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Already exist for complex tasks

Soccer Robots
Navigating the Desert

2007 DARPA Urban Challange (DARPA, 2007)

Do not need to sense traffic signals or signs
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Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Traffic and Automobile collisions are a significant cost to
society

Loss of life
Damaged property
Loss of time and productivity

Some statistics1 from USA
46 hours — annual time spent waiting in traffic per capita
(2004)
21.2 billion litres — fuel used per year by engines idling
US$63 billion — annual financial cost of traffic congestion
(2002)
US$230 billion — annual societal cost of traffic collisions
(2002)

1(Texas Transport Institute, 2004), (National Highway Traffic Safety
Administration, 2002)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Motivation for Automated Drivers

Automed Drivers have

much faster (near-instantaneous) reaction times
constant and attentive monitoring of all surrounding conditions
better judgement of distances/velocities
no fatigue, impatience, anger or drunkenness

Alcohol, speeding, running redlights are

the top three causes of fatal collisions
not present in correctly functioning automated drivers

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Requirements of an Automated Driver

Obey speed limit and other road rules

Detect and track pedestrians

Stay in the appropriate lane

Navigate to the destination

Park (parallel, perpendicular, angle, etc.)

Features already developed and deployed to production vehicles

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Requirements of an Automated Driver

Obey speed limit and other road rules

Detect and track pedestrians

Stay in the appropriate lane

Navigate to the destination

Park (parallel, perpendicular, angle, etc.)

Features already developed and deployed to production vehicles

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Requirements of an Automated Driver

Obey speed limit and other road rules

Detect and track pedestrians

Stay in the appropriate lane

Navigate to the destination

Park (parallel, perpendicular, angle, etc.)

Features already developed and deployed to production vehicles

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Requirements of an Automated Driver

Obey speed limit and other road rules

Detect and track pedestrians

Stay in the appropriate lane

Navigate to the destination

Park (parallel, perpendicular, angle, etc.)

Features already developed and deployed to production vehicles

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Requirements of an Automated Driver

Obey speed limit and other road rules

Detect and track pedestrians

Stay in the appropriate lane

Navigate to the destination

Park (parallel, perpendicular, angle, etc.)

Features already developed and deployed to production vehicles

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Requirements of an Automated Driver

Obey speed limit and other road rules

Detect and track pedestrians

Stay in the appropriate lane

Navigate to the destination

Park (parallel, perpendicular, angle, etc.)

Features already developed and deployed to production vehicles

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Requirements of an Automated Driver

Obey speed limit and other road rules

Detect and track pedestrians

Stay in the appropriate lane

Navigate to the destination

Park (parallel, perpendicular, angle, etc.)

Features already developed and deployed to production vehicles

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Intersection Management
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A new system can leverege the new or improved abilities of
automated drivers

Intersection Management — focus of this paper

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Intersection Management

On the open road, autonomous drivers have less of a
challenge

Simple, reactive behaviour — keep the vehicle in the lane,
maintain safe distances, avoid obstacles

If most drivers on the road are automated, current
intersection management systems are horribly inefficient

A new system can leverege the new or improved abilities of
automated drivers

Intersection Management — focus of this paper

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Intersection Management

On the open road, autonomous drivers have less of a
challenge

Simple, reactive behaviour — keep the vehicle in the lane,
maintain safe distances, avoid obstacles

If most drivers on the road are automated, current
intersection management systems are horribly inefficient

A new system can leverege the new or improved abilities of
automated drivers

Intersection Management — focus of this paper

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Intersection Management

On the open road, autonomous drivers have less of a
challenge

Simple, reactive behaviour — keep the vehicle in the lane,
maintain safe distances, avoid obstacles

If most drivers on the road are automated, current
intersection management systems are horribly inefficient

A new system can leverege the new or improved abilities of
automated drivers

Intersection Management — focus of this paper

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Intersection Management

On the open road, autonomous drivers have less of a
challenge

Simple, reactive behaviour — keep the vehicle in the lane,
maintain safe distances, avoid obstacles

If most drivers on the road are automated, current
intersection management systems are horribly inefficient

A new system can leverege the new or improved abilities of
automated drivers

Intersection Management — focus of this paper

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Background
Automated Drivers
Intersection Management

Intersection Management

On the open road, autonomous drivers have less of a
challenge

Simple, reactive behaviour — keep the vehicle in the lane,
maintain safe distances, avoid obstacles

If most drivers on the road are automated, current
intersection management systems are horribly inefficient

A new system can leverege the new or improved abilities of
automated drivers

Intersection Management — focus of this paper

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Intersections
Existing Systems
New Systems
Desiderata

Outline

1 Introduction

2 The Problem
Intersections
Existing Systems
New Systems
Desiderata

3 The Solution

4 Results

5 Summary & Conclusions

6 References Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Intersections
Existing Systems
New Systems
Desiderata

Intersections
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Collisions between vehicles moving in different directions often
lead to greater damage or injury
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Existing Systems

Coordinated by several factors
Laws
Signs & signalling systems
Small variations between provinces/states
Larger variations between countries

Safety buffers compensate for human limitations
Street signs are large, simple, brightly coloured (easy to see
and understand)
Periods where all traffic lights are red (slow rection time,
impatient drivers)
Following distances to allow for slow reaction times
Speed limits to ensure drivers have time to react

