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Abstract—Traffic control is an old and ever growing problem in A
cities throughout the world. Within many cities, intersections rep- A
resent bottlenecks in the flow of traffic. Evaluating intersections [
control is complex and difficult. Given this, intersection manage- I
ment is both costly and time consuming. This paper considers o
the potential benefits of enhancing the traffic intersection with I |
the use of intelligent objects in vehicles. We present, compare |
and demonstrate a novel Vehicle Back-Off Protocol against a [
classical Timed Traffic Control system. Our protocol usesad-ho~ ===n [T jﬂ =
messaging, collision avoidance and shared journey plans as a TCh-—---- P
means by which to reduce delay, adapt a journey and maximise 1
the efficient usage of a traffic intersection. We use simulation to ;
model and evaluate intersection control. |

I. INTRODUCTION !

As the populations of cities continue to grow, traffic *

control within them becomes an ever larger problem. Thus

far, methods of alleviating traffic congestion in cities éav Ae & Be

been broadly approached using systems such as Intelligent _ _ N

T . S ITS hich K d bi Fﬁg. 1. Scenario: vehicles (A, B and C) plan to travel to thiegpective end
rar!sportatlon yStemS ( ), whic See. to render 0 Je?) nts (Ae, Be and Ce). Vehicles must avoid colliding with awether by

within the transportation system (e.g. vehicles, roadsfi¢r adapting their speed, simultaneously optimising the incldegay during their

lights, message signs, etc.) “intelligent”, embeddingmtheiourney. Vehicles are assumed to be intelligent objectss(sgrand actuating
o ' ' ' ; devices).

with microcomputers, sensors and actuators, enabling theemv'ces)

to communicate with each other using wireless technologies

ITSs aim to monitor and manage factors such as traffigyersection. We envision the interaction of intelligeijexts

flow and routes to improve safety and reduce vehicle weg the means by which to safely and efficiently organise
reduce journey times and lower fuel consumption [3][13]xtersections.

A subset of these solutions attempt to improve traffic flow
at intersections, although management decisions areajpic Il. RELATED WORK
centralised [16][17]. While a traffic intersection represea Modern traffic control has been broadly approached from
local problem, its combination with other intersectionsd anboth top down (large scale systems) and bottom up (lo-
the topography of a city makes traffic control a difficult andalised protocols) approaches. Intelligent transportesys
complex problem to address. (ITS) serve as one such set of large scale solutions to traffic
The work presented in this paper considers a contrastiogngestion [3][13]. Many ITS systems seek to manage real-
distributed approach to traffic intersection control usshgred time traffic conditions. They are typically expensive to tbot
journey plansandavoidance The work presents a method ofdeploy and maintain and their architectures are typically
evaluating intersection control strategies. Our VehickclB centralised, requiring large networks for connectivitystems
Off Protocol (VBP) is compared to a classical Timed Traffiike WikiCity [6] propose collecting real-time data abotnet
Control (TTC) system. We assume vehicles to be addres#ty using a community of mobile citizens to curb these
able mobile intelligent objects. Vehicles adapt their spee difficulties. Using this type of city data, traffic schedifiL0]
avoid predicted future collisions with other vehicles, ffeet has been proposed as a method of improving traffic flow in the
repeatedly micromanaging local speed to minimise journepntext of automated vehicles. The reality of deployinghsuc
delay and improve vehicle flow. Vehicles cooperate using ad-system has been motivated by initiatives like the Driverle
hoc messaging to safely organise and travel over a shafears project at Google [20].



- . ' . STRAIGHTS TURNINGS CROSSINGS
A distributed solution to traffic control provides local Ry Erey ramrey - Ry Wrey Surero B By rperey surey durey Surere)

autonomy and modularity. However, distribution presents 4 r 5. J—E | F5sL—>H | D—»J—>I—>K—>B
number of challenges including issues of consensus, fault- D +J—=+I—=-C | D=»J—=FE | G K—>L—=>J—=E
tolerance and stabilisation. The Smart Cars approach jid]a LG 2K =L = H |G K= B | Aol K> Lo H
work by Cahill et al. [5] represent distributed approaCheSINTERSECTION MOBILITY PATI?SII\_IS'II'HE PATTERNS REPRESENT ALL
to traffic control along multi-lane highways for automated ACCEPTED VEHICLE JOURNEYS

vehicles. Multi-agent approaches have largely consideried

based traffic light examples [1][8][11]. Bull et al. [4] have

attempted to use machine learning techniques to learn and

strategically manage traffic control at intersections. tMul

agent collision avoidance has considered swarm systems SE%"GI(; por?_iti;)nhp?(;rs_and i_s modifialble tEroﬁghogt thg jorylztrne
specified behavioural approaches [7][18]. ach vehicle nolos its owjpurney pianwhich IS shared when
neighbouring vehicles enter its communication range. A-veh

