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Abstract Schonberget al, 1994, and autonomous steerif@omer-
. _ ' leau, 1993 As more and more cars become autonomous, the

In modern urban settings, automobile traffic and  hossipility of autonomous interactions among multipleiveh
cp!hsmns lead to endless frustration as V\{e.” as sig- cles becomes a more realistic possibility.
nificant loss of life, property, and productivity. Re- Multiagent Systems (MAS) is the subfield of Al that aims
cent advances in artificial intelligence suggest that 4 phrovide both principles for construction of complex sys-
autonomous vehicle navigation may soonbe areal-  tems involving multiple agents and mechanisms for coordi-
ity. In previous work, we have demonstrated that — nation of independent agents’ behavibrgooldridge, 2002
a reservation-based approach can efficiently and |5 previous work, we demonstrated a novel MAS-based ap-
safely govern interactions of multiple autonomous  rgach to alleviating traffic congestion and collisionsaip

vehicles at intersections. Such an approach allevi- jcqly at intersection§Dresner and Stone, 20D5However,
ates many traditional problems associated with in- 16 gystem relied on all vehicles being equipped with the req
tersections, in terms of both safety and efficiency. sjte technology — a restriction that would make implerent
However, the system relies on all vehicles being g such a system in the real world extremely difficult.
equipped with the requisite technology — a restric- This paper makes two main contributions. First, we show
tion that would make implementing such a sys- how to augment this intersection control mechanism to al-
tem in the real world extremely difficult. In this low use by human drivers with minimal additional infrastruc
paper, we extend this system to allow for incre- 16 Second, we show that this hybrid intersection control
mental deployability. The modified system is able  yechanism offers performance and safety benefits over tradi
to accommodate traditional human-operated vehi-  tiona] traffic light systems. Thus, implementing our system

cles using existing infrastructure. Furthermore, we  oyer an extended time frame will not adversely affect over-
show that as the number of autonomous vehicles on g raffic conditions at any stage. Furthermore, we show tha
the road increases, traffic delays decrease monoton- ¢ each stage the mechanism offers an incentive for individ-
ically toward the levels exhibited in our previous uals to use autonomous-driver-agent-equipped vehicles. O

work. Finally, we develop a method for switch- work is fully implemented and tested in a custom simulator

ing between various human-usable configurations 514 detailed experimental results are presented.
while the system is running, in order to facilitate an

even smoother transition. The work is fully imple- 2 Reservation System . _
mented and tested in our custom simulator, and we ~ Previously, we proposed a reservation-based multi-agent
present detailed experimental results attesting toits ~ approach to alleviating traffic, specifically at intersec-

effectiveness. tions[Dresner and Stone, 20P5T his system consists of two
) types of agentantersection managem@nddriver agents For
1 Introduction each intersection, there is a corresponding intersectian-m

In modern urban settings, automobile traffic and collisionsager, and for each vehicle, a driver agent. Intersection-man
lead to endless frustration as well as significant loss ofgers are responsible for directing the vehicles through th
life, property, and productivity. A recent study of 85 U.S. intersection, while the driver agents are responsible éor-c
cities [Texas Transportation Institute, 2d0gut the annual trolling the vehicles to which they are assigned.

time spent waiting in traffic at 46 hours per capita, up from To improve the throughput and efficiency of the system,
16 hours in 1982. A recent report puts the annual socithe driver agents “call ahead” to the intersection managdr a
etal cost of automobile collisions in the U.S. at $230 bil- request space-time in the intersection. The intersectian-m
lion [National Highway Traffic Safety Administration, 2002 ager then determines whether or not these requests can be
Meanwhile, advances in artificial intelligence suggest#hia ~ met based on amtersection control policy Depending on
tonomous vehicle navigation may soon be a reality. Carghe decision (and subsequent response) the intersection ma
can now be equipped with features such as adaptive cruissger makes, the driver agent either records the paramdters o
control, GPS-based route plannifgogerset al, 1999; the response message (teservatio) and attempts to meet



them, or it receives a rejection message and makes another
request at a later time. If a vehicle has a reservation, irean | ]
guest that its reservation be changed or can cancel theveeser —
tion. It also sends a special message when it finishes cgpssin T
the intersection indicating to the intersection managat ith

has done so. n:
The interaction among these agents is governed by a shared

protocol[Dresner and Stone, 2004dn addition to message [ 1]

types (e.g. RQUEST, CONFIRM, and CANCEL), this pro-

tocol includes some rules, the most important of which are (a) Successful (b) Rejected

