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Abstract

As autonomous driving integrates with every day traffic, early adopters are initially skep-
tical and designers are overly cautious. With safety as the top priority, current systems are
sometimes too slow at executing maneuvers. Scenarios such as switching into a crowded
lane or waiting for a left turn can result in the autonomous system to wait much longer
than a human driver would. This behavior can be frustrating for passengers and confus-
ing for other drivers around. Acceptable driving style also depends on other context like
location and culture. A driver may be more forceful in a densely populated city compared
to a calmer driver from the suburbs.

This thesis explores the unsignalized pedestrian crosswalk scenario and methods that
balance safety, assertiveness, caution, and obstruction of traffic flow when interacting with
pedestrians. A configurable driving policy for the Autonomoose! system is introduced
with results. The work adopts the lanelet [5] mapping format and introduces a method
of mapping and representing the crosswalk regulation. The main contribution of the work
is a tunable algorithmic approach for progressing through unsignalized crosswalks that
exemplifies both conservative and assertive driving behavior.

The algorithm described in this work is one of possibly infinitely many methods for
handling unsignalized crosswalks. Reinforcement learning based solutions and other hand
crafted algorithms can benefit from using the work proposed as a point of comparison.
General concepts proposed in the algorithm may inspire more robust algorithms in future
development.

1Self driving research platform at the University of Waterloo https://www.autonomoose.net/
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Chapter 1

Introduction

Autonomous robotics have proved to be successful in smaller scoped, specialized, and niche
applications. Robots are conventionally designed to perform a limited set of tasks extremely
well, repeatedly over an extended period of time. One of the challenges of extending the
capabilities of a specialized robot to handle more complex tasks like driving a car is the vast
expansion of scope that it would have to consider and overcome. The possible scenarios
an autonomous vehicle can encounter is limited by the imagination. Attempts at creating
intelligent robots throughout history have failed to match the performance and intelligence

of humans. Recent advances in machine learning [1] and continued innovation in computer
hardware have opened up the oodgates of autonomous driving research. Particularly,
machine learning demonstrations have proved to be successful in areas such as perception
and decision making. These demonstrations impart con dence in researchers and inspire
funding toward further research e orts.

Safety and ethics have always been discussed around the topic of robotics and inter-
action with humans. It is especially important with autonomous cars due to the close
proximity of passenger and machine. Since so many people depend on reliable transporta-
tion on a daily basis, the impact of safety scales proportionately. As autonomous vehicle
technology matures, legislators are now examining more seriously the rules and regulations
around it and how it will impact our everyday lives. [4, 19, 56]. Society of Automotive
Engineers (SAE) have developed the 6 level system of automation for categorizing au-
tonomous driving systems. The J3016 standard levels of automation rst introduced in
2016 is constantly under revision as the autonomous driving industry evolves. As it cur-
rently stands, the 6 levels of automation are summarized in gure 1.1. In level 3, the person
sitting in front of the wheel must take control when the system requests. The autonomous
system described in this thesis most closely resembles level 3 autonomy.
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Figure 1.1: 6 levels of automation de ned by SAE

With safety as the top priority, current systems are sometimes too slow at executing
maneuvers. When attempting to switch lanes for example, an autonomous vehicle may
exhibit hesitation that confuses other drivers and slows trac. It can also cause the
failure of following predetermined routes causing delay for passengers. Interactions with
pedestrians at busy crosswalks can cause extended waiting and tra ¢ congestion. On the
contrary, other situations call for a more conservative driving style. Autonomous driving
systems may need to be more conservative with passengers that are inexperienced to gain
their trust. Drivers can also be expected to be more cautious in school zones for example.

