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Chapter 1
Introduction

Cars have become a very popular form of transportation. @swolecars are not
only using their vehicle for long trips, but also for shoip# like visiting family
and friends or shopping. Koélbl and Helbing say that the tatadrage travel-
ing time is inversely proportional to the energy it takes thoe traveler himself
[KHO3]. The traffic density has been growing during the lastatles. At some
places this becomes a problem. The traffic flow is slowing domeven blocked.
This causes not only a loss of time, but it is frustrating nifait for the environ-
ment and economics. All improvements to the traffic flow cap hed are needed
to keep up with the growing traffic density. A lot of researsidone on optimiza-
tion or adaptation of traffic light controllers. Testing #fficiency or optimization
of decision variables can be done with simulations.

Carlos Gershenson proposes a solution “in which traffiag$igelf-organize to
improve traffic flow” [Ger05].

1.1 Simulations

Improvements to the road infrastructure are expensive amdprojects chang-
ing the infrastructure need to be evaluated on their effentsraffic. Simula-

tions are very useful for such evaluations and have been lngedany people
[DS04, Her04, WVVKO04, Ohi97, Nag04]. It is not only possiliteevaluate the
modifications under normal conditions, but specific scasacan also easily be
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tested.

The traffic light controllers of Carlos Gershenson haveslenivariables which
influence the performance of these controllers. Simulataoe very useful for op-
timizing decision variables of a system, when it is evaldaie its performance
[OKO02].

Simulations are done for many purposes and a common appcoacists of
formulating the problem, analyzing, modeling and experntimg. In this way
simulation results can be obtained successfully [Bal98].

New traffic light controllers can be checked in differentrsmeos on a realistic
traffic simulator. The simulation model has to be as reales$i possible to obtain
convincing results. Testing traffic light controllers iretineal world would not
only be expensive in time and money, but it could also disthebtraffic flow or
even cause physical damage to vehicles and drivers.

Some have used probabilistic cellular automata for sirmgdataffic [FSS04Db,
FSSO04a].

Drivers, traffic light controllers and others make their odecisions which
results in an emergent behaviour. Agent technology can bd fs construct-
ing detailed behaviours for individual entities. It is pis to run simulations
on multiple computers for a given road map. When the map igléeds into
smaller pieces, one for each computer, the computationédrmpeance will in-
crease [KEW]. Also others have used agent technology foulsitimg traffic
[Sot, DS04, Nag04, WS02]

A description of an agent-based traffic simulator by Levi @ehthWorth [KEW]:

The main entities in the traffic network are road segmentsr-in
sections, vehicles, traffic lights, signs and sensors, whre mod-
eled as agents. The traffic network can be partitioned irgmns,
along geographical boundaries. Agents corresponding titesnin
the same region are hosted together in the same agent cotygnsoni
that they have a high-bandwidth, low latency communicaéiomong
them. Vehicle agents are mobile: as they enter a new regienwill
physically migrate to the agent community hosting thatoegi
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Regions are highly autonomous. When simulation of a new re-
gion is deployed, it will automatically connect and synctire with
the adjoining regions already running, accepting inconvielicles,
and sending outgoing vehicles. ... This approach allowghilesim-
ulation of large traffic networks. Regions can be distridute the
computers on the network, and depending on the level ofaster
each region can be simulated in detail in micro level, ab#yran
macro level, or it may not even be simulated, by relying orbpinl-
ity distributions to model the traffic coming out of that regi Thus
this approach helps integrate partitions of large traffisvoek simu-
lations that use very different simulation techniques.

Intersection agents are responsible for controlling the 66ve-
hicle agents from one segment to the next. They operate dffie tr
fic lights. Intersection agents at the boundary of a regionaw as
sources or sinks when the adjoining region is not being stedl
In such a situation, the intersection will generate the imicg traffic
using a probability distribution.

A vehicle agent contains the physical attributes of theslelsuch
as length, acceleration, type, as well as the driver's dbtanatics,
such as aggressiveness and route. It also includes theltarihg
and lane-changing behavior. In implementing those behsvibe
vehicle agent needs to continuously interact with the Jekiaround
it. In order to provide fast communication among interagtehicle
agents, vehicle agents are implemented as aglets, andllwsthe
road segment agent that they travel on. An aglet has the samseo-
tual attributes and the behavior as an agent, except thatfallets
hosted on the same agent can have very fast, shared-menmonyco
nication. The road segment agent monitors the position laad¢bhe
of the vehicles on it, and interfaces with the two intersgcagents at
either end. It also hosts the sensor and advisory-signsaglet
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1.2 Goals