(1) a vehicle may not enter the intersection unless it isiwith

the parameters of a reservation made by that vehlclesrdnveFigure 1: A granularity-8 FCFS policy. In 1(a), vehicld’s re-

_agent, (2.) if a vehicle follows its reservation para_metthle, guest reserves tiles at tineln 1(b), vehicleB’s request is rejected

intersection manager can guarantee a safe crossing foethe Vipecause it requires a tile used Hyat .

hicle, and (3) a driver agent may have only one reservation at

a time. While some may argue that insisting a vehicle adintersection control policy, there exists an amount officaf

here to the parameters of such a reservation is too strict a réor which vehicles arrive at the intersection more freqlient

quirement, it is useful to note that vehicles today are alyea than they can leave the intersection. At this point, theayer

governed by a similar (although much less precise) protocoldelay experienced by vehicles travelling through the seer

if a driver goes through a red light at a busy intersection, dion grows without bound — each subsequent vehicle will

collision may be unavoidable. Aside from this protocol, nohave to wait longer than all the previous cars. The point for

agent needs to know how the other agents work — each vawhich this occurs in the FCFS policy is several times higher

hicle manufacturer (or third party) can program a separatdhan for the traffic light.

driver agent, each city or state can create its own inteisect 22  Other Intersection Control Policies

control policies (which can even change on the fly),. and aSvhile the reservation system as originally propo§Btes-

long as each agent adheres to thg protocpl, the veh.|cles Willer and Stone, 2003tuses only the FCFS policy, it can ac-

move safely through the intersection. This system is a tru@ommodate any intersection control policy that can make a

multiagent system, integrating heterogeneous, compete, yacision based on the parameters in a request message. This

tonomous agents. includes policies that represent familiar intersectiontool

2.1 First Come, First Served (FCFS) mechanisms like traffic lights and stop signs. Because the

To determine if a request can be met, the intersection maneservation system can behave exactly like the most common

ager uses what we call the “first come, first served” (FCFS)Mmodern-day control mechanisms, the reservation mechanism

intersection control policy which works as follows: can perform as well as current systems, provided it uses a
o The intersection is divided into a grid of x  tiles, wheren, ~ €@Sonable control policy. _
is called thegranularity. Traffic lights are a ubiquituous mechanism used to control

. . high-traffic intersections. In our previous work, we dekeri
e Upon receiving a request message, the policy uses the parame-

ters in the message to simulate the journey of the vehicle across policy that emulates real-life traffic lights by maintaigia

the intersection. At each time step of the simulation, it deter-M0del of how the lights would be changed, were they to ex-
mines which tiles the vehicle occupies. ist. We name this policy RAFFIC-LIGHT. Upon receiving a
If th hout this simulati ired tile is alread request message, the policy determines whether the light co
¢ 7 trougnout this simuiation, o required e 1S aready re- oq45nding to the requesting vehicle’s lane would be grien.
served, the policy reserves the tiles for the vehicle and confirms_ . . . . . C 9
the reservation. Otherwise, it rejects it. S0, it sends a confirmation, otherwise, it sends a rejection.
) ' ) this paper, we extend this work to include a new policy that
“We name the policy based on the fact that it responds to vecovers the area betweemAFFIC-LIGHT and FCFS, thereby
hicles immediately when they make a request, confirming oenabling interoperability with human drivers as well as-pro

rejecting the request based on whether or not the space-timgding a smooth transition as autonomous vehicles become
required by the vehicle is already claimed. If two vehiclesmore prevalent.