Following chapters touches on a couple of essential subsystems associated with ma-
neuvering around crosswalks, pedestrians, and general guidance created by the Ministry
of Transportation of Ontario (MTO). Speci cally, this thesis focuses on the mapping and
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behavior planning subsystems under the context of interaction with pedestrians at unsignal-
ized crosswalks. Following other vehicles when approaching a crosswalk and waiting behind
them are not included in the scope. In section 2, a general overview of an autonomous driv-
ing system colloquially referred to as thetack is presented. A more detailed introduction

to mapping explains how the road environment is represented in section 2.1.2. One of the
contributions in this section is a method of generating small scale lanelet maps. Closely
integrated with mapping is behavior planning and is introduced in sectio?. The stack

as a whole engages pedestrians and crosswalks in section 3. this section contains the main
contribution; the tunable driving policy for navigating through crosswalks. Simulation re-
sults based around Unreal Engine and real world data based testing is discussed in section

4.



Chapter 2

Background

2.1 Autonomous Stack

The autonomous stack refers to the architectural design of the system. Like in other
large hardware/software system, there are multiple viable options and selection of one is
usually associated with making trade o0 s. As more research e ort continues in autonomous
driving, a common pattern and general consensus on what de nes a conventional stack has
emerged [34, 30, 56]. Fundamentally, the stack must perceive its surroundings, understand
where it is located, and safely command the mechanical system to execute missions safely
and comfortably'. An example of a mission could be to take the passengers from A to B
without breaking any rules of the road, while minimizing distance travelled. The following
sections introduce the main subsystems of a stack as a precursor for handling crosswalks.

2.1.1 Perception and Tracking

The goal of perception and tracking is to gain an understanding of the immediate domain in
which the system operates. It attempts to identify and classify features of the environment
that are important for successfully executing missions. Some examples of features include
pedestrian location and velocity, cyclists, and other miscellaneous obstacles.

Methods of perception are varied with each having their own bene ts and disadvantages.
A Light Detection and Ranging (LIDAR) sensor for example has the ability to directly sense

Lcomfort is subjective



the location including distance of an obstacle in 3 dimensions. It also has the ability to
operate in any lighting condition. A limitation of LIDAR is the ability to perceive color.
Because of this, standard visible light spectrum cameras are complementary to LIDAR.
Other sensors include Radio Detection and Ranging (RADAR) and ultrasonic. Figure 2.1
below shows the coverage of the sensor suite including 8 cameras, 12 ultrasonic sensors for
detecting hard and soft obstacles, and a forward facing radar that enables Tesla's Autopilot.

Figure 2.1: Sensor coverage on a Tesla Model 3 [29]

Naturally, instantaneous detection is insu cient for the task of driving a car. It is criti-

cal to observe how features progress throughout time in order to make proactive decisions.
The tracking module processes detections and produces a pseudo-continuous temporal un-
derstanding of how features advance through time. For example in a scene of 2 pedestrians
walking, the tracking module repeatedly takes instantaneous detections of the pedestrians
and labels each one by a unique identi er. Their identi ers are locked on to each pedes-
trian throughout the sequence. The tracker may also provide secondary information such
as velocity or acceleration and prediction of future trajectory.

2.1.2 Mapping and Localization

The purpose of mapping is to consolidate relevant environment features into a format that
is readily consumable by the rest of the system. Where perception captures dynamic ele-
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ments, mapping aims to capture static elements that are unlikely to change over time. A
map may contain relevant details such as the location and category of road markings, loca-
tion of curbs, location of tra ¢ signs, and other regulatory elements [12]. Fundamentally,
mapping represents the world as a high de nition abstraction that only carries relevant
information. Depending on system architecture, the level of detail can vary. Typically,
global mapping aims to store information about traditionally statié road features. As

a result, the map is generally understood to be unchanging or at the very most, infre-
quently. Localization compares the immediate surrounding with features in the map to
probabilistically identify where the vehicle is. This form of localization depends on having
a preexisting map on which it can compare measurements.

Another form of mapping and localization is commonly known as Simultaneous Local-
ization and Mapping (SLAM) [8]. As the name suggests, this type does not necessarily
depend on a prepared map. It attempts to build a map of the environment as it explores
it for the rst time. This for example is analogous to a person nding his way through a
building that he has never been in before. The layout of the building is remembered so
that he knows when he has returned to an area already seen before. The level of planning
is local i.e. go straight as to not walk into a wall as opposed to a higher level planning
i.e. go upstairs to get to the lunchroom. Since SLAM is an online process, it consequently
maps dynamic features of the environment. For example, SLAM on an autonomous vehicle
would include location of tra c cones, temporary barriers, and other unexpected elements
that may a ect behavior planning.

