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Abstract

This paper explores how autonomous driving
agents drive through intersections in virtual urban
environments. The knowledge about where a vehicle
runs on an intersection is embedded in environment
database. Control of how and when a vehicle runs
through an intersection is provided by vehicle behav-
iors. Vehicle control for traversing an intersection
is divided into cruising behavior, following behavior,
and intersection behavior. The component behaviors
are integrated together to steer an autonomous driv-
ing agent through intersections. Before a virtual ve-
hicle enters an intersection, the driving agent should
make a decision that the vehicle either goes forward
to pass the intersection or stops before the intersec-
tion. The chosen action is then applied to vehicle
control. Because the ambient traffic and the status
of traffic control signals on the intersection are dy-
namic, the decision should also be made on each time
step.

1. Introduction

Intersections are an important part of a virtual ur-
ban environment. Ina virtual city, we build roads and
intersections. We put autonomous driving agents in
the virtual city and have them drive on roads and in-
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tersections. Intersections have special traffic control
signals such as traffic lights and stop signs. Driving
agents should be aware of the traffic from different
directions before and when they traverse an intersec-
tion. They should also respond to the traffic control
signals.

Our approach to the problem of steering virtual
driving agents through intersections relies on a tight
coupling between the virtual environment database
and the behaviors that control the vehicles. The
database encodes the physical and logical structure
of the intersection. This includes both geometric in-
formation to guide vehicles from incoming lanes to
outgoing lanes and the rules of road governing right
of way. This information is used by vehicle behav-
iors to control passage through the intersection.

An intersection defines a surface area with a well-
defined boundary along which incident roads connect
to it. An agent enters an intersection from a specific
lane on an incident road and exits the intersection on
a specific lane on another incident road. To guide
agents across an intersection, we overlay the inter-
section with corridors that splice together the lanes
of incoming and outgoing roads. Corridors cross and
merge with one another. This information is embed-
ded in the environment database by attaching notes
that specify the relationships between corridors [6]:

corridor a; CROSS  (corridor by, by, bs, ...)
MERGE (corridor ¢1, co,c3, -..)

1)

which means corridor a; crosses corridors by, bo, bs,



... and merges with corridors c1, co, c3, ... . Agents
traversing a corridor must be alert for potential col-
lisions with other agents traversing the crossing and
merging corridors on the same intersection. The traf-
fic control signals that regulate traffic flow are also
embedded in the environment database,

light /; CONTROL (corridor d1,ds,ds,...) (2)

which means light /; controls the traffic on corridors
di, da, d3 ... . Formal right-of-ways rules prioritize
movement of agents through intersections on the ba-
sis of arrival time, incoming and outgoing lanes, and
the state of signals that regulate traffic flow. Gener-
ally accepted social conventions help to avoid prob-
lems where the formal rules are ambiguous or incom-
plete. In this paper, we focus on a simple four-way
intersection shown in figure 1 which is controlled by
traffic lights for all incoming lanes. There are nei-
ther specific turning lanes on the incident roads nor
specific traffic lights for turning left or right. Inter-
sections of this type are common in many cities and
present a challenge for autonomous vehicle control.
Steering behaviors for traversing intersections are
built on top of basic competences to track corridors,
maintain a desired speed, maintain safe following
distance between a vehicle and its leader vehicle, and
follow the right-of-way rules and generally accepted
social conventions. The basic vehicle behaviors for
traversing intersections include following behavior,
cruising behavior, and intersection behavior. Follow-
ing behavior controls a vehicle to keep a safe dis-
tance behind its leader. Cruising behavior controls a
vehicle to run at its desired speed. Intersection be-
havior controls a vehicle to follow the right-of-way
rules and generally accepted social conventions when
a vehicle traverses an intersection. In this paper, we
use a component-wise method to control the steering
behaviors of an autonomous driving agent traversing
through an intersection. First, we talk about the re-
lated work. Then, we describe the pursuit point con-
trol method used to steer virtual vehicles. We also de-
scribe the ribbon coordinate system defined on navi-
gable surfaces modeled as ribbons. Next, control of
component behaviors is introduced. After the com-
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Figure 1: A four-way intersection.

ponent behaviors are presented, we integrate them to-
gether. Finally, we give a conclusion.