require some tile at the same time, the vehicle which reguest .
the reservation first is given the reservation (provideddhe 3 Incorporating Human Users
are no conflicts in the rest of the required space-time). FigWhile an intersection control mechanism for autonomous ve-
ure 1 shows a successful reservation (confirmed) followed byicles will someday be very useful, there will always be peo-
an unsuccessful reservation (rejected). ple who enjoy driving. Additionally, there will be a fairly
Our previous work demonstrated that an intersection manlong transitional period between the current situation (al
ager using the FCFS policy enabled vehicles to cross thbuman drivers) and one in which human drivers are a rar-
intersection while experiencing almost mielay (increase ity. Even if switching to a system comprised solely of au-
in travel time over optimal)[Dresner and Stone, 2004b; tonomous vehicles were possible, pedestrians and cyclists
2003. When compared with a standard traffic light, the must also be able to traverse intersections in a controhed a
FCFS policy not only decreased delay, but also tremendouslgafe manner. For this reason, it is necessary to create inter
increased the throughput of the intersection. For anysgali section control policies that are aware of and able to accom-



modate humans, whether they are on a bicycle, walking t@xample, the left turn lane of the north traffic would have a
the corner store, or driving a “classic” car for entertaimne green light, while all other lanes would have a red light. tex
purposes. Allowing both humans and autonomous vehiclethe straight lane of the north traffic would have a green light
in the same intersection at the same time presents an intethen the right turn. Next, the green light would go through
esting technical challenge. In this section we explain hav w each lane of east traffic, and so forth. The first half of the
have extended the FCFS policy and reservation framework tmodel’s cycle can be seen in Figure 3. This light model does
allow for human drivers. not work very well if most of the vehicles are human-driven.
3.1 Using Existing Infrastructure However, we will show that it is very useful for intersectson

To add human drivers, we first need a reliable way to comWhich control mostly autonomous vehicles but also need to

municate information to them. Fortunately, we can use (,;andle an occasional human driver.
system that drivers already know and understand — traffic w w

lights. The required infrastructure is already present ahyn - / B i -
intersections and the engineering and manufacturing fiiccra \ ‘ —

light systems is well developed. For pedestrians and dg¢lis a ‘ g * N

standard “push-button” crossing signals can be used thiat wi _.

give enough time for a person to cross as well as alerting th&'9uré 3: The first half-cycle of the 8IGLE-LANE light model.
intersection manager to their presence ach lane is given a green light, and this process is repeated for each

i direction. A small part of the intersection is used by turning vehicles
3.2 Light Models at any given time.

If real traffic lights are going to be used to communicate to hu 3 TheFCFS-LIGHT Policy

man drivers, they will need to be controlled and understoo n order to obtain some of the benefits of the FCFS policy

by the intersection manager. Thus, we add a new compone(Jyo sill accommodating human drivers, a policy needs to
to each intersection control policy, calledight model This do two things. First, if a light is green, it must ensure tha i

_mod_el contr_ols the actual_ phy§|cal Ilghts_ as well as prov.'d'safe for any vehicle (autonomous or human-driven) to drive
ing information to the policy with which it can make deci-

h ! : . through the intersection in the lane the light regulatesc- Se
sions. In more complicated scenarios, the light model can, 4 5 o614 grant reservations to driver agents whenever
be modified by the control policy, for example, in order to

adapt to changing traffic conditions. The lights are the sam ossible. This Woulq allow autonomous vghicles to move
as modern-day lights: red (do not enter). yellow (if possibl rough an intersection where a human driver couldn't —

do not enter; light will soon be red), and green (enter). Eacrig?élzzthoaﬁorr:ght onred”, but extended much further to athe

control policy needs to have a light model so that human users . . .
. : . The policy we have created which does both of these is
will know what to do. For instance, the light model that would called FCFS-LGHT. As with FCFS, the intersection is di-

be used with ordinary FCFS would keep all the lights red aTvided into a grid. When it receives a request, FCFSHT

all times, informing humans that at no time is it safe to enter. . L o
The TRAFFIC-LIGHT policy, on the other hand, would have immediately grants a reservation if the correspondingtligh

lights that corresponded exactly to the light system th&pol will be green at th_at time. Otherwise, it simulqtes thg vehi-
is emulating. Here, we describe a few light models used i cle’s trajectory as in FCFS. If throughout the simulation, n

our experiments r"re_quired tile is_reserved by another vehicle or in use by a_lan
' with a green light the policy reserves the tiles and confirms

ALL-LANES the reservation. Otherwise, the request is rejected.