The distinction made here is to clarify that the mapping discussed in later chapters
refer to the former global mapping rather than SLAM.

Lanelet Maps

Originally developed by Bender et al.[5] and further re ned [43], the lanelet structure

de nes an e cient human readable representation of the static environment. By design,
the format naturally allows for both geometrically and topologically accurate maps. Its
simplicity makes extensions easy and intuitive. Details can be customized for extraneous
scenarios. In chapter 3, the original lanelet format is extended to include crosswalks.
Processes developed for generating small-scale lanelet maps is discussed in further detail
in appendix A.

Lanelets have been proven in the autonomous driving domain, and the format was
the cornerstone of the Bertha drive [60] with over 100 kilometers, intersections with and
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without tra c lights, roundabouts, narrow sections, through 23 small villages and major
cities.

Nomenclature

Since the lanelet format was inspired partly by the osm format [23], there are some com-
monalities between the two. The atomic element of the lanelet format is a node. A node is
a single point that speci es a position in the world described by a latitude and longitude
coordinate. Additional properties can be tagged on a node to augment interpretation. Ele-
vation or altitude is an example of an additional property that is often tagged on nodes. A
node with elevation represents a position in 3 dimensions and therefore can be referenced
by multiple coordinate frames. More informed decisions can be made by knowing elevation.
For example, rising elevation along a route can be identi ed as a hill climb and driving
behavior can accommodate for the grade. An accurate acquisition of elevation is di cult
because GPS measurement is more suited for position along the earth's surface.

The lanelet map is represented in xml le format, and speci cally follows the osm data
format. An example of a node is shown in gure 2.2.

<node id="-1123941" |at="43.5014638934"' lon="-80.5366403762'>
<tag k='elevation' v='308.722194092' />
</node>

Figure 2.2: Node representation including elevation

Two ordered nodes de ne a line segment, which is referred to as the basic way. Ways
are line segments composed of two or more ordered nodes. The ordering of nodes is a
topological property and does not have any geometrical constraints. Because of this, ways
can cross itself; however, self crossing ways are uncommon for representing road structure.
Like nodes, additional properties can be tagged to ways if necessary. The maps used by
the autonomoose system do not rely on additional properties on ways. Figure 2.3 is an
example of a way in xml format. Since ways are de ned by individual nodes and are hence
piece wise linear, curvature is unde ned. A method for nding the closest distance of a
point to a way is introduced in the original lanelets publication. The approach interpolates
tangential vectors along a way to achieve a pseudo-tangent. The magnitude of this pseudo
tangent vector approximates the distance of a point to the way. It approximates the piece
wise linear way as a smooth continuous line and computes the shortest distance of a point
to that line. This can be used to determine for example the distance of the ego vehicle from
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the edge of the road and hence facilitate lane centering. For the purpose of lane centering,
autonomoose maps are augmented with explicitly de ned center ways for all drive lanes.

<way id='-1145270'>
<nd ref='-1123941' />
<nd ref='-1132261"' />
<nd ref='-1132263"' />
<nd ref='-1132265"' />
</way>

Figure 2.3: Way representation with reference to 4 nodes

The minimal lanelet is de ned by two ways, conventionally named ‘left' and 'right'.
Lanelets can represent a multitude of di erent road elements. The most primitive is its
use in representing drive lanes, although there is no restriction on how a lanelet can be
used. As long as a road element can be represented by 2 polyline boundaries, it can be
expressed as a lanelet. Examples of non drive lane lanelets include: bus stop areas, bike
lanes, and road dividers. The semantic identity of a lanelet depends on the properties that
are assigned to it. Lanelets can be as short as 1 meter or as long as many kilometers.
The length of a lanelet depends on the properties that apply to it. Properties applied to a
lanelet are constant and so a ect ego's behavior throughout its entire length. An example
of a property is the speed limit on drive lanes. When the speed limit changes, the lanelet
must end and another lanelet must begin to re ect the change in property.