Fundamentally designed for human drivers — if all drivers are
automatic, mechanism is inefficient. It is working with agents
for which it wasn’t designed.
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Sophisticated, two-way communication is not feasible with
human drivers
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Single point of failure, with drastic consequences for failure
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Each car/driver is an agent

Self-interested – wants to minimise travel time, travel distance
and fuel consumption

Extensions

Heterogeneous – Mix of human and automated drivers.
Necessary for first-generation systems used during a cross-over
period
Give priority to emergency vehicles
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Figure 1: One of the driver agents attempts to make a reservation. The intersection man-
ager responds based on the decision of an intersection control policy.

the request, the intersection manager may respond with a counter-offer. The driver agent
may not pilot the vehicle into the intersection without a reservation. Even with a reserva-
tion, a driver agent may only proceed through the intersection according to the parameters
and restrictions associated with the reservation. For the sake of brevity, we may refer to
a vehicle having or obtaining a reservation, rather than specifically stating that the driver
agent of that vehicle has or obtains a reservation.

3. Building The System

This section describes the realization of the reservation idea as an implemented algorithm.
This process involved developing a simulator in which to run the algorithm, as well as
creating behaviors for each of the agents and a protocol by which they can communicate.

3.1 Custom Simulator

In order to empirically evaluate the reservation idea, we built a custom time-based simulator.
The simulator models an area that is 250 m × 250 m. The intersection is located at the
center of that area, and its size is determined by the number of lanes traveling in each
direction, which is variable. We assume throughout that vehicles drive on the right side
of the road, however this assumption is not required for the system to work properly.
Figure 2 shows a screenshot of the simulator’s graphical display. During each time step, the
simulator:

1. Probabilistically spawns new vehicles
2. Provides sensor input to all vehicles
3. Allows all driver agents to act
4. Updates the position of all vehicles according to the physical model
5. Removes any vehicles outside the simulated area that have completed their journey

3.1.1 Vehicles

Vehicles in the simulator have the following properties:

597

(Dresner and Stone, 2008)

Drivers make reservations with the intersection
Drivers call ahead to the intersection manager
Intersection decides if driver’s request can be met, according to
intersection policy
Intersection confirms the driver’s request, or rejects it (possibly
with counter offer)
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In order to empirically evaluate the reservation idea, we built a custom time-based simulator.
The simulator models an area that is 250 m × 250 m. The intersection is located at the
center of that area, and its size is determined by the number of lanes traveling in each
direction, which is variable. We assume throughout that vehicles drive on the right side
of the road, however this assumption is not required for the system to work properly.
Figure 2 shows a screenshot of the simulator’s graphical display. During each time step, the
simulator:

1. Probabilistically spawns new vehicles
2. Provides sensor input to all vehicles
3. Allows all driver agents to act
4. Updates the position of all vehicles according to the physical model
5. Removes any vehicles outside the simulated area that have completed their journey

3.1.1 Vehicles

Vehicles in the simulator have the following properties:
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Drivers make reservations with the intersection
Drivers call ahead to the intersection manager
Intersection decides if driver’s request can be met, according to
intersection policy
Intersection confirms the driver’s request, or rejects it (possibly
with counter offer)
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The World

Simulator used for cost and safety reasons

Four-way, multi-lane intersection (right-hand traffic simulated,
but not required)

Spawns vehicles according to defined probability distributions

Provides sensor inputs to vehicles

Retrieves actions from driver agents

Updates vehicle positions according to physical model

Removes vehicles that have left the simulated area

Records statistics
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Maximum vehicle-detection sensor range

Drivers can read sensors
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Vehicles within sensor range (laser range finder)
Simulator can add noise to sensors
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The Drivers

Drivers can control

Rate of change of steering angle (within bounds)
Acceleration/braking level

Can communicate with the intersection manager

Obey instructions of the intersection manager

Stay in lane and maintain safe distance

Maintain speed limit unless unsafe due to turning or other
vehicles

Change lanes if required for the intersection
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Communication

All information between agents and the intersection goes
through a single, monitorable channel

Limited number of message types

Drivers have REQUEST, CHANGE-REQUEST, CANCEL,
DONE
Intersection has CONFIRM, REJECT, ACKNOWLEDGE,
EMERGENCY-STOP

Communication method is identical for different intersections
from the perspective of the drivers

Intersection appears as a “black box”
Meets “protocol standardisation” requirement — agents don’t
need to know inner workings
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Intersection Policies

The “brains” of the systemA Multiagent Approach to Autonomous Intersection Management
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Control Policy

REJECT
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Figure 1: One of the driver agents attempts to make a reservation. The intersection man-
ager responds based on the decision of an intersection control policy.

the request, the intersection manager may respond with a counter-offer. The driver agent
may not pilot the vehicle into the intersection without a reservation. Even with a reserva-
tion, a driver agent may only proceed through the intersection according to the parameters
and restrictions associated with the reservation. For the sake of brevity, we may refer to
a vehicle having or obtaining a reservation, rather than specifically stating that the driver
agent of that vehicle has or obtains a reservation.

3. Building The System

This section describes the realization of the reservation idea as an implemented algorithm.
This process involved developing a simulator in which to run the algorithm, as well as
creating behaviors for each of the agents and a protocol by which they can communicate.