In this model, which is very similar to some current traf- off-L imits Tiles

fic light systems, each direction is successively givenmree Unfortunately, simply deferring to FCFS does not guaran-
lights in all lanes. Thus, all north traffic (turning and g9in  tee the safety of the vehicle. If the vehicle were granted a
straight) is given green lights while the east, west, andfsou eservation that conflicted with another vehicle followihe
traffic all have red lights. The green lights then cycle tigou oy ical lights, a collision could easily ensue. To deteeni
t_he directions. Figure 2 shows a graphical depiction of thisypich tiles are in use by the light system at any given time,
light model. we associate a set off-limits tileswith each light. For exam-
ple, if the light for the north left turn lane is green (or yeil),

. \ °r S all tiles that could be used by a vehicle turning left fromttha
_ B B lane are off-limits. While evaluating a reservation request
\ ‘ /f FCFS also checks to see if any tiles needed by the requesting
”

vehicle are off limits at the time of the reservation. If doet
reservation is rejected. The length of the yellow light is ad
Figure 2:The ALL-LANES light model. Each direction is given all jysted SOI thatha \_/ehlcle e_nteri)ngf the Lnterselctlon has gEOUQ
green lights in a cycle: north, east, west, south. During each phasé',m(? tc_) clear the intersection before those tiles are nogong
the only available paths for autonomous vehicles are right turns.  Off limits.

SINGLE-LANE FCFS-LIGHT Subsumes FCFS

In the SNGLE-LANE light model, the green lane rotates Using a traffic light-like light model (for example 1A -
through the lanes one at a time instead of all at once. FoLANES), the FCFS-LGHT can behave exactly likeRAFFIC-

~
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Arrive before spawn a new vehicle. For each experiment, the simulator sim-
last(P1) ? ulates 3 lanes in each of the 4 cardinal directions. The total
- area modelled is a square with sides of 250 meters. The speed

)&/w\ limit in all lanes is 25 meters per second. For each intersec-

tion control policy with reservation tiles, the granulgis set

| P1 approves’*’ | P2 approves';’ at 24. We also configured the simulator to spawn all vehi-
ve no ve no cles turning left in the left lane, all vehicles turning righ
the right lane, and all vehicles travelling straight in tieater
Ends afte Reject Accept Reject lane, in order to make the cpmparison betw:_aem AAN;S
last(P1) ? and SNGLE-LANE more straightforward. During each simu-
. lated time step, the simulator spawns vehicles (with thergiv

ﬁ/w\ probability), provides each vehicle with sensor data (simu

) lated laser range finder, velocity, position, etc.), movethe

Reject Accept vehicles, and then removes any vehicles that have completed
their journey. Unless otherwise specified, each data pepit r

Figure 4: The decision mechanism during a switchover fronresents 180000 time steps, or one hour of simulated time.

policy P1 to policy P2. In previous work, we demonstrated that once all vehi-

| cles are autonomous, intersection-associated delays &an b

reduced dramatically. By using the light models presented

earlier, we can obtain a stronger result: delays can be sztuc

at each stage of adoption. Furthermore, at each stage there

LIGHT on all-human driver populations. With a light mode
that keeps all lights constantly red, FCF$skET behaves ex-
actly like FCFS. If any human drivers are present it will leav
them stuck at the intersection indefinitely. However, in the o . X X .
absence of human drivers, it will perform exceptionally el are .addltlonal incentives for drivers to switch to autonaso
FCFS s, in fact, just a special case of FCF&#T. We can ~ Venicles.

thus alter FCFS-IGHT’s behavior from RAFFic-LicHT at 4.1 Transition To Full Implementation . _
one extreme to ECES at the other. The point of having a hybrid light/autonomous intersection

; P control policy is to confer the benefits of autonomy to passen
34 Policy Switching ers with driver-agent controlled vehicles while stillalling
uman users to participate in the system. Figure 5(a), which
£gncompasses our main result, shows a smooth and monotoni-
cally improving transition from modern day traffic lightef-

Policies based on certain light models may be more effectiv
at governing particular driver populations. In order totfiar
reduce delay, we have developed a way in which the interse

tion manager can smoothly switch between different pa*'melresented by the AIAFFIC-LIGHT policy) to a completely or

— the intersection need not bring all the vehicles to a hal " i hicl hani FCESHT with
and clear out the intersection. The switching mechanism reMostly autonomous venicle mechanism ( T Wi

. : : - the SNGLE-LANE light model). In early stages (100%-
quires every policy to keep track of the last time for which it 4 .
has authorized a vehicle to be in the intersection. Thisctoul 10% human), the AL-LANES light model is used. Later

be either the last moment of a reservation or the last momerfi" (€SS than 10% human), thenSLE-LANE light model
that a vehicle passing through a green light can be in the in'S introduced. At each change (both in driver populatiors an