Figure 2.4 illustrates a drive lane lanelet, which is a longitudinal section of a drive lane.
Driving direction is implied by the ordering of the nodes in the ways that are referenced by
a lanelet. Since two lanelets with opposite driving direction can share their left way, the
ordering of nodes in the shared left way is not used. This often appears when there exists
two drive lanes in opposite direction on a two lane road. Right side driving roads in North
America can reliably depend on the right side way node ordering for driving direction.

Connections e ectively build the road network by referencing drivable transitions from
one lanelet to another. Connections of a lanelet to another are represented as left, right,
next, and previous members of the given lanelet. These connections de ne purely topo-
logical relations and do not represent legal transitions. For example, 2 adjacent lanelets
of opposite direction can both refer to one another with left connection members. This
does not mean a vehicle can legally lane change from one to the other, but rather to in-
dicate that there is a lanelet present which is to its left. Lanelets may have multiple next
and previous connections for representing many paths a vehicle can take. At a four way

8



<relation id="-1145345">
<member type='way' ref='-1145270" role='"left' />
<member type='way' ref="-1145255"' role="right' />
<member type='way' ref='-1145290" role='center' />
<member type='relation' ref="-1145344" role='left' />
<member type='relation' ref='-1145357"' role='next' />
<member type='relation' ref='-1145358" role='next' />
<tag k='lane_type' v='driving' />
<tag k='left_marking' v="none' />
<tag k='name' v="-61099' />
<tag k='right_marking' v="none' />
<tag k='speed_limit' v="50" />
<tag k="type' v="lanelet' />

</relation>

Figure 2.4: Complete lanelet representation

stop sign intersection for example, a lanelet entering the intersection can have three next
lanelets: one for going straight, one for left turn, and one for right turn. Figure 2.5 shows

an example of such a lanelet in the JOSM editor. The main lanelet is highlighted in red

and the connecting lanelets are highlighted in purple. In this case, there are two next
lanelets, one for straight and one for right turn.

Some road rules can be embedded in lanelets through property tags, but more elaborate
rules require additional elements. Regulatory elements are di erent from lanelets in that
they do not follow the conventional referencing of a left and right way. These elements are
applied to lanelets through the use of member tags in the a ected lanelet. A single lanelet
can refer to multiple regulatory elements. An example of a road rule that is expressed by
a regulatory element is a stop sign. The regulatory element is de ned by a type as well
as additional entities that determine where or when it is relevant. A node and a way that
indicates the position of the stop sign as well as the position of the stop line, respectively,
are used to represent a single stop regulation. Figure 2.6 is an example of a stop sign
regulatory de nition.

Additional regulatory elements such as pedestrian crosswalks, tra c lights, and speed
bumps can be added to the lanelet map de nition simply by referring to them in the lanelet
on which it a ects. Section 3 goes over the pedestrian crossings regulatory element in detail
and how it is represented using the lanelet format.



Figure 2.5: Lanelet with connections shown in JOSM

Map Server ROS Node

The map server Robot Operating System (ROS) node is the main component responsi-
ble for providing the road network to other modules within the autonomous stack. The
responsibilities of the map server also include mission planning, and route generation. Ad-
ditionally the map server provides a service for querying the current lanelet that the vehicle
is located in.

As mentioned earlier, in section 2.1.3 mission planning is associated with higher level
route planning more similar than others to human level planning. Consequently, the mis-
sion plan is directly input from the user. The mission is speci ed in GPS Exchange Format
(GPX) format and contains an ordered list of nodes. These nodes represent goal points
and the order in how they should be reached. The nodes in the mission plan must be
within the boundary of a lanelet polygon in order to localize it within the map.