3.1 Custom Simulator

In order to empirically evaluate the reservation idea, we built a custom time-based simulator.
The simulator models an area that is 250 m × 250 m. The intersection is located at the
center of that area, and its size is determined by the number of lanes traveling in each
direction, which is variable. We assume throughout that vehicles drive on the right side
of the road, however this assumption is not required for the system to work properly.
Figure 2 shows a screenshot of the simulator’s graphical display. During each time step, the
simulator:

1. Probabilistically spawns new vehicles
2. Provides sensor input to all vehicles
3. Allows all driver agents to act
4. Updates the position of all vehicles according to the physical model
5. Removes any vehicles outside the simulated area that have completed their journey

3.1.1 Vehicles

Vehicles in the simulator have the following properties:
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The First Come First Served Policy

Intersection is divided into a grid of reservable tiles

Driver approaching intersection issues request

Intersection manager runs internal simulation of driver in
intersection

If car will occupy a reserved tile, then reject policy
Otherwise reserve appropriate tiles at appropriate times and
accept reservation.

Simple

Early trials led to modifications to improve safety, efficiency
and reliability.
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The First Come First Served Policy

Improvements:

Intersection determines the outbound lane

Put limits on acceleration in the intersection

Either maximum acceleration or no acceleration

No vehicle gets a reservation unless vehicle in front has one

Estimate position using vehicle’s reported velocity and ETA.
Maintain estimate of front-most vehicle in each lane with a
rejected request
Reject request if vehicle is behind this estimate
Otherwise, process normally. If rejected, update cut-off
distance, otherwise reset distance to infinity.
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Improvements:

Timeouts after rejected requests

Static & dynamic buffers around vehicles

Edge Tiles – Safety buffer for cars leaving intersectionA Multiagent Approach to Autonomous Intersection Management

B

A

(a) A turns right in front of
B.

B A

(b) B cannot stop in time.

AB

(c) B must slow down pre-
emptively.

Figure 6: Edge tiles prevent collisions after vehicles leave the intersection. In 6(a), vehicle
A turns in front of vehicle B, traveling slowly because it is making a right turn.
In 6(b), vehicle B gets through the intersection without incident, but finds that
once it leaves the intersection, it cannot stop before colliding with vehicle A. The
extra buffers on edge tiles, as shown in 6(c), prevent vehicle B from obtaining a
reservation which would cause it to exit the intersection too close to vehicle A.
The shaded tiles are edge tiles, while the darkly shaded tiles are the specific tiles
that would prevent the collision in 6(a) and 6(b).

A first-cut solution to this problem is simply to increase the time buffers on all reser-
vation tiles to the desired following interval. Thus, if vehicles require a following interval
of one second when exiting the intersection, then no vehicle will be able to reserve a tile
within one second of another vehicle. This ensures that vehicles leaving the intersection
in the same lane will not exit within one second of each other, and there will be a gap of
at least one second between the vehicles. Unfortunately, this wreaks havoc with FCFS’s
ability to conduct vehicles efficiently through the intersection. The “close calls” from which
the system gets its efficiency advantages will no longer be possible.

Instead, we divide the reservation tiles into two groups. Internal tiles are tiles that
are surrounded on all sides by other reservation tiles. Edge tiles, which are shown shaded
in Figure 6(c), are tiles that abut the intersection. At sufficiently high granularities, edge
tiles are a relatively small fraction of the total number of tiles. It is only on these tiles
that we increase the time buffer to the desired following interval. Because (at sufficiently
high granularities) only vehicles leaving by the same lane will require the same edge tiles,
this modification enforces the desired following intervals without otherwise preventing the
intersection from exploiting its ability to interleave vehicles closely.
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work in an emulation mode, imitating modern-day control mechanisms, such as the stop
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3.6.1 Using Existing Infrastructure

A reliable method of communicating with human drivers is a prerequisite for including
them in the system. The simplest and best solution is to use something human drivers
already know and understand — traffic lights. Traffic light infrastructure is already present
at many intersections and the engineering and manufacturing of traffic light systems is well
developed. For pedestrians and cyclists, standard “push-button” crossing signals can be
used that give enough time for a person to traverse the intersection. These can also serve
to alert the intersection to their presence.

3.6.2 Light Models

If real traffic lights are to be used to communicate to human drivers, they must be controlled
and understood by the intersection manager. Thus, we add a new component to each
intersection control policy, called a light model. The light model controls the physical lights
as well as providing information to the policy with which it can make decisions. In more
complicated scenarios, the light model can be modified by the control policy, for example,
in order to adapt to changing traffic conditions. The lights have the same semantics as
modern-day lights: red (do not enter), yellow (if possible, do not enter; light will soon be
red), and green (enter). Each control policy requires a light model so that human users
know what to do. For instance, the light model for FCFS keeps all the lights red at all
times, indicating to humans that it is never safe to enter. The Traffic-Light policy’s light
model, on the other hand, corresponds exactly to the light system the policy is emulating.
Here, we describe a few light models used in our experiments.

All-Lanes In this model, which is very similar to some current traffic light systems, each
direction in succession gets green lights in all lanes. Thus, all northbound traffic (turning
and going straight) has green lights while the eastbound, westbound, and southbound traffic
all have red lights. The green lights then cycle through the directions. As it is similar
to some current traffic lights, this light model is particularly well-suited to controlling
distributions of vehicles with significant contingents of human drivers. We demonstrate this
fact experimentally in Section 4.5. Figure 7 shows a graphical depiction of this light model.