I1l. SCENARIO cle is capable of measuring a variety of local data, inclgdin
. ) , . 2;éosition (geographic position using latitude and longitude),
The traffic intersection problem (Figure 1 and Figure ZJering to the next waypoint speedand thedistanceto the

is a useful micro-scenario from which to understand COMyy; intersectionMessages contain meta-tags which include
plex global traffic systems. The layout of the 'nterseCt'OBosition and last-sender information.

presents a number of intersection points where two vehiclesUsing letters we can denote significant points within the

could collide. Th_e intersection de_f_inition used in this paise intersection example (Figures 1 and 2) and define the perpen-
common to previous work by Giridhar and Kumar [10] angyic,jar roadways, intersecting at the center (labelledH, ).

Hirankitt et aé:.' [1|1]' Twol stra|ght roads |nter|sect one_t:m ffVehicles can travel in lanes in opposite direction. Yet, rehan
at a perpendicuiar angle. There are two anes with traffiGersection occurs, vehicles must be organised so thasicg
flowing in opposite directions. The intersection represemt

vehicles do not collide. Traffic travelling from perpendeu

shared crossing where vehicles must avoid colliding wh|(Lj§ngles is required to turn or cross existing flows to coryect

reducing total delay. Vehicles are capable of communigatif, . isate the intersection to travel onwards to one of thteero
using messages. Each vehicle can determine its geogra

! ) board o d techsi Sls in the subset of originating points. We should not¢ tha
position using on-board positioning systems and techsique e apyral organisation of the intersection specifies timat

more than two vehicles can collide at I, J, K or L. An example
route can be defined as the set of points which a vehicle must
reach, including those sub-positions, where a subset ggurn
may be specified by the route which usés—» I — K — B.
There are twelve possible routes to negotiate the inteosect
formulated in three sets (Table I). Using these routes wiel bui
traces which provide us with repeatable scenarios on wlich t
test the performance of varying protocols.

North
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West g K[ L  East IV. ARCHITECTURE

Each vehicle is represented usingressage-baseithtelli-
gent object architecture (Figure 3) [9]. As intelligent ettfs,
vehicles are addressable and capable of both sensing and
actuating within their local space.

Multiple vehicles broadcast messages into the local space a
each time steptg) - limited by the maximum communication
range available. Messages received by neighbouring \eshicl

4 . . o . are placed in a message Inbox, where they are disassembled to
Fig. 2. Intersection scenario and context: vehicles capreantd exit from . . A
one of four compass points. We assume vehicles travel on theafca dual  '€veal a list ofinput Payloads(Pi). EachPi is interpreted by
carriage way road. A vehicle can travel one of 12 mobility pe the execution loop, which continuously executeledaviour
algorithm (e.g. TTC or VBP). If the time-step interval is less

We assume that a typical driver using a GPS systeiman or equal to 1 then we assume that a memory is not
will initially specify their intended destinatianA data pair needed - operations and adaptation are real-time and memory
specifying present positionand theintended destinatioris serves no purpose for binding a previous history with the
submitted to a journey planner. A set of directions are refdr present state. Aehaviourrepresents the observable action
to the user describing the route which should be taken taken by a vehicle within a specific state. We show this
reach the intended destination. The route used is repesberiiehaviour as effecting tHecal spacg.communicable range of
abstractly as thpurney plan The journey plan is composed ofcommunication with intersection) within which both velasl

B F
South



o Communication Range - the maximum specified meter
3 MEMORY ! A range of communication to which a broadcast message
h , can travel and be received;
DATA A . .
. « Broadcast Interval - the time interval between message
] EXECUTION LOOP e broadcasts, specified in seconds.
PAYLOADS (P/ \iAYLOADs (Po) A. Timed Traffic Control
’ INBOX ‘ ’ OUTBOX ‘ The Timed Traffic Control(TTC) protocol emulates timed
® classical centralised traffic control methods (simple et
RECEIVEM) ™\ / BROADCAST(M) traffic lights) - green to go and red to stop. The timed traffic
LOGAL SPACE control algorithm was used as a control test to measure
n and compare algorithms. A go-stop interval was chosen as
BEHAVIOUR the time when traffic travelling from a particular axis was

allowed to flow (East-West or North-South). Where the timer
periodically elapsed the traffic direction was switchedwlhg
waiting traffic to continue in the specified direction. While
more modern alternative traffic control approaches do exist

. . e.g. methods using inductive loops and light sensors), TTC
and messages reside. Figure 3 exposes two feedback lo ; .
o . represents a base line performance on which to compare both
existing in the architecture.