The complete lanelet map is another input to the map server and is parsed into semantic
elements. Next, left, right, and previous connection references in the map connect lanelets
into a graph that can be searched using common graph search algorithms. Dijkstra's
algorithm [15] is implemented to nd the shortest path from one goal point to the next.
Edges in the graph get their length directly from the length of the lanelet. This length can
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<relation id="-1145343" visible="true'>
<member type='node’ ref='-1130597' role="position’' />
<member type='way' ref='-1145323" role='stop_line' />
<tag k='regulation' v="stop' />
<tag k="type' v=regulatory element' />

</relation>

Figure 2.6: Stop sign xml representation

be augmented with additional information such as speed limit, or typical tra c congestion.
Graph search algorithms are frequently improving, with recent proposals include ALT*
[21], and REACH [22]. For the size and scope of the graphs that are used in this system,
Dijkstra's algorithm is su cient.

The global path is constructed by concatenating the center line points of lanelets found
by Dijkstra's algorithm. The global path contains points from the very rst lanelet to the
very last lanelet. A semi global path contains only the next points within a con gurable
distance from ego's position. The purpose of the semi-global path is to prevent the path
input to the motion/local planner from crossing itself. For example, if the global path
resembles a gure 8 loop, the path crosses itself in the middle. The semi-global path would
only make available enough points for motion planning but limited to prevent the path
from crossing itself. Figure 2.7 shows the di erence between global path and semi global
path.

2.1.3 Mission Planning, Routing, and Navigation

Mission planning generally operates at the level of human communication [42]. Mission
planning makes decisions at the highest level for example getting o at the next ramp on
a freeway or making a left turn at the next intersection. This means it is most suitable for
direct interaction with the passengers. Depending on system architecture mission planning
can be further divided into ner decisions at the lane level. Routing and navigation for
example makes more local decisions such as "merge into the left lane in the next 300
meters".
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(@) (b)

Figure 2.7: Comparison between global path (a) and semi global path (b) on a Colby Drive
lanelet map. Path is depicted as a green line.

2.1.4 Behavior Planning

Behavior planning receives information from the subsystems above and makes decisions
to execute the mission generated by the mission planner [42]. In the context of the ego
vehicle's local decision making, behavior planner outputs relatively higher level maneuvers
that are further interpreted to produce vehicle control. A loose analogy to manual driving
are decisions that a person would make when cruising down a freeway. Decisions such as
slow down to maintain distance from a leading vehicle or overtake leading vehicle because it
is too slow. The number of available maneuvers and their function are a design speci cation
but may include for example: stop, continue in current lane, left lane change, right lane
change, and follow leading vehicle. Behavior planning is one of the main subsystems related
to handling pedestrians at crosswalks.

Maneuvers instruct the local planner through a number of dierent ways. Behav-
ior planning consumes the abstract environment around ego represented by the map and
dynamic objects provided by the tracking system. These features are summarized and
converted into a format containing a set of predicates further abstracting the environment.
Predicates are then processed through a set of rules in a system known as the rule en-
gine and returns a maneuver depending on the rules that are satis ed by the predicates
it receives. Decisions provided by the rule engine are further packaged with auxiliary in-
formation to nally produce one of many maneuvers available by the behavior planner.
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Complete documentation of the rule engine for behavior planning is available at [7].

Maneuvers

1.

Track Speed This maneuver is the most common as it is what instructs the motion

planner to drive toward the goal. This behavior provides a target speed to track,

generally the speed limit of the road. Since this behavior is not concerned with other
road users or the state of the road, it is least constrained and is of lowest priority.

. Decelerate to stop This maneuver is intended for purposes of non urgent stopping.

An example of when it might be used is gradual stopping for a stop sign. This
behavior is packaged with a stopping point where ego vehicle's speed should be 0
once it reaches the point.

Stop: This maneuver is intended to keep the vehicle stationary once it has stopped
moving. The implicit stopping point packaged with this maneuver is the current
location of the vehicle.

Yield: This maneuver is intended for scenarios where the ego vehicle does not have
the right of way. An example of where this might occur is at stop sign intersections.
This maneuver is packaged with a list of dynamic objects that ego should yield to.
Packaging dynamic objects help during debugging to explain why the system decided
to stop.

Parked vehicle avoid This maneuver is intended to overtake vehicles that are parked
by the side of the road blocking the ego vehicle's path. The message is associated
with a list of vehicles that are marked as parked.