Figure 7: The All-Lanes light model. Each direction gets all green lights in a cycle: north,
east, south, west. During each phase, the only available paths for autonomous
vehicles with red lights are right turns.

Single-Lane In the Single-Lane light model, the green light rotates through the lanes
one at a time instead of by direction. For example, the left turn lane of the northbound traffic
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would have a green light, while all other lanes would have a red light. Next, the straight
lane of the northbound traffic would have a green light, then the right turn. Next, the green
light would go through each lane of eastbound traffic, and so forth. A graphical description
of the model’s cycle can be seen in Figure 8. This light model does not work very well if
most of the vehicles are human-driven, but as we will show, is very useful for intersections
which control mostly autonomous vehicles but need also to handle an occasional human
driver.

Figure 8: The Single-Lane light model. Each individual lane gets a green light (left turn,
straight, then right turn), and this process is repeated for each direction. Note
how a smaller part of the intersection is used by human vehicles at any given
time. The rest of the intersection is available to autonomous vehicles.

3.6.3 The FCFS-Light Policy

In order to obtain some of the benefits of the FCFS policy while still accommodating human
drivers, a policy needs to do two things:

1. If a light is green, ensure that it is safe for any vehicle (autonomous or human-driven)
to drive through the intersection in the lane the light regulates.
2. Grant reservations to driver agents whenever possible. Autonomous vehicles can thus
move through red lights (whereas humans cannot), provided they have a reservation—
similar to a “right on red”, but extended much further to other safe situations.

The policy FCFS-Light, which does both of these, is described as follows:

• As with FCFS, the intersection is divided into a grid of n× n tiles.
• Upon receiving a request message, the policy uses the parameters in the message to

establish when the vehicle will arrive at the intersection.
• If the light controlling the lane in which the vehicle will arrive at the intersection will

be green at that time, the reservation is confirmed.
• If the light controlling the lane will be yellow, the reservation is rejected.
• If the light controlling the lane will be red, the journey of the vehicle is simulated as

in FCFS (Section 3.4).
• If throughout the simulation, no required tile is reserved by another vehicle or in use

by a lane with a green or yellow light, the policy reserves the tiles and confirms the
reservation. Otherwise, the request is rejected.
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would have a green light, while all other lanes would have a red light. Next, the straight
lane of the northbound traffic would have a green light, then the right turn. Next, the green
light would go through each lane of eastbound traffic, and so forth. A graphical description
of the model’s cycle can be seen in Figure 8. This light model does not work very well if
most of the vehicles are human-driven, but as we will show, is very useful for intersections
which control mostly autonomous vehicles but need also to handle an occasional human
driver.

Figure 8: The Single-Lane light model. Each individual lane gets a green light (left turn,
straight, then right turn), and this process is repeated for each direction. Note
how a smaller part of the intersection is used by human vehicles at any given
time. The rest of the intersection is available to autonomous vehicles.
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In order to obtain some of the benefits of the FCFS policy while still accommodating human
drivers, a policy needs to do two things:
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If real traffic lights are to be used to communicate to human drivers, they must be controlled
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intersection control policy, called a light model. The light model controls the physical lights
as well as providing information to the policy with which it can make decisions. In more
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to some current traffic lights, this light model is particularly well-suited to controlling
distributions of vehicles with significant contingents of human drivers. We demonstrate this
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Figure 7: The All-Lanes light model. Each direction gets all green lights in a cycle: north,
east, south, west. During each phase, the only available paths for autonomous
vehicles with red lights are right turns.

Single-Lane In the Single-Lane light model, the green light rotates through the lanes
one at a time instead of by direction. For example, the left turn lane of the northbound traffic
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would have a green light, while all other lanes would have a red light. Next, the straight
lane of the northbound traffic would have a green light, then the right turn. Next, the green
light would go through each lane of eastbound traffic, and so forth. A graphical description
of the model’s cycle can be seen in Figure 8. This light model does not work very well if
most of the vehicles are human-driven, but as we will show, is very useful for intersections
which control mostly autonomous vehicles but need also to handle an occasional human
driver.

Figure 8: The Single-Lane light model. Each individual lane gets a green light (left turn,
straight, then right turn), and this process is repeated for each direction. Note
how a smaller part of the intersection is used by human vehicles at any given
time. The rest of the intersection is available to autonomous vehicles.

3.6.3 The FCFS-Light Policy

In order to obtain some of the benefits of the FCFS policy while still accommodating human
drivers, a policy needs to do two things:

1. If a light is green, ensure that it is safe for any vehicle (autonomous or human-driven)
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would have a green light, while all other lanes would have a red light. Next, the straight
lane of the northbound traffic would have a green light, then the right turn. Next, the green
light would go through each lane of eastbound traffic, and so forth. A graphical description
of the model’s cycle can be seen in Figure 8. This light model does not work very well if
most of the vehicles are human-driven, but as we will show, is very useful for intersections
which control mostly autonomous vehicles but need also to handle an occasional human
driver.

Figure 8: The Single-Lane light model. Each individual lane gets a green light (left turn,
straight, then right turn), and this process is repeated for each direction. Note
how a smaller part of the intersection is used by human vehicles at any given
time. The rest of the intersection is available to autonomous vehicles.