For simulating the self-organizing traffic light contralte a realistic traffic simu-
lator is needed in which those traffic light controllers canésted. My first goal
is to get such a traffic simulator. Other programmers hawadly worked on such
projects and the Green Light District / iAtracos project ggo@d starting point for
implementing the simulator. Those projects already haw aflfeatures imple-
mented and | added extra features to get a more realisticcteafnulator. Cars
can accelerate and decelerate and they keep a stop distatieedrevious one.
They respect the maximum speed of the road they are movington,

My second goal is to demonstrate that the sotl-platoon otletrof Carlos
Gershenson performs much better than a green wave contrdlés is shown
by simulating those controllers in different scenarios] aamparing the average
total waiting time of the road users for different controdle

The third goal is to show thBlinistry of the Brussels-Capital regiaihat the
sotl-platoon traffic light controller is better than the @mnt controller in the Wet-
straat of Brussels. The Wetstraat is currently using a gvesare algorithm to-
wards the centre of Brussels. The Wetstraat has to be stfidiedoncerning the
design of the road, traffic density, origin and destinatiboars that travel on the
Wetstraat, the green times and periods of the current tigjfit controller, etc.
These data are then translated into a map which will be uséodobsimulator. Fi-
nally the simulations of the new traffic light controllersndae tested on the map
and the simulation data will be compared for different tcalifyht controllers.

1.3 Outline

In chapter two the traffic light controllers of Carlos Genséen are introduced
and some other research on optimization and adaptatioaf@ittlights. For the
simulation | made improvements to an existing traffic sinig@roject, which is
discussed in chapter three, and in chapter four a full repgrven on the improve-
ments on this simulator. Chapter five presents and disctisssgmulation results
for three scenarios with five traffic light controllers. Chexpsix contains the final
conclusions of the improvements to the simulator and thellsition results.
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Optimization and adaptation of
traffic lights

Contributions to traffic management such as synchronizaidgjd lights on a pri-

mary road have been an improvement. Those synchronizatrensalled green-
waves: a car that gets green at the first traffic light will geteqp at the next
traffic light when the car is approaching it (when driving atem speed). This
green-wave is pre-calculated for a given travel speed. Wietraffic density is
high, the given speed cannot be reached and the aim of the-gi@es cannot be
fulfilled.

Some research is done on optimizing traffic by letting thé#itrdight con-
troller learn the best actions. Wiering et al proposed taresdorcement learning
algorithms. Those algorithms learn the expected waitimgs of cars for red and
green lights at each intersection, and sets the trafficdighgreen for maximal
gain configuration. [WVVKO04]

Other researchers are focussing on adaptation of traffic tigntrollers. Traf-
fic demands varies during the day and the traffic lights sheefte the changes
in traffic flow and adapt to it. [Ger05, DHO5]
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Self organizing traffic lights by Carlos Gershenson

Carlos Gershenson presents three self-organizing camettods: sotl-request,
sotl-phase and sotl-platoon. Marching control and Optinticd are non adaptive
methods and are used to compare those self-organizingotonéthods. The
definitions of the controllers are given below, which aretgddrom the paper of
Carlos Gershenson [Ger05]. Those definitions are for orexiiom lanes. The
realistic simulation has two-direction roads for scenarand 2.

Marching Control

All traffic lights “march in step”. all green lights are eithsouth-
bound or eastbound, synchronized in time. Intersections agphase
©i, Which counts time steps; is reset to zero when the phase reaches
a period value p. Whep,; = 0, red lights turn green, and yellow
lights turn red. Green lights turn yellow one time step earkhat is,
wheny = p — 1. A full cycle of an intersection consists of 2p time
steps. “Marching’intersections are such that= ¢,, Vi, j.

Optim control

This method is implemented trying to set phagesf traffic lights in
such a way that, as soon as a red light turns green, a car stbgpe
this would find the following traffic lights green. In other vds, we
obtain a fixed solution so that green waves flow to the south€hs
green wave method is very popular for avenues that haverprefe
over crossing streets.

Sotl-request control

All three self-organizing control methods use a similanpiple: traf-
fic lights keep a countex; which is set to zero when the light turns
red and then incremented at each time step by the numbersoépar
proaching only the red light independently of the statuspares of
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the cars. Whem; reaches a thresholt] the green light at the same
intersection turns yellow, and the following time step itrsired with
k; = 0, while the red light which counted turns green.

The sotl-request method has no phase or internal clockfidhights
change only when the given conditions are met. If there areans
approaching a red light, the complementary one can stayngké@v-
ever, depending on the value of theta, high traffic denstaestrigger
the lights to switch too fast, obstructing traffic flow.