Lead vehicle follow This maneuver is intended for following a vehicle that is directly
in front of ego. It di ers from track speed in that it must also consider the distance
from the lead vehicle as well as the speed limit.

. Emergency stop This maneuver is designed to represent edge cases where the state

of predicates are foreign in the rule engine's predicate domain. An example of a
predicate state that may trigger this maneuver is when a pedestrian is not localized.
Consequently, the rule engine does not know where the pedestrian is so decisions
cannot be safely made.
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Rules

The rule engine is a system based around a collection of rules that evaluate its input
predicates independently and collectively vote for a nal output maneuver. Its architecture

is based o the lambda architecture [39]. Approximately 150 rules map abstract states to
maneuvers together forming expectations, constraints, and overall decision making. Below
are 2 examples that demonstrate how rules operate on predicates provided by behavior
planning.

Figure 2.8 is an example of one of the rules designed for managing 4-way stop sign
intersections. The rule is de ned by an identi er, a target maneuver, a description, and
the qualifying state of predicates that triggers the rule. One of the predicates included
indicates approaching an intersection. The approaching predicate is further discussed with
respect to crosswalks in section 3.2.1 and 3.2.1. Another predicate under the travel group
indicates the a ecting regulation is a stop sign. The rule translates to: under the condition
that ego is approaching an intersection and is a ected by a stop sign, the target maneuver
voted for by this rule is decelerate to halt. If the decelerate to halt maneuver is selected
resulting from this rule's vote, the maneuver is packaged with additional details. The
decelerate to halt maneuver is packaged with a stopping point as mentioned in section
2.1.4.

Figure 2.8: Simplest rule handling stop sign regulation at an intersection
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Figure 2.9 is one of many rules regarding model integrity. This rule excludes the pos-
sibility of more than 1 dynamic object (vehicle/pedestrian) marked as the leading object.
It is certainly possible in the real world to see 2 vehicles driving side by side in the same
lane if it is wide enough however this rule explicitly limits the system and does not handle
that scenario. Anything that exceeds the expectations of the rule engine may be a source
of a bug or unexpected behavior.

Figure 2.9: An example model integrity rule

With around 150 rules voting for output maneuvers, the rule engine decides on the
nal output by look-up in a precedence table where the maneuvers are ordered based on
urgency. Maneuvers of higher urgency are chosen over ones of lower urgency regardless of
the number of votes. A single vote for a more urgent maneuver such as emergency stop is
selected over many votes for a less urgent one like track speed. If RMI1 in gure 2.9 and
RIS3 in gure 2.8 are both triggered, emergency stop is ultimately the output maneuver
because emergency stop has higher precedence over decelerate to halt. The ordering of
maneuvers is listed below from highest precedence rst to least:
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1. Emergency stop
Stop

Yield

Decelerate to halt
Overtake vehicle

Follow leader

N o M w D

Track speed

2.1.5 Motion / Local Planning

Motion planning refers to the lowest level software control in the conventional autonomous
stack [42]. We do not consider the vehicle's internal control systems interconnected by the
LIN or CAN bus to be apart of the autonomous stack since they preexist the autonomous
vehicle era and is present regardless of whether or not the vehicle is autonomous.

Local planning aims to execute maneuvers dictated by behavior planning. It converts
high level command to low level command by controlling steering and acceleration. This
is usually where non-holonomic constraints and kinematic models are used to generate
feasible paths that can be physically executed. Passenger comfort can be incorporated at
this level as constraints and requirements such as: maximum lateral acceleration, maximum
or nominal longitudinal acceleration, collision avoidance, safety, and comfort to name a
few.
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Chapter 3

Mapping and Behavior Planning for
Pedestrian Crosswalks

A crosswalk in the context of this thesis is de ned as a cross sectional area of the drivable
lanes that are clearly marked for pedestrians to cross from one side of the road to the
other. In general, crosswalks may be supported by overhead lights which may be activated
by pedestrians. These crosswalks are out of the scope of this discussion because the current
system does not rely on perceiving ashing signal lights. The MTO identi es a crosswalk

by pedestrian crossing signs, pavement markings, and lights. Figure 3.1 show the 4 types
of pedestrian crossovers present in Ontario. Only the upper right crosswalk con guration

is considered as the other three have some form of light signal.