: ; ; : ight models), delays are decreased. Notice the rathetidras
tersection. Once the intersection manager decides to mall . ' X )
the switch, itfreezesthe current policy. When a policy is 9roP N delay from FCFS-IGHT with the ALL-L ANES light

frozen, it rejects all requests that would cause it to ineeea Tl?r?el t?]FCFS'LfG;]T with tl?e .SNG'.'IE'LAN'IE I'gh: mt(?]del. -
the “last reserved” time. Once the current policy is frozen, ough none of the results I1s quite as close 1o e mini-

the intersection manager accesses the last reserved tiine a]r[qum ast pure F?::hs,_t?al\ﬁal_tI;-LgNltzhllggtC:rpgdel z;llowsf th
henceforth delegates all reservation requests that bégin a Ig(rjlg:rgauer use OI' € |rr1]_err]stec |o|n X y X € ﬁpo_r lon o de
that time to the new policy. All requests that begin befoi th “HGHT policy, which transliates to more efriciency an

time are still processed by the current policy. Becauseeall r lower delay. . S . .
quests are handled entirely by one policy, if two policies FCX sysLtems WI'.thha S|grtlj|f||cant ﬁroporltllon Orf humar&(jrlvers,
and P2 are safe (vehicles granted reservations by it are guall- e ALL-LANES light model works well — human drivers
anteed not to collide), the same will be true for the periodhave the same experience they would with theasric-

during which the intersection manager is making the switc LIGHT policy, but driver agents have extra opportunities to

A diagram illustrating this compound decision mechanism ismf"‘k.e it through the intersection. A_small amount Of.th's ben-
shown in Figure 4. efit is passed on to the human drivers, who may find them

; selves closer to the front of the lane while waiting for a red

4 Experimental Results light to turn green. To explore the effect on the average-vehi
We test the efficacy of the new control policies with a custom-cle, we run our simulator with the FCFSK&HT policy, the

built, time-based simulator. Videos of the simulator in ac-ALL-LANES light model, and a 100%, 50%, and 10% rate
tion can be viewed alttp://www.cs.utexas.edu/ of human drivers: when a vehicle is spawned, it receives a
“kdresner/aim/ . The simulator models one intersection human driver (instead of a driver agent) with probability 1,
and has a time step of .02 seconds. The traffic level is conb, and .1 respectively. As seen in Figure 5(b), as the propor
trolled by changing the spawn probability — the probabil- tion of human drivers decreases, the delay experiencedeby th
ity that on any given time step, the simulator will attempt to average driver also decreases. While these decreases are not
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Figure 6: Average delay for humans and autonomous vehicles as

Figure 5: Average delays for all vehicles as a function of traffic a function of traffic level for FCFS-IGHT with 50% human, AL -
level for FCFS-LGHT. ALL-LANES s well-suited to high percent- LANES(a) and 5% human,ISGLE-LANE(b) .
ages of human drivers (100%-10%), whilen&LE-LANE works
well with few humans (10%-0%). spite this, at high levels of traffic, the humans get a perfor-
mance benefit. Because these intersections will be able to
Eandle far more traffic thanRAFFIC-LIGHT, the fact that the

uman delays are kept more or less constant (as opposed to

as large as those brought about by the@ E-LANE light
model, they are at least possible with significant numbers o

human dnve.rs. . the skyrocketing delay of Figure 5(a)), means this is attual

Clearly there are incentives for cities toimplementthe ISSF  The gngLE-LANE light model effectively gives the hu-

