subdivides the road into a
constant number of lanes and lacks the adaptability to this road structure; however, this
road structure may result in the creation of an increased number of possible routes that
need to be considered before one is chosen.

Whether the road has a constant or variable number of lanes, the directed graph can be
constructed at the lane level. For example, if the lane number is constant at three, a simple
directed graph consisting of three vertices and two edges can be constructed; if the road
has a variable number of lanes, a more complex directed graph can be constructed. Then,
the existing graph search algorithm can be applied to find the optimal route. The algorithm
in Ref. [3] did not consider the lane sections as defined in this study, it could not adapt
to the changing internal structure of the road. In addition, the lane change intervals are
not considered in Ref. [3], meaning that the produced route may not be feasible. The tests,
which assign different average speeds to different road and lanes, are mainly conducted to
verify that the proposed algorithm can adapt to road networks with different structures
while meeting the traffic rules and vehicle characteristics. In addition, the goal for the
shortest time is satisfied under relative static conditions. The variable traffic conditions,
which may influence the edges’ costs, are not considered here; however, some existing
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algorithms considering the real-time traffic conditions can be applied at the road level
and lane level and improve the practicability in the actual traffic conditions, which needs
further research in the future.

From the previous section, it can be inferred that the suggested route-planning algo-
rithm can determine the optimal lanes on roads with different configurations, including
those with a constant or variable number of lanes, while satisfying the need for the shortest
time, as well as the requirements for traffic regulations and vehicle characteristics, which
allows the planned route to match the actual vehicle navigation needs.

Next, the increasingly intricate road networks depicted in Figure 16 were built to assess
the algorithm’s efficiency improvement in road networks of different sizes. To confirm the
improved efficiency of our proposed algorithm, we compared the routing time of different
routing algorithms, including direct lane-level route planning using the existing graph
search algorithm, the route-planning method proposed in Ref. [3] and the route-planning
algorithm proposed in this study, in the road networks detailed in Figures 9 and 16.
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Figure 16. Two road networks were constructed, and the length of each road was randomly set. (a) A
road network containing 6 roads in horizontal and vertical directions. (b) A road network containing
21 roads in horizontal and vertical directions.

Direct lane-level route planning searches the lane-level route directly on the road
network. Figure 17 illustrates a road network comprising one road and an intersection.
Following the directed graph abstraction of the road network (Figure 18), the direct routing
can perform the existing graph search algorithm to search the lane-level route.
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We implemented the algorithms in C++, maintaining consistency in the hardware
setup and data structure and varying the algorithms themselves. To verify the improvement
in efficiency in the proposed algorithm over the existing graph search algorithm, the A*
algorithm was taken as an example. Table 3 compares different routing methods, and the
time saved is relative to the time spent using direct route planning based on A*. Both the
algorithm in this study and the process in Ref. [3] can improve the efficiency compared
with direct route planning; however, the algorithm in this study has higher efficiency for
both small or large networks, and the improvement in efficiency becomes more remarkable
as the scale of the road network grows.

Table 3. Time costs of different routing methods in three simulated road networks with differ-
ent scales.

Number of Lanes Routing Method Time (µs) Time Saved (%)

288
Direct lane-level route planning 61

Lane-level route planning proposed in Ref. [3] 38 37.7
Lane-level route planning in this study 20 67.2

705
Direct lane-level route planning 383

Lane-level route planning proposed in Ref. [3] 77 79.9
Lane-level route planning in this study 35 90.1

10,088
Direct lane-level route planning 7832

Lane-level route planning proposed in Ref. [3] 535 93.2
Lane-level route planning in this study 304 96.1