2. Reated work

Our work builds on two related bodies of research:
behavior control of autonomous driving agents and
transportation research, while our contribution is
mainly on the former one. Cremer et al [2] presented
a model for autonomous driving behavior. They used
HCSM (Hierarchical Concurrent State Machine) to
define behaviors. Driving behavior is divided into
several sub-behaviors. The general driving behav-
ior is modeled as an HCSM while sub-behaviors are
modeled as child HCSMs. The general driving be-
havior HCSM combines the output of the child HC-
SMs. A most conservative rule was introduced to
resolute competing behaviors. The emphasis of this
work is on HCSM framework. In [3], the HCSM
model is used to generate interesting scenarios from
ambient traffic composed of microscopically sim-
ulated autonomous vehicles. Sukthankar[4] intro-
duced methods for controlling the tactical behavior
of vehicles in highway traffic. The emphasis of this
work is on tactical situation awareness and action se-
lection.



Figure 2: Pursuit point tracking.

3. Drivingavehiclethrough an inter section

In our driving simulator Hank, vehicles are con-
trolled through two parameters: acceleration and
steering angle. Acceleration is used to control the
speed of a vehicle. Steering angle is used to control
the direction of movement. However, steering angle
is not set directly. Instead, it is indirectly controlled
by selecting a pursuit point on the road in front of
the vehicle. We use pursuit point tracking to control
steering. On each time step, a vehicle is assumed to
travel on a planar circular track uniquely determined
by the current position and orientation of the vehicle,
and the selected pursuit point[7]. The circular track
is shown in figure 2, where p; is the current position
and p is the pursuit point. The curvature of the circu-
lar track is computed and used directly to control the
direction of motion of the vehicle.

Both a lane on aroad and a corridor on an intersec-
tion are seen as a ribbon [5]. A corridor on an inter-
section, an incoming lane on an incident road on one
end of the corridor, and an outgoing lane on another
incident road on another end of the corridor form
a continuous ribbon. A ribbon establishes a curvi-
linear coordinate system in which a 3-dimmensional
point is expressed in coordinates of distance along
the central axis of the ribbon, D, offset on the rib-
bon surface from the central axis, O, and loft above
or below the ribbon, L. The coordinates (D,0O,L)

form a 3-dimmensional right-handed ribbon coordi-
nate system. With the ribbon coordinate system, an
incoming lane, a corridor and an outgoing lane to-
gether form a continuous frame of reference for nav-
igation. Steering behaviors control motion trajecto-
ries by aiming for a succession of pursuit points lo-
cated on the reference ribbon some distance ahead of
a vehicle’s current position. By properly managing
the pursuit point’s distance and offset coordinates, a
vehicle is controlled to run very near the centerline
of the reference ribbon. In this way, a vehicle can be
controlled to enter an intersection from the incoming
lane and leave the intersection for the outgoing lane.

4. Cruising and following behavior

The basic goal of cruising behavior is to control a
vehicle to run at its desired speed. A simple propor-
tional controller for cruising looks like,

min(ap,ky * (va —v)) if v <wvg
a.=< 0 if v=u4
maz(an,ky * (vg —v)) if v >y

@)
where a is the acceleration for cruising, v is the cur-
rent speed, vqy is the desired speed, ap is the maxi-
mum positive acceleration, ay is the maximum neg-
ative acceleration, & is a proportional parameter.

A vehicle will run at its desired speed under the
control of cruising behavior. However, if the vehicle
has a slower leader, it may collide with its leader if
it continues to run at its desired speed. Following
behavior is responsible for controlling a vehicle to
keep a desired distance behind its leader. Usually, a
vehicle looks ahead a range of distance to search for
its leader. If there is no vehicle in its way within this
range of distance, the vehicle is treated as having no
leader. If some vehicles are in the way of the vehicle
within this range of distance, the lead vehicle which
is closest to the vehicle is defined to be the leader of
the vehicle. If a vehicle has a leader, a P.D controller
[1] is used to compute an acceleration for the vehicle,

af = max(aN,k'g * A\s — kzj; * A’U) (4)



where a; is the computed acceleration, As is equal
to the actual following distance minus the desired
following distance, Aw is equal to the follower’s
speed minus its leader’s speed, ay is the maximum
negative acceleration, k}; is the proportional parame-

ter, k{f is the derivative parameter and k{f is equal to

2.0 % \/Q for critical damping [1].

In general, the range of distance used to look for
leaders should be related to the speed of the vehicle.
It is reasonable to define the range of distance as the
speed of the vehicle times a constant,

81 = mazx (s, v x k) (5)

where s; is the range of distance, v is the current
speed, k; is a constant, and sq is the least range of
distance.

It is reasonable to define the desired following dis-
tance as the speed of the vehicle times a constant,

Sq = max(s1,v x kg) (6)

where sg is the desired following distance, v is the
current speed, k4 is a constant, and sy is the mini-
mum desired following distance.

The value of a; computed in formula 4 might be
positive, 0, or negative. Following behavior aims to
slow a vehicle down (when a is negative) or keep
the vehicle from speeding up (when a is 0). Pos-
itive acceleration doesn’t make sense for following
behavior. If a; is positive, the vehicle is regarded as
still very far away from its closest front vehicle and
therefore treated as having no leader.