3.6.3 The FCFS-Light Policy

In order to obtain some of the benefits of the FCFS policy while still accommodating human
drivers, a policy needs to do two things:

1. If a light is green, ensure that it is safe for any vehicle (autonomous or human-driven)
to drive through the intersection in the lane the light regulates.
2. Grant reservations to driver agents whenever possible. Autonomous vehicles can thus
move through red lights (whereas humans cannot), provided they have a reservation—
similar to a “right on red”, but extended much further to other safe situations.

The policy FCFS-Light, which does both of these, is described as follows:

• As with FCFS, the intersection is divided into a grid of n× n tiles.
• Upon receiving a request message, the policy uses the parameters in the message to

establish when the vehicle will arrive at the intersection.
• If the light controlling the lane in which the vehicle will arrive at the intersection will

be green at that time, the reservation is confirmed.
• If the light controlling the lane will be yellow, the reservation is rejected.
• If the light controlling the lane will be red, the journey of the vehicle is simulated as

in FCFS (Section 3.4).
• If throughout the simulation, no required tile is reserved by another vehicle or in use

by a lane with a green or yellow light, the policy reserves the tiles and confirms the
reservation. Otherwise, the request is rejected.
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3.6.1 Using Existing Infrastructure

A reliable method of communicating with human drivers is a prerequisite for including
them in the system. The simplest and best solution is to use something human drivers
already know and understand — traffic lights. Traffic light infrastructure is already present
at many intersections and the engineering and manufacturing of traffic light systems is well
developed. For pedestrians and cyclists, standard “push-button” crossing signals can be
used that give enough time for a person to traverse the intersection. These can also serve
to alert the intersection to their presence.

3.6.2 Light Models

If real traffic lights are to be used to communicate to human drivers, they must be controlled
and understood by the intersection manager. Thus, we add a new component to each
intersection control policy, called a light model. The light model controls the physical lights
as well as providing information to the policy with which it can make decisions. In more
complicated scenarios, the light model can be modified by the control policy, for example,
in order to adapt to changing traffic conditions. The lights have the same semantics as
modern-day lights: red (do not enter), yellow (if possible, do not enter; light will soon be
red), and green (enter). Each control policy requires a light model so that human users
know what to do. For instance, the light model for FCFS keeps all the lights red at all
times, indicating to humans that it is never safe to enter. The Traffic-Light policy’s light
model, on the other hand, corresponds exactly to the light system the policy is emulating.
Here, we describe a few light models used in our experiments.

All-Lanes In this model, which is very similar to some current traffic light systems, each
direction in succession gets green lights in all lanes. Thus, all northbound traffic (turning
and going straight) has green lights while the eastbound, westbound, and southbound traffic
all have red lights. The green lights then cycle through the directions. As it is similar
to some current traffic lights, this light model is particularly well-suited to controlling
distributions of vehicles with significant contingents of human drivers. We demonstrate this
fact experimentally in Section 4.5. Figure 7 shows a graphical depiction of this light model.

Figure 7: The All-Lanes light model. Each direction gets all green lights in a cycle: north,
east, south, west. During each phase, the only available paths for autonomous
vehicles with red lights are right turns.

Single-Lane In the Single-Lane light model, the green light rotates through the lanes
one at a time instead of by direction. For example, the left turn lane of the northbound traffic
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would have a green light, while all other lanes would have a red light. Next, the straight
lane of the northbound traffic would have a green light, then the right turn. Next, the green
light would go through each lane of eastbound traffic, and so forth. A graphical description
of the model’s cycle can be seen in Figure 8. This light model does not work very well if
most of the vehicles are human-driven, but as we will show, is very useful for intersections
which control mostly autonomous vehicles but need also to handle an occasional human
driver.

Figure 8: The Single-Lane light model. Each individual lane gets a green light (left turn,
straight, then right turn), and this process is repeated for each direction. Note
how a smaller part of the intersection is used by human vehicles at any given
time. The rest of the intersection is available to autonomous vehicles.

3.6.3 The FCFS-Light Policy

In order to obtain some of the benefits of the FCFS policy while still accommodating human
drivers, a policy needs to do two things:

1. If a light is green, ensure that it is safe for any vehicle (autonomous or human-driven)
to drive through the intersection in the lane the light regulates.
2. Grant reservations to driver agents whenever possible. Autonomous vehicles can thus
move through red lights (whereas humans cannot), provided they have a reservation—
similar to a “right on red”, but extended much further to other safe situations.

The policy FCFS-Light, which does both of these, is described as follows:

• As with FCFS, the intersection is divided into a grid of n× n tiles.
• Upon receiving a request message, the policy uses the parameters in the message to

establish when the vehicle will arrive at the intersection.
• If the light controlling the lane in which the vehicle will arrive at the intersection will

be green at that time, the reservation is confirmed.
• If the light controlling the lane will be yellow, the reservation is rejected.
• If the light controlling the lane will be red, the journey of the vehicle is simulated as

in FCFS (Section 3.4).
• If throughout the simulation, no required tile is reserved by another vehicle or in use

by a lane with a green or yellow light, the policy reserves the tiles and confirms the
reservation. Otherwise, the request is rejected.
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3.6.1 Using Existing Infrastructure

A reliable method of communicating with human drivers is a prerequisite for including
them in the system. The simplest and best solution is to use something human drivers
already know and understand — traffic lights. Traffic light infrastructure is already present
at many intersections and the engineering and manufacturing of traffic light systems is well
developed. For pedestrians and cyclists, standard “push-button” crossing signals can be
used that give enough time for a person to traverse the intersection. These can also serve
to alert the intersection to their presence.