In this test, the A* algorithm was utilized at the road level in the proposed algorithm,
which is consistent with Ref. [3], so the efficiency difference between this study and Ref. [3]
is brought about by different hierarchical structures. The proposed algorithm directly
eliminates the candidate lanes with different directions through the defined lane groups,
which further reduces the search space compared to the method described in Ref. [3], which
direct maps from roads to lanes, and thus speeds up the search speed. This proposed
method is generally applicable to various road networks and can effectively reduce the
search space of various algorithms, so the algorithm proposed in this paper can effectively
improve the efficiency of existing algorithms when used for lane-level route planning.
Although the test did not consider the changing traffic, which mainly affects the edges’
cost, the search space can also be reduced by the proposed algorithm in real-time changing
traffic conditions, so it can be inferred that the existing algorithms’ efficiency can also be
improved in dynamic traffic conditions. In conclusion, this simulation test validated the
proposed method as having better efficiency in supporting lane-level navigation than the
direct and past hierarchical routing methods.
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The test was also conducted on the physical road network at Changchun, China, to
validate the effectiveness of route-planning algorithm. High-precision point cloud maps
were initially retrieved using the probe vehicle presented in Figure 19. Since LiDAR delivers
a high-resolution 360-degree environment, the entire road geometry can be captured. Based
on the results of the collected LiDAR data, a high-precision point cloud map of the test site
was built first, as shown in Figure 20a, and then a lane-level electronic map was established,
as shown in Figure 20b.
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Figure 20. (a) Point cloud map of the test site at Changchun, China. (b) Lane-level electronic map of
the test site at Changchun, China.

The red lines in Figure 21 demonstrate the routing outcome. It is clear that the
proposed method picked the correct lanes to arrive at the destination, demonstrating that
the method can obtain reasonable routes on the physical road network. Table 4 illustrates
the time costs of the Apollo routing method [35] and the proposed algorithm. We can
see that the proposed algorithm improved routing efficiency by 78.0% compared with the
Apollo method, so the proposed algorithm can better meet the real-time requirements of
autonomous driving.

Table 4. Time costs of different routing methods in a real road network.

Number of Lanes Routing Method Time (µs) Time Saved (%)

323
Routing algorithm of Apollo 132

Routing algorithm in this study 29 78.0
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Figure 21. The blue lines represent the lane centerlines in the map demonstrated in Figure 20, and
the red lines highlight the planned route.

5. Conclusions

In this study, which was aimed at providing better support for navigation systems
in autonomous vehicles, an efficient lane-level route-planning algorithm based on a new
lane-level road network model is proposed, which is manifested in the following aspects:

1. A new road network model for lane-level route planning is proposed. The whole
model is divided into the road area and the intersection area, containing five sub-
layers, refining the structures of real roads and intersections. On the one hand,
this multi-sub-layer modeling can express variations in the road network structure;
on the other hand, it facilitates the proposed multi-layer route-planning algorithm,
improving the overall routing efficiency.

2. Based on the proposed road network model, an accelerated and refined lane-level
route-planning method is proposed. First, a multi-layer route-planning algorithm is
designed to plan sequentially at the road level, lane group level, lane section level,
and lane level, resulting in remarkable improvements in routing efficiency, especially
in large-scale road networks. Then, an optimal lane determination algorithm is
developed at the lane level to find the optimal lanes while satisfying traffic rules and
vehicle characteristics. The entire route-planning method can be seen as a framework
compatible with existing algorithms, which means the existing graph search methods
can be applied at the road and lane level to take advantage of the progress of existing
research, and the routing efficiency can be dramatically improved compared to that of
direct route planning using the graph search methods at the lane level. In addition, the
proposed algorithm can better adapt to the changing road network structure and yield
optimal lanes on roads with different configurations, including those with a constant
or variable number of lanes. Tests were performed on simulated road networks and an
actual road network. The results demonstrate the effectiveness, broader adaptability,
and higher efficiency of the proposed algorithm compared with direct route planning,
past hierarchical route planning, and the Apollo route-planning method. In particular,
the efficiency can be improved by up to 96.1% compared with direct route planning
using the graph search methods at the lane level. This study is complementary to
existing studies and better supports autonomous vehicle navigation.

This proposed algorithm can effectively improve the efficiency of existing algorithms
when used for lane-level route planning by reducing the search space. However, it is
more theoretical than practical due to the lack of consideration of the influence of real
driving conditions. Although it can be inferred that the search space can also be reduced
by the proposed algorithm in real-time changing traffic conditions, to increase the utility of
the method in practical navigation applications, further research will consider the traffic
conditions, weather, and other factors that influence the actual travel costs in order to
obtain the optimal route in practice. At the same time, considering these factors increases
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the complexity of routing, and a balance between routing complexity and efficiency will be
considered in the future.
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