The majority of interaction the autonomous vehicle faces at crosswalks involve pedes-
trians. There is always the possibility in any case of encountering other road users such
as following other vehicles, cyclists, and pedestrians on scooters or skateboards. Although
the current state of the rule engine is capable of vehicle following, interaction with pedes-
trians is the main topic with vehicle following as a minor extension. Additional variation
of crosswalks sometimes do not span across the entire width of the road. The crosswalks
considered in the following discussion refer to only those that span from one side of the
road to the other. The speci city of type of crosswalk that is handled is because it is the
only type of crosswalk that is present in the considered Operational Design Domain and
on Ring Road at the University of Waterloo. Absence of any light signalling also provides
pure pedestrian-driver interaction.

The expectation is that pedestrians within range of a crosswalk can choose to either
cross or not cross. Pedestrians that choose to cross the road are expected to use the nearest
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Figure 3.1: 4 Types of pedestrian crossovers in Ontario [41]

crosswalk instead of jaywalking. Jaywalking is loosely de ned as crossing the road farther

than approximately 1 meters from the edge of the marked boundary of a crosswalk. Some
uncommon but not impossible scenarios include sprinting across the crosswalk, pedestrian
stopping on the road while crossing, and pedestrian walking back and forth on the road

along the crosswalk. Scenarios are further discussed in section 4.

Jaywalking is similar to using a crosswalk in that pedestrians leave one side of the road
to get to the other however they are di erent with respect to the right of way. Pedestrians
have the right of way where pedestrians can be expected with higher likelihood of crossing
at crosswalks. With jaywalking on the other hand, the autonomous vehicle has the right
of way and follows a di erent driving policy because pedestrians are expected to wait at
the edge of the road. This chapter aims at handling common crosswalk scenarios while
considering the possibility of unlikely scenarios. Explicit jaywalking is not included in the
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scope of this thesis.

3.1 Map representation of crosswalks

Lanelets2 [43] brie y describe pedestrian crosswalks represented as lanelets elements with
a left and right way/linestring without explicit example. This section introduces the cross-
walk designed as a regulatory element with supporting detail.

Crosswalks are represented in the lanelet map by a minimum number of elements, in-
cluding only those that are present on the road. Crosswalks contain 2 boundary edges that
outline the area of the road where pedestrians can cross as well as stop lines where the
vehicles should stop for pedestrians. Figure 3.2 and 3.3 shows the 4 ways that together
represent a crosswalk. In the lanelet map, crosswalks are regulatory elements that are
referenced by the lanelets they a ect. On Ring Road, a standalone crosswalk is referenced
by two lanelets, one in either direction because Ring Road is a 2 lane road. Since the
crosswalk regulatory element contains two stop lines, behavior planning is responsible for
identifying the relevant stop line a ecting ego. To account for pedestrians that walk near
the crosswalk but outside of its ground marking, crosswalk bounds are relaxed by approx-
imately 1 meter on both sides. Figure 3.2 shows 4 di erent lanelets that are separated by
the stop lines creating a staggered result.

Alternatively, it would be simpler for behavior planning to represent a crosswalk on Ring
Road with 2 separate regulatory elements, each one a ecting their own respective lanelet.
Using this representation, there would be a 1 to 1 relation between stop line and regulatory
element. This eliminates the burden on behavior planning to identify which stop line a ects
ego's current lanelet. The trade o between detail in the map and additional processing
in the behavior planner is between map complexity, and behavior planning complexity. A
single regulatory element per crosswalk is chosen because it maintains consistency between
the map and real world.

3.2 Behavior planning for Crosswalks

The main goal for navigating through crosswalks is to identify when an area is free for ego
to drive through. There are many possible strategies that accomplish the task, for instance,
waiting until the crosswalk is clear rst before proceeding. The selected approach is based
on windows of time; crossing only when ego's window of time does not overlap with any
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