3.6.2 Light Models

If real traffic lights are to be used to communicate to human drivers, they must be controlled
and understood by the intersection manager. Thus, we add a new component to each
intersection control policy, called a light model. The light model controls the physical lights
as well as providing information to the policy with which it can make decisions. In more
complicated scenarios, the light model can be modified by the control policy, for example,
in order to adapt to changing traffic conditions. The lights have the same semantics as
modern-day lights: red (do not enter), yellow (if possible, do not enter; light will soon be
red), and green (enter). Each control policy requires a light model so that human users
know what to do. For instance, the light model for FCFS keeps all the lights red at all
times, indicating to humans that it is never safe to enter. The Traffic-Light policy’s light
model, on the other hand, corresponds exactly to the light system the policy is emulating.
Here, we describe a few light models used in our experiments.

All-Lanes In this model, which is very similar to some current traffic light systems, each
direction in succession gets green lights in all lanes. Thus, all northbound traffic (turning
and going straight) has green lights while the eastbound, westbound, and southbound traffic
all have red lights. The green lights then cycle through the directions. As it is similar
to some current traffic lights, this light model is particularly well-suited to controlling
distributions of vehicles with significant contingents of human drivers. We demonstrate this
fact experimentally in Section 4.5. Figure 7 shows a graphical depiction of this light model.

Figure 7: The All-Lanes light model. Each direction gets all green lights in a cycle: north,
east, south, west. During each phase, the only available paths for autonomous
vehicles with red lights are right turns.

Single-Lane In the Single-Lane light model, the green light rotates through the lanes
one at a time instead of by direction. For example, the left turn lane of the northbound traffic
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would have a green light, while all other lanes would have a red light. Next, the straight
lane of the northbound traffic would have a green light, then the right turn. Next, the green
light would go through each lane of eastbound traffic, and so forth. A graphical description
of the model’s cycle can be seen in Figure 8. This light model does not work very well if
most of the vehicles are human-driven, but as we will show, is very useful for intersections
which control mostly autonomous vehicles but need also to handle an occasional human
driver.

Figure 8: The Single-Lane light model. Each individual lane gets a green light (left turn,
straight, then right turn), and this process is repeated for each direction. Note
how a smaller part of the intersection is used by human vehicles at any given
time. The rest of the intersection is available to autonomous vehicles.

3.6.3 The FCFS-Light Policy

In order to obtain some of the benefits of the FCFS policy while still accommodating human
drivers, a policy needs to do two things:

1. If a light is green, ensure that it is safe for any vehicle (autonomous or human-driven)
to drive through the intersection in the lane the light regulates.
2. Grant reservations to driver agents whenever possible. Autonomous vehicles can thus
move through red lights (whereas humans cannot), provided they have a reservation—
similar to a “right on red”, but extended much further to other safe situations.

The policy FCFS-Light, which does both of these, is described as follows:

• As with FCFS, the intersection is divided into a grid of n× n tiles.
• Upon receiving a request message, the policy uses the parameters in the message to

establish when the vehicle will arrive at the intersection.
• If the light controlling the lane in which the vehicle will arrive at the intersection will

be green at that time, the reservation is confirmed.
• If the light controlling the lane will be yellow, the reservation is rejected.
• If the light controlling the lane will be red, the journey of the vehicle is simulated as

in FCFS (Section 3.4).
• If throughout the simulation, no required tile is reserved by another vehicle or in use

by a lane with a green or yellow light, the policy reserves the tiles and confirms the
reservation. Otherwise, the request is rejected.
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Figure 9: FCFS-Light is the combination of FCFS and a light model. When a request
is received, FCFS-Light first checks to see what color the light will be. If it
is green, it grants the request. If it is yellow, it rejects. If it is red, it defers to
FCFS.

Off-Limits Tiles Unfortunately, simply deferring to FCFS does not guarantee the safety
of the vehicle. If the vehicle were granted a reservation that conflicts with a vehicle following
the physical lights, a collision could easily ensue. To determine which tiles are in use by
the light system at any given time, we associate a set of off-limits tiles with each light.
For example, if the light for the northbound left turn lane is green (or yellow), all tiles
that could be used by a vehicle turning left from that lane are considered reserved for the
purposes of FCFS. The length of the yellow light is adjusted so that vehicles entering the
intersection have enough time to clear the intersection before those tiles are no longer off
limits.

FCFS-Light Subsumes FCFS Using a traffic light–like light model (for example All-

Lanes), FCFS-Light can behave exactly like Traffic-Light if all drivers are human.
With a light model that keeps all lights constantly red, FCFS-Light behaves exactly like
FCFS. In this case, if any human drivers are present it will fail spectacularly, leaving the
humans stuck at the intersection indefinitely. However, in the absence of human drivers, it
will perform exceptionally well. FCFS is just a special case of FCFS-Light. We can thus
alter FCFS-Light’s behavior to vary from strictly superior to Traffic-Light to exactly
that of FCFS.