Messages are broadly generic however Bayload com- VBP protocol performance and future proposed methods.

ponent of each message can be fashioned specifically fogavehicle Back-Off Protocol

given system. In this pgrﬂcular case, the Paylpad, MESFA0E IThe vehicle Back-Off Protoco(VBP) uses an adjustable
tailored to hold data with reference to a vehicl@ssition . - AN e :
. N o rankingmechanism for the specification of priority (Algorithm
intendedtarget, speedand the sender’®urney plan(limited - ;
" . : . 1). Back-Off represents the yielding aspect of adaptation
to t; positions). The journey plan can be visualised as . LY
necessary to avert a collision. A yielding rank has thus far

S.Gt of tuples holdm_g future position-time pa|rs.for a glve?)een tested using two methods: random seeding and ordered
sizedt;. We can write an example plan as the list sequence

[(po.t0), (p1:t1), -y (P, tn)] Wheren > 0, p, represents the priority. This paper focuses on ordered priority. The mgesa
pogi,tign7 oflé ;éﬁ.i.(;le T A moment in_tirﬁenn][ While . — o Inboxcontains messages received from neighbouring vehicles

represents the present instance of times 1 defines future in the previous time-step. Mobility object stores the journey

predicted positions - where a vehicle believes it will be iRlan of a vekicle. In this respect the Mobility object preasd

. . n interface to position, direction, speed and predictedréu
a future time step. Input messages are disassembled and,th . » .
. . . track data (i.e. the position for a vehicle for future steps
Pi component of each message is compared and applied

arameter of the local vehicle protocol adsuﬁng the journey). The orientation of a vehicle is catéggmt
P P ' using a compass bearing and segmented regions. A 35 degree

V. PrRoTOCOL cone was used to gauge whether an object was ahead of
ranother object. The retur@utboxinforms other neighbouring
¥ehicles of the state of the present vehicle.

The operation of VBP is broken into three phases: (i) a

Fig. 3. Intelligent object architecture.

A traffic intersection should seek to achieve two primal
goals: (i) reduce delay (within bounds, while adhering teesp
limits and cautions) and (ii) avoid collisions occurringthvi _. =~ ) . . . .
other vehicles (maintain safety). Performance is meashyed Filtering (lines 2-7), (ii) Collision Avoidancg(lines 8-16) and

examining thethroughput(rate at which vehicles reach their(m) Sharing(lines 17-21) phases. Initially the algorithm iden-
end point). We assume the following set of inputs: tifies those messages from neighbouring peers which affect t

. . present journey plan. A collision detection method detaasi
» Positionusing a GPS or other system; _ifa collision shall occur between itself and the messagelesen
¢ mput messagesmessages received from the previoug, 5 giscrete set of time-steps within the future, knownhes t
tmg—stgp; . . . look-ahead timet(,). If a collision is detected to occur the
« navigation functionsto determine and calculate bearingnessage is placed into a secondary filtered message set. The
d'St"",r?CG and speed; ... . filtered collection is then once again filtered for the closes
« modifiable message payloadiata structures specific tomessage aheadn() to the present vehiclem, is seen to
the protocol being used. represent the most immediate danger to a vehicle. Having
The two protocols we present and compare (TTC and VBRjentified the immediate collision to avoidp. is checked
attempt to achieve the goals highlighted using these minimgyainst the local vehicles future path and the held futute pa
inputs. A number of static variables set globally for eactattached by the message sender). A collision timé i
device. The variables include: computed.
« Respawn - the time interval between new vehicles enter-Theranking sub-routine constitutes the most important con-
ing the intersection; dition within the protocol. Ranking is determined by anays