Leader search in following behavior is based on
the ribbon composed of the incoming lane that a ve-
hicle traverses before it enters an intersection, the
corridor that the vehicle traverses on the intersection,
and the outgoing lane that the vehicle traverses after
the vehicle leaves the intersection. Therefore, the ve-
hicles that are traversing this ribbon will not collide
with each other under control of following behavior.
As a result, two and more vehicles can traverse the
same corridor at the same time. However, vehicles
may come from different directions. We should also
control vehicles not to collide with vehicles coming

from other directions. This is the role of intersection
behavior.

5. Intersection Behavior

Intersection behavior regulates access to intersec-
tions in conformance with conventional rules of the
road. It acts as a gate to the intersection, preventing
vehicles from entering the intersection until it is their
turn to cross. This includes adherence to traffic lights
and yielding to other vehicles in or approaching the
intersection that have right of way. If the vehicle is
denied access to the intersection, the behavior will
slow the vehicle to a stop and keep it stopped until
it is safe to cross. Once the vehicle enters the inter-
section, it must rely on other behaviors to navigate
through the intersection. Of course, human drivers
will often stage turns by staking out a position in the
intersection. Our more conservative behaviors will
wait at the edge of the intersection.

5.1. Decision of action selection

First of all, a driving agent decides if it will re-
spond to the traffic control signals on an intersection.
The driving agent checks if the vehicle is so far away
from the intersection that it is not necessary to re-
spond to the traffic control signals, the traffic on the
intersection, and the traffic coming toward the inter-
section from other directions. This is the screening
test performed before we consider decision making
strategies under different situations. If the vehicle is
still very far away from the intersection, the decision
is to go forward. Otherwise, the agent chooses an ac-
tion in accordance with the right-of-way rules on the
intersection.

If a driving agent is deprived of the right of way
on an intersection by traffic control signals, for exam-
ple, the traffic light is changed from green to yellow,
its action selection decision depends on distance be-
tween the vehicle and the intersection. If the vehicle
is so close to the intersection that it is not able to stop
before entering the intersection, the vehicle just ig-



nores the traffic control signals and the decision is to
go. Otherwise, the decision is to stop.

In some situations the driving agent can go for-
ward according to the traffic control signals, it must
still yield right of way to the crossing and merging
traffic. In this case, it makes a decision based on
the current state of the vehicle, the traffic on the in-
tersection, and the traffic coming to the intersection
from other directions. We estimate the time #; when
the vehicle will enter the intersection and the time ¢5
when the vehicle will leave the intersection based on
its current position and speed. If the time between
t1 and to represents a gap during which no vehicle
having the right of way will traverse the crossing or
merging corridors, the vehicle will go forward. Oth-
erwise, it will stop and yield the right of way to other
vehicles. For each approaching vehicle that has right
of way over the yielding vehicle, we estimate the
time ¢2 when it will enter the intersection and the
time #, when it will leave the intersection. If the
time window [¢1, t2] overlaps with any time window
[tt, 3], the yielding vehicle has no gap and its deci-
sion is to stop. Otherwise, the yielding vehicle has
found a gap and its decision is to go forward.

On an intersection, the traffic and the state of traf-
fic control signals are dynamic. Therefore the deci-
sion of action selection should also be made dynam-
ically. On each time step, the decision is reevalu-
ated. A driving agent may alternate between choos-
ing stopping actions and going forward actions.

In the former part of this section, we mention we
need a screening test to determine if it is necessary to
respond to the traffic control signals. Later, we men-
tion a driving agent sometimes has to determine if the
vehicle is able to stop within a fixed distance. How-
ever, we did not give solution for these problems.
They are the focus of the next section. When we talk
about stopping a vehicle, we designate where to stop
it. We define the position of the geometric center of
a vehicle as the vehicle’s position. The desired stop-
ping position for a stopping action is located half of
the vehicle length away from the boundary of the in-
tersection so that the whole body of the stopped ve-
hicle is kept outside of the intersection.