3.7 Emergency Vehicles

In current traffic laws there are special procedures involving emergency vehicles such as
ambulances, fire trucks, and police cars. Vehicles are required to pull over to the side of
the road and come to a complete stop until the emergency vehicle has passed. This is
both because the emergency vehicle may be traveling quickly, posing a danger to other
vehicles, and because the emergency vehicle must arrive at its destination as quickly as
possible—lives may be at stake. Hopefully, once a system such as this is implemented,
automobile accidents—a major reason emergency vehicles are dispatched—will be all but
eradicated. Nonetheless, emergency vehicles will still be required from time to time as fires,
heart attacks, and other emergencies will still exist. While we have previously proposed
other methods for giving priority to emergency vehicles (Dresner & Stone, 2006), here we
present a new, simpler method, which is fully implemented and tested.
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Reduce delay by up to two orders of magnitude against traffic lights

A Multiagent Approach to Autonomous Intersection Management

FCFS performs very well, nearly matching the performance of the optimal policy. At
higher levels of traffic, the average delay for a vehicle gets as high as 0.35 seconds, but is
never more than 1 second above optimal. Under none of the tested conditions does FCFS
even approach the delay of the traffic light system from the previous experiment, shown in
Figure 10(a).

The stop sign does not perform as well as FCFS, but for low amounts of traffic, it
still performs fairly well, with average delay only about 3 seconds greater than optimal.
However, as the traffic level increases, performance degrades. It is difficult to imagine a
scenario in which this implementation of the stop sign would actually be used—it requires
the same technology as the reservation system, but does not have any advantages over
FCFS.
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Figure 14: Delays for varying amounts of traffic for FCFS, the stop sign, and the optimal
system.

4.4 Allowing Turns from Any Lane

In traditional traffic systems, especially those with traffic lights, vehicles wishing to turn
onto the cross street must do so from specially designated turning lanes. This helps prevent
cars that want to turn from holding up non-turning traffic. However, with a system like
the reservation system, this restriction is no longer necessary. There is nothing inherent
in the reservation system that demands vehicles turn from any specific lane. Investigating
the effects of allowing turning from any lane produced some surprising results. As seen in
Figure 15, relaxing the restriction actually hurts FCFS’s performance slightly. While one
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Figure 16: Average delays for all vehicles as a function of traffic level for FCFS-Light with
two different light models: the All-Lanes light model, which is well-suited to
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of autonomous vehicles increases, average delays decrease.
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policy. Note that the average delay decreases as the percentage of human-driven
vehicles decreases.

to do the driving, as well as the myriad safety benefits are strong incentives to promote
autonomous vehicles in the marketplace. Our experimental results suggest additional incen-
tives. Using our reservation system, autonomous vehicles experience lower average delays
than human-driven vehicles and this difference increases as autonomous vehicles become
more prevalent.

Figure 18 shows the average delays for human drivers as compared to autonomous driver
agents for the FCFS-Light policy using the All-Lanes light model. In this experiment,
half of the drivers are human. Humans experience slightly longer delays than autonomous
vehicles, but not worse than with the Traffic-Light policy. Thus, by putting some
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(< 10% Human)
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which only works well with relatively few human-driven vehicles. As adoption
of autonomous vehicles increases, average delays decrease.

 0

 5

 10

 15

 20

 0  0.25  0.5  0.75  1

D
e

la
y
 (

s
)

Traffic Level (vehicles/s)

TRAFFIC-LIGHT
FCFS-LIGHT 50% Human
FCFS-LIGHT 10% Human

Figure 17: Average delays for all vehicles as a function of traffic level for FCFS-Light
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policy. Note that the average delay decreases as the percentage of human-driven
vehicles decreases.

to do the driving, as well as the myriad safety benefits are strong incentives to promote
autonomous vehicles in the marketplace. Our experimental results suggest additional incen-
tives. Using our reservation system, autonomous vehicles experience lower average delays
than human-driven vehicles and this difference increases as autonomous vehicles become
more prevalent.

Figure 18 shows the average delays for human drivers as compared to autonomous driver
agents for the FCFS-Light policy using the All-Lanes light model. In this experiment,
half of the drivers are human. Humans experience slightly longer delays than autonomous
vehicles, but not worse than with the Traffic-Light policy. Thus, by putting some
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Figure: ALL-LANES light model. TRAFFIC-LIGHT is equivalent to
100% human drivers
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autonomous vehicles on the road, all drivers experience equal or smaller delays as compared
to the current situation. This is expected because the autonomous driver can do everything
the human driver does and more.
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Figure 18: Average delays for human-driven vehicles and all vehicles as a function of traffic
level for FCFS-Light with the All-Lanes light model. In this experiment,
50% of vehicles are human driven. Autonomous vehicles experience slightly
lower delays across the board, and human drivers experience delays no worse
than the Traffic-Light policy.

Once the reservation system is in widespread use and autonomous vehicles make up
a vast majority of those on the road, the door is opened to an even more efficient light
model for the FCFS-Light policy. With a very low concentration of human drivers, the
Single-Lane light model can drastically reduce delays, even at levels of overall traffic that
the Traffic-Light policy can not handle. Using this light model, autonomous drivers can
pass through red lights even more frequently because fewer tiles are off-limits at any given
time. In Figure 19 we compare the delays experienced by autonomous drivers to those of
human drivers when only 5% of drivers are human and thus the Single-Lane light model
can be used. While the improvements using the All-Lanes light model benefit all drivers
to some extent, the Single-Lane light model’s sharp decrease in average delays (Figure 16)
comes at a high price to human drivers.