r=10s | r=15s | r=20s

Algorithm 1: Vehicle Back-Off containing a modifiable cmesom T 0.02 T 0.03 T 001

ranking condition. cnmE100m | 0.08 | 0.06 | 0.02
Data: Inbox, Mobility, ¢;, cm=150m | 0.11 | 013 | 0.04
Result Outbox TABLE Il
1 beqin TOTAL DELAY RATIO COMPARISON (VBP:TTC) EXPERIENCED DURING
g . . 600 SECONDS OF SIMULATION TIME VBP OUTPERFORMSTTC FOR
2 List filter RATIOS < 1.0.
3 for i < 0 to Inbox.sizedo
4 Messagen; < Inbox]i]
5 if dgtectCoII!smnln(ni, tr) then =105 T F=15s | 7=20s
6 L filter « filter U (m;) cnE50m | 0.7234 | 1.2978 | 1.15
L cm=100m | 1.15 1.22 | 1.0697
7 m. < getClosestMessageAhead(filter); cmE150m | 1.2777 | 1.1272| 1.1219
if existsm, then TABLE IlI
Payload p+ m..payload TOTAL THROUGHPUT RATIO COMPARISON(VBP:TTC) EXPERIENCED
: P DURING 600 SECONDS OF SIMULATION TIME VBP OUTPERFORMSTTC
10 t. < predictCollision(FuturePathy), FOR RATIOS> 1.0,
p.FuturePath)
11 if (existst.) and rankingCondition{n.) then
12 | reduceSpeed|()
13 else h is a di imulator buil f th i
increaseSpeed() T_ e GU_S Is a |scr_ete event simulator built a_ltop 0] _t e Java in
14 L L ! Simulation Time (JiST) framework [2]. The simulation frame
15 | else work is efficient, out-performing existing highly optimide
16 | increaseSpeed() simulation run-times both in time and memory consumption

[2]. The usage of Java and the direct integration of geogcaph

1 if clock (modt ) = 0 then mobility specifications makes development and deployment

18 msg; I\/Ileszage(positi('\)/ln,bi?.)t q easier and more adaptable than alternative approaches as
1o EA:.”&% oa E i/(lfjmbn'?t’ f?[ ||y.st;?]ee ' found in systems like NS-2 [12], the One Simulator [14] and

2 mgglsleyt.Pi\rgI?)z;\d(;) lity.futurepath) GloMoSim [22]. The protocols experimented with using the

o outhox.add(msg) GUS can be easily ported to devices supporting Java (e.qg.

Dalvik Android [19]).
We focus on experiments used to compare protocol per-
formance for a four way traffic example (measuring delay

of m.. Ranking is necessary to determine which vehicle sho &Td throughput for TTC and VBP). Each experiment used a

yield to which other vehicle - which vehicle should adapé atic set maximum speed of 8 m/s (17.9 miles per hour -
- . fo i . h 1 .
their speed to avoid a collision. kandom seedingthe action onsidered a safe intersection approach speed [15]),ngryi

: . . maximum communication ranger() between 50 and 150
to yield is randomly chosen using a boolean value for ea?r}i]eters and varying respawn) (between 10 and 20 seconds.
iteration, while in ordered priority we used the name idigatti

. L - . ... Mobility patterns used generate synthesised traces, wihich
of a vehicle as a condition for yielding. A lower name ideatifi y b g y

. turn presented us with the capacity to rerun differing prots
was deemed to have precedence over a higher value. Ino?'jpcommon mobility patterns.

cases the ranking condition needs to determine precedenc:la
between two vehicles based on the characteristics of %%
communicating vehicles. Within VBP ranking is a requirertneqern
and correct ranking is fundamental to correct operatiorhef t
co_Ill_lstleor}ir?;/IOIdance phase_. - é)recedence (lower numbered vehicles have priority overdrig
phase (sharing) periodically broadcasts a new .
. . . humbered vehicles).
state messagemisg to all neighbouring vehicles such that
all other neighbouring vehicles can determine their owrallocy
adaptation. Hence adaptation is repeatedly computed. Two . ] }
vehicles compute from the same scenario and set states aR€lay is measured as the cost of adaptation. Each vehicle
individual adaptation. VBP is hence discrete in its capaiit J0Urney plan assumes initially that no delay shall exisnglo
find a solution. A yielding vehicle sacrifices its own optimain€ entire journey. Hence, the initial journey plan repnese

he model has been constrained and does not yet consider
effect of pedestrians, road conditions, weather and al-
ative driver behaviours. All vehicles are assumed ® us
the same VBP protocol with an ordered ranking condition of

Delay

journey for the benefit of neighbouring vehicles. the optimal journey. As a vehicle experiences delays dusing
journey the optimal journey is modified and a delay incurred.
V1. EVALUATION AND RESULTS Figure 4 depicts a typical experiment and illustrates each

We evaluated the application of TTC and VBP for traffitotal delay instance in time as an impulse. TTC is seen to
intersections using th&eographic Urban SimulatofGUS). produce a periodic delay effect as traffic initially slowsdan
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backs up, vehicles are seen to be waiting for a signal to éhangases where the following distance between vehicles wgs lar
In contrast, VBP delay is seen to be both more dispersed asmbugh to allow for a crossing on the intersection - if thiswa
more random than TTC, with a lower marginal cost. not the case, then a limited backlog of vehicles occurrecat o