LIGHT policy — the roads will be able to accommodate moremans a high, but fairly constant delay. Because the green
traffic and vehicles will experience lower delays. However,|ight for any one lane only comes around after each other lane
we have also shown that these benefits only materialize wheRlas had a green light, a human-driven vehicle may find itself
a significant portion of the vehicles are autonomous. Here Wajtting at a red light for some time before the light changes.
demonstrate that the system creates incentives for ingdsd  Because this light model would only be put in operation once
to adopt autonomous vehicles as well, in the form of lowerhyman drivers are fairly scarce, the huge benefit to the other
delays for autonomous vehicles. Shown in Figure 6(a) are thgso4 or 999% of vehicles far outweighs this cost.
average delays for human drivers as compared to autonomousThese data suggest that there will be an incentive to both
driver agents for the FCFS+GHT policy using the AL-  early adopters (persons purchasing vehicles capableef int
LANES light model. In this experiment, half of the drivers 5cting with the reservation system) and to cities or towns.
are human. Humans experience slightly Io_nger delays thafthgse with properly equipped vehicles will get where they
autonomous vehicles, but not worse than with tFFIC- 51 going faster (not to mention more safely). Cities and
LIGHT policy (compare with Figure 5(b)). Thus, by putting owns that equip their intersections to utilize the restova
some autonomous vehicles on the road, all drivers expegien aradigm will also experience fewer traffic jams and more
equal or smaller delays as compared to the current situatiorpfficient use of the roadways (along with fewer collisions,
This is expected because the autonomous driver can do eysss wasted gasoline, etc.). Because there is no penalty to
erything the human driver does and more. the human drivers (which would initially be a majority), the
Once the reservation system is in widespread use and aouyld be no reason for any party involved to oppose the intro-
tonomous vehicles make up a vast majority of those on th@y,ction of such a system. Later, when most drivers have made
road, the door is opened to an even more efficient light modelhe transition to autonomous vehicles, and thecs E-L ANE
for the FCFS-LGHT policy. With a very low concentration  jight model is introduced, the incentive to move to the new
of human drivers, the SGLE-LANE light model can drasti-  technology is increased — both for cities and individualg. B
cally reduce delays, even at levels of overall traffic that th ths time, autonomous vehicle owners will far outnumber hu-

TRAFFIC-LIGHT policy can not handle. Using the this light man drivers, who will still benefit as traffic volumes continu
model, autonomous drivers can pass through red lights eveg) increase.

more frequently because fewer tiles are off-limits at amegi

time. In Figure 6(b) we compare the delays experienced by Related Work

autonomous drivers to those of human drivers when only 5%4Rasche and Naumann have worked extensively on decen-
of drivers are human and thus then\& LE-L ANE light model  tralized solutions to intersection collision avoidanceklpr

can be used. While the improvements using the A ANES  lems[Naumann and Rasche, 1997; Rasehal, 1997. Oth-

light model benefit all drivers to some extent, thevSLE- ers focus on improving current technology (systems of traf-
LANE light model's sharp decrease in average delays (Figfic lights). For example, Roozemond allows intersections
ure 5(a)) appears to come at a high price to human drivers. to act autonomously, sharing the data they gaffR@oze-

As shown in Figure 6(b), human drivers experience muchmond, 1999. The intersections then use this information to
higher delays than average. For lower traffic levels, the demake both short- and long-term predictions about the traffic
lays are even higher than they would experience with theand adjust accordingly. This approach still assumes human-
TRAFFIC-LIGHT policy. However, figure 5(a) shows that de- controlled vehicles. Bazzan has used an approach using both



MAS and evolutionary game theory which involves multiple  versity of Texas at Austin, Department of Computer Sciences, Al
intersection managers (agents) that must focus not only on Laboratory, December 2004.

local goals, but also on global godBazzan, 2006 [Dresner and Stone, 2004Kurt Dresner and Peter Stone. Multia-

Hallé and Chaib-draa have taken a MAS approach to col- gent traffic management: A reservation-based intersection con-
laborative driving by allowing vehicles to forrplatoons trol mechanism. InThe Third International Joint Conference
groups of varying degrees of autonomy, that then coordi- on Autonomous Agents and Multiagent Systgrages 530-537,
nate using a hierarchical driving agent architecf{ittalle and New York, New York, USA, July 2004.