5.2. Stopping an autonomous driving agent
at adesired position

A non-positive acceleration should be applied to
vehicle control in order to stop a running vehicle on
a desired position. A negative acceleration can stop
a running vehicle. A zero acceleration can keep a
stopped vehicle stopped. We use the following stop-
ping controller to compute an acceletaion,
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where a; is negative acceleration, v, is the current
speed, and s is the distance between the current po-
sition and the desired stopping position. This con-
troller gives an invariant negative acceleration. If a;
is continuously applied to vehicle control, a vehicle
will just stop at the desired stopping position when
its speed declines linearly to 0. The value of a; tells
whether a vehicle is too close to an intersection so
that a successful stopping action is impossible and
whether a vehicle is still too far away from an in-
tersection so that a stopping action is not necessary.
If the vehicle is not too close to and is not too far
away from the intersection, the acceleration value a;
can successfully stop a running vehicle at the desired
stopping position. We define a desired negative ac-
celeration a,4 for each vehicle. Its value reflects the
negative acceleration that a driver prefers for stop-
ping purpose. Then, the acceleration computation
has the following cases,

a; = —

e If a; is within a small desired range around the
desired negative acceleration, i.e., a; € [aqg —
Aa,aq + Aa], the vehicle can be successfully
stopped at the desired stopping position. Other-
wise,

e If a; is out of the desired range in positive di-
rection, i.e., a; > aq + Aa, then, we believe the
desired stopping position is still far away. It is
too early to respond to the traffic control signals.
Otherwise,

e If a; is out of the desired range in negative di-
rection, i.e., a; < ag — Aa, then, the vehicle



can not stop soon enough at its desired decel-
eration rate. However, if a; > apn, where ay
is the maximum negative acceleration, the vehi-
cle can still be stopped at the desired stopping
position. Otherwise,

e If a; is out of the desired range in negative di-
rection, i.e., a; < ag — Aa, and a; < ay, the
vehicle is too close to the desired stopping po-
sition so that it is impossible to stop the vehicle
at the desired stopping position.

In conclusion, the role of the intersection behavior
is to gate entry into intersections as dictated by the
state of traffic control devices and the right-of-way
rules. The next section examines the integration of
the intersection behavior with other component be-
haviors.

6. Integrate component behaviors

Cruising behavior computes an acceleration by
formula 3. The cruising behavior is always active.
Its acceleration contribution can be either positive,
zero, or negative. Following behavior computes an
acceleration by formula 4 if the vehicle has a leader.
The following behavior is active if the vehicle has a
leader and the computed acceleration is non-positive.
It is not active if the vehicle has no leader or the com-
puted acceleration is positive. Its acceleration contri-
bution is always non-positive if it has one. As for
intersection behavior, if the driving agent chooses to
go forward, intersection behavior restrains from ac-
celeration contribution and therefore it is not active.
If an action of stopping is chosen, intersection be-
havior computes a negative acceleration by formula
7 or gives a zero acceleration if the vehicle has been
stopped at the desired stopping position and the in-
tersection behavior is active. The acceleration con-
tribution from intersection behavior is always non-
positive if it has one. The acceleration contribu-
tions from different component behaviors are com-
petitive. Cremer et al. [3] introduced a most con-
servative rule that chooses the minimum acceleration
produced by competing behaviors. According to this

rule, the three component behaviors can be integrated
together in the following manner,

a = min(ac, af,a;) 8)

where a, is the acceleration contribution of cruising
behavior, a; is the acceleration contribution of fol-
lowing behavior, a; is the acceleration contribution
of intersection behavior, and « is the acceleration af-
ter the integration of component behaviors. If fol-
lowing behavior is not active, we take a; away from
formula 8. If intersection behavior is not active, we
take a; away from formula 8.

Experiments show that behaviors work well af-
ter they are integrated together in the above man-
ner except that some vehicles may fall into starva-
tion or deadlock situations. A virtual vehicle may
fall into starvation if it continuously yields right of
way to other vehicles. A virtual vehicle may fall into
deadlock when it yields right of way to other vehi-
cles while it is in the way of other vehicles. In this
kind of situations, the virtual vehicle could not make
progress while keeping other vehicles from making
progress. We may meet these two situations in real
world. A driver in real world may enter the intersec-
tion a little bit and get a kind of preoccupied advan-
tage. In virtual world, we use the same method to
solve the starvation and deadlock problems.

7. Conclusion

This paper presents a simple framework to control
the steering behaviors of autonomous driving agents
for driving through intersections in virtual urban en-
vironments. Emphasis is placed on intersection be-
havior and its integration with other component be-
haviors. The role of steering autonomous driving
agent through an intersection is divided onto two
parts: environment database which embeds the struc-
ture of intersections and behaviors which steer au-
tonomous driving agents according to traffic rules.

Experiments show that our virtual vehicles run
naturally on intersections. They responds to traf-
fic control signals and ambient traffic according to



right-of-way rules. Vehicles coming from different
directions can traverse an intersection at the same
time if the corridors they are traversing do not merge
with or cross each other. Vehicles coming from the
same direction can traverse the same corridor at the
same time while they keep a same distance from each
other. Even when the traffic is very dense, the vehi-
cles still run well on intersections.
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