The delay ratio performance difference between TTC armd the four intersection stops and performance was degraded
VBP was computed as VBP:TTC (Table Il). Table Il consider€lear patterns can be seen in both delay and throughput
the effect of varying both communication rangen{ and comparisons, yet these patterns of performance are dueto th
respawn ). In all experiments VBP was seen to significantlyexperiment scenario, vehicles are not randomly insertéa in
outperform TTC, with a best performance of 0.01 and a wortte intersection, rather they are added periodically. Gibhs,
performance of 0.13. the regular distribution patterns are more common in TT@ tha
B. Throughput those patterns found in VBP.

Throughput represents the average rate of successfuleehic VIl. DISCUSSION
journeys using the intersection. Figure 4 shows the distioh o . o .
of vehicles successfully reaching their goal destination f Ideal traffic intersection control is difficult to define. For
buckets of 10 seconds. Marginal throughput spikes welf@e purposes of this paper, we have focused on the avoidance
higher for the timed approach as vehicles are more Cbs&?colllswn_qnd the reduction of d_elay. Collision avoidaris
collected together after they had been required to wait &tSafety-critical concern and a primary challenge. We do not
an intersection. Effectively a convoy of vehicles wouldatea argue for or against autonomous vehicles [20]. Delay may be
their final destination. In contrast to VBP, TTC was seen fgfassified as a secondary aim. Timed traffic control systems
be favourable in scenarios where communication range waempt to partition and allocate time either according to a
limited and vehicle density was high (Table 1lI), while VBPrégime of “faimess” or specifically to demand (e.g. indveti
throughput was significantly improved given larger commio0pPs and the employment of sensors) - most importantly they

nication ranges and more sparsely dispersed traffic scanatPOP Safety critical elements (orange lights) or periodafich
(VBP:TTC throughput ratios> 1.0). the intersection can be reset to deal with a new collection

of crossing vehicles. VBP attempts to maximise the usage

C. Summary of the intersection by focusing on collision avoidance and
In comparison (Tables Il and Ill), we found VBP to reducadapting speed to “nudge” the overall intersection intoagest

total system delay whilst improving the throughput of véddéc of minimal delay. The example given in this paper may be
using a road intersection. However, VBP was only benefinial considered a simplified model of traffic intersection cohtro



yet it provides a base comparison on which further work care]
be applied. A more realistic approach may take into account
the added complexities of such an intersection, including[3
pedestrian mobility, weather and road conditions. However
should still be clear as to measure the system on the callisio
delay and throughput metrics. The GUS has generated and
compared synthesised mobility traces, as public traces fou]
intersection usage were not available. Real intersectames
could be provided to more accurately describe and measujg
an intersection for presently used protocols.

VIII. CONCLUSION AND FUTURE WORK

This paper has evaluated a n&®hicle Back-Off Protocol [©!
for road traffic intersections and compared the approach wit7)
classicalTimed Traffic ContralThe Vehicle Back-Off Protocol
makes use of vehicles as intelligent objects at an intdmsect
Vehicles use sensory inputs, shared journey plans, mergsag{ ]
and behavioural adaptation to reduce both total delay and
maintain vehicle flow. By predicting collisions and refining o]
vehicle behaviour the Vehicle Back-Off Protocol reduces th
effect of total delay. Comparing these two approaches, \i®]
present a methodology for evaluating traffic intersection-c
trol using throughput and delay metrics. (11

While we have shown that a distributed approach to
intersection control by vehicles is feasible within boundig [12]
specific parameters, the work presents a number of future
research directions, highlighting issues including robess, [13]
consensus, message lifetime and security.

The robustness of the protocol has not been explored, nor
has the protocol been required to operate using erronedas da
or in a fault tolerant environment. Performance of the syste.,
given multi-hop messaging has not been considered. Thet effe
of scaling the system to include multiple intersectionsns a
open problem. To what extent vehicle behaviour adaptati R
changes the overall system is unknown. Pedestrian behawou
may benefit from sharing journey plans with vehicles such tha
vehicles may adapt their behaviour to accommodate pedﬂstr[l1
delays and vice versa. We intend to test the Vehicle Back-
Off Protocol in the context of train and airspace scenariog’]
Finally, the security of the system has not been investijate
It is unclear what effect inconsiderate drivers may havehen t
functioning of the system.

14]
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