As shown in Figure 19, human drivers experience much higher delays than average. For
lower traffic levels, these delays are even higher than those associated with the Traffic-

Light policy. Figure 16 shows that despite this, at high levels of traffic, human drivers
benefit relative to Traffic-Light. Additionally, intersections using FCFS-Light will still
be able to handle far more traffic than those using Traffic-Light.

The Single–Lane light model effectively gives the humans a high, but fairly constant
delay. Because the green light for any one lane only comes around after each other lane has
had a green light, a human-driven vehicle may find itself sitting at a red light for some time
before the light changes. However, since this light model would only be put in operation
once human drivers are fairly scarce, the huge benefit to the other 95% or 99% of vehicles
far outweighs this cost. A light model that detects and reacts to the presence of human
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Figure: ALL-LANES light model. 50% human drivers
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Figure 19: Average delays for human-driven vehicles and all vehicles as a function of traffic
level for FCFS-Light with the Single-Lane light model. Humans experience
worse delay than with Traffic-Light, but average delay for all vehicles is much
lower. In this experiment, 5% of vehicles are human-driven.

drivers might be able to achieve even better overall performance, without causing the human
drivers to wait as long.

These data suggest that there will be an incentive to both early adopters (persons
purchasing vehicles capable of interacting with the reservation system) and to cities or
towns. Those with properly equipped vehicles will get where they are going faster (not
to mention more safely). Cities and towns that equip their intersections to utilize the
reservation paradigm will experience fewer traffic jams and more efficient use of the roadways
(along with fewer collisions and less wasted gasoline). Because there is no penalty to the
human drivers (which would presumably be a majority at this point), there would be no
reason for any party involved to oppose the introduction of such a system. Later, when
most drivers have made the transition to autonomous vehicles, and the Single-Lane light
model is introduced, the incentive to move to the new technology is increased—both for
cities and individuals. By this time, autonomous vehicle owners will far outnumber human
drivers, who will still benefit when traffic is at its worst.

4.6 Emergency Vehicle Experiments

While we have already shown that FCFS on its own can significantly reduce average delays
for all vehicles, FCFS-Emerg helps reduce delays for emergency vehicles even further.

4.6.1 Experimental Setup

To demonstrate this improvement, we ran the simulator with varying amounts of traffic,
while keeping the proportion of emergency vehicles fixed at 0.1% (that is, a spawned vehicle
is made into an emergency vehicle with probability 0.001). Because of the very small number
of emergency vehicles created with realistically low proportions, we ran each configuration
(data point) for 100 hours of simulated time—much longer than the other experiments.

626

Figure: SINGLE-LANE light model. 5% human drivers

(Dresner and Stone, 2008)

Lachlan Dufton Multiagent Autonomous Intersection Management



Introduction
The Problem
The Solution

Results
Summary & Conclusions

References

Comparison to existing systems
Incremental Deployment
Emergency Vehicles

Emergency Vehicles

Emergency vehicles benefit most when traffic is heavy

A Multiagent Approach to Autonomous Intersection Management

4.6.2 Results

As shown in Figure 20, the emergency vehicles on average experience lower delays than
the normal vehicles. The amount by which the emergency vehicles outperform the normal
vehicles increases as the traffic increases, suggesting that as designed, FCFS-Emerg helps
most when more traffic is contending for space-time in the intersection.
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Figure 20: Average delays for all vehicles and emergency vehicles as a function of traffic
level for the FCFS-Emerg policy. One out of a thousand vehicles (on average)
is an emergency vehicle. Delays for the emergency vehicles are lower for all data
points.

5. Performance in Failure Modes

Fully autonomous vehicles promise enormous gains in safety, efficiency, and economy for
transportation. However, before such gains can be realized, a plethora of safety and re-
liability concerns must be addressed. In the previous sections, we have assumed that all
vehicles perform without gross malfunctions. In this section, we relax that assumption and
demonstrate how our reservation-based mechanism reacts to scenarios in which such mal-
functions occur. Additionally, we intentionally disable some elements of the system in order
to investigate both their necessity and efficacy.

5.1 Causes of Accidents

A collision in purely autonomous traffic can have any number of causes, including software
errors in the driver agent, a physical malfunction in the vehicle, or even meteorological
phenomena. In modern-day traffic, such factors are largely ignored for two reasons. First,
the exclusively human-populated system, with its generous margins for error, is not as
sensitive to small or moderate aberrations. Second, none of these are significant with
respect to driver error as causes of accidents (Wierwille, Hanowski, Hankey, Kieliszewski,
Lee, Medina, Keisler, & Dingus, 2002). However, in the future of infallible autonomous
driver agents, it is exactly these issues which will be the prevalent causes of automobile
collisions. The safety allowances explained in Sections 3.4.5 and 3.4.6 are adjustable—given
some maximum allowable error in vehicle positioning, the buffers can be extended to handle
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Always provides incentive to upgrade & incrementally
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Benefits increase as number of automated vehicles increase

Emergency vehicles have lower delay

Can reduce the number and severity of collisions
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