Chaib-draa, 2005 While not focusing on intersections, Mo- [Dresner and Stone, 20pXKurt Dresner and Peter Stone. Mul-
riarty and Langley have shown that reinforcement learning tiagent traffic management: An improved intersection control
can train efficient driver agents for lane, speed, and roete s  mechanism. InThe Fourth International Joint Conference on
lection during freeway drivingMoriarty and Langley, 1998 Autonomous Agents and Multiagent Systepeges 471-477,
On real autonomous vehicles, Kolodko and Vlacic have cre- Utrecht, The Netherlands, July 2005.
ated a small-scale system for intersection control which igHalle and Chaib-draa, 2005Simon Hale and Brahim Chaib-draa.
very similar a reservation system with a granularity-1 FCFS A collaborative driving system based on multiagent modelling
policy[KoIodko and Vlacic, 200B and simulations. Journal of T(ansportation Research Part C
Actual systems in practice for traffic light optimization  (TRC-C): Emergent Technologiek3:320-345, 2005.
include TRANSYT[Robertson, 1969 which is an off-line  [Huntetal, 1981 P B Hunt, D | Robertson, R D Bretherton,
system requiring extensive data gathering and analysé, an and R | Winton. SCOOT - a traffic responsive method of co-
SCOOT[Hunt et al,, 1981, which is an advancement over ordinating signals. Technical Report TRRL-LR-1014, Transport
TRANSYT, responding to changes in traffic loads on-line. @nd Road Research Laboratory, 1981.
However, all methods for controlling automobiles in praeti  [Kolodko and Vlacic, 2008 Julian Kolodko and Ljubo Vlacic. Co-

or discussed above still rely on traditional signallingteyss. operative autonomous driving at the intelligent control systems
) laboratory. IEEE Intelligent Systemsl8(4):8—-11, July/August
6 Conclusion 2003.

We have extended an extremely efficient method for control{moriarty and Langley, 19098 David Moriarty and Pat Langley.
ling autonomous vehicles at intersections such that at each Learning cooperative lane selection strategies for highways. In
phase of implementation, the system offers performance ben Proceedings of the Fifeenth National Conference on Artificial In-
efits to the average driver. Autonomous drivers benefit above telligence pages 684-691, Madison, WI, 1998. AAAI Press.

and beyond this average improvement, which creates addjnational Highway Traffic Safety Administration, 200National

tional incentives for individuals to adopt autonomous e&hi Highway Traffic Safety Administration. Economic impact of
technology. We also showed how the system can move be- U.S. motor vehicle crashes reaches $230.6 billion, new NHTSA
tween different control policies smoothly and safely. study shows. NHTSA Press Release 38-02, May 2002. Available

This work opens up the possibility of creating light models ~ athttp://www.nhtsa.dot.gov
that use less of the intersection thanLALANES, but don't  [Naumann and Rasche, 199Rolf Naumann and Rainer Rasche.
restrict human drivers as much asN8LE-LANE. These in- Intersection collision avoidance by means of decentralized secu-
termediate models would provide the needed flexibility to  rity and communication management of autonomous vehicles. In
let autonomous vehicles traverse the intersection usirg th Proceedings of the 30th ISATA - ATT/IST Confere867.
FCFS portion of FCFS-IGHT more frequently, decreasing [Pomerleau, 1993 Dean A. PomerleatNeural Network Perception
delays relative to AL-LANES. Additionally, adaptive light for Mobile Robot GuidanceKluwer Academic Publishers, 1993.
models could ameliorate the.delays for human. drivers a_'SSOCtRaSCheet al, 1997 R. Rasche, R. Naumann, J. Tacken, and
ated with the 8VGLE-LANE light model. If an intersection C. TahedI. Validation and simulation of decentralized intersec-
manager can receive a reward signal based on delays expe-tion collision avoidance algorithm. IRroceedings of IEEE Con-
rienced by vehicles, the manager can learn light models and ference on Intelligent Transportation Systems (ITSG 9997.

adapt on-line. . o _ _ [Robertson, 1969 D | Robertson. TRANSYT — a traffic network

A science-fiction future with self-driving cars is becoming = study tool. Technical Report TRRL-LR-253, Transport and Road
more and more believable. As intelligent vehicle research Research Laboratory, 1969.
movesff?]n’vr?.rdﬁ Itis 'mportag.tl.that we prepare to t?]l.(e;’gxan[Rogerset al, 1999 Seth Rogers, Claude-Nicolas Flechter, and Pat
tage of the high-precision abilities autonomous venicess Langley. An adaptive interactive agent for route advice. In Oren
to offer. Efficient, fast, and safe automobile transporai® Etzioni, Brg P. Miller, and Jeffrey M. Bradshaw, editorByo-
not a fantasy scenario light-years away, but rather a geal to  ceedings of the Third International Conference on Autonomous
ward which we can make worthwhile step-by-step progress. Agents (Agents'99)pages 198205, Seattle, WA, USA, 1999.

ACM Press.
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