Sotl-phase control

The sotl-phase method differs from sotl-request by addegfol-
lowing constraint: A traffic light will not be changed if theimber
of time steps is less than a minimum phase, thapiss. ©,.i,. Once
v; > Ymin, the lights will change whenr; > 6. This prevents the fast
switching of lights.

Sotl-platoon control

The sotl-platoon method adds two further restrictions tbgloase to
regulate the size of platoons. Before changing a red lightéen, it
checks if a platoon is not crossing through, in order not &akurit.
More precisely, a red light is not changed to green if on tlossing
street there is at least one car approaching withpatches from the
intersection. This keeps crossing platoons together.

The second restriction is: Restriction one is not taken atwount if
there are more tham cars approaching the intersection.



Chapter 3

GLD and iIAtracos

For the simulations of the new traffic light controllers alig& traffic simulator
is needed. Programmers of the University of Utrecht havatetea good traffic
simulator with a lot of usable features. This project hasimdended by a group
of programmers from Argentina. My project started from th&acos project [ea]
which is extended with extra physics, driving behaviour &ichis chapter a short
overview is given of the delivered features of the GLD anda&bs projects.

3.1 GLD

Green Light District (GLD) was developed by Intelligent 8ms Group at the
University of Utrecht [gld, WVVKO04]. GLD is an open sourceggram which
supports editing complex city maps, traffic simulation oesthmaps and changing
parameters for the simulation. Evaluation tools supp@pldying analysed data
of the simulation in a various number of ways:

¢ In-view statistics: this will colour junctions to indicatlee average waiting
time.

e Statistics window: contains precise data on the currentilsition map.

e Tracking window to track total waiting queue length, averagp waiting
time or average junction waiting time.
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New advances in physical detection of passing road usersrand
proved traffic light control algorithms are to be combinedptimize
traffic flow in the future. Deciding the best use of these neshitelo-
gies is best done by detailed simulation, to find out whethesysdly
new system would be profitable when applied to a certain stiva-
ture. This is the purpose of the Green Light District [gld].

More information can be found at the GLD website. [gld]

3.2 iAtracos

i-Atracos stands for “Intelligent Argentinean TRAffic CQoitSystem”, which is
an expanded and improved version of GLD, implemented bydaasscobar et
al.

e Dynamic incident generation: Users can declare roads bleisegith a
mouse click

e Flow traffic schedule: itis possible to run a simulation watianging spawn
frequencies by specifying intervals in an XML file.

e Simulation data sender interface: simulation data can peréaxd in XML
format

o Traffic interval sender interface: interface to send thenSignfig intervals.

More information can be found at the sourceforge websit@isfrroject [ea].



Chapter 4
Coding process

It is not always easy to build further on an existing projdeitst the design and
code of the project needs to be studied. After understaritimgode, improve-
ments or extra features can be added.

When a feature has been added, thorough testing is needed.

The most relevant pieces of the code are discussed in sdRéwverse engi-
neering Then all modifications are given in sectibist of modifications

4.1 Open source

The Green Light District project has started as an open squi@ect, which was
extended by the iAtracos project. Open source projects emg useful because
existing projects can be used and changed to your own intédgsnterest in this
project was to add real world properties like physics et¢héoproject like accel-
eration, deceleration, maximum allowed speed on a roagyikgestopdistance,
difference between primary and secondary roads, etc.

The source code of the extended program is available atsiouge.
http://norevts. cvs. sourceforge. net/ norevts/.

10
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4.2 Reverse engineering

When new features have to be implemented into an existinggirgorogram-
mers need to understand the design of the project and hoveléneant pieces of
code work. This can be a very intensive work and tools whietndefor declara-
tions, type hierarchies and call hierarchies are very lgethis process. Eclipse
supports these features and those were very useful to learproject’s imple-
mentation.

Also the communication with Gaston Escobar has helped irerstanding the
code. | have mailed and chatted with him, asking questionsitaie code. The
Green Light District project was provided with some UML diagns which gave
better insight in the global design of the project.

The most relevant parts of the code which were needed foeimghting the extra
features are discussed below.

4.2.1 Speed of roadusers and its representation on a drivaia

The speed is represented as a number of blocks movedypler In every cycle
all roadusers move a number of blocks ondhnieelaneas specified in the method
speed

Theroadusern a specific drivelane are stored in a linked list. Wheoaaluser
moves on the drivelane, the position represented in thafgspezaduserclass is
changed. The length of a drivelane is stored in the dRsad which contains a
number of drivelanes. When a roaduser enters a drivelapmsition is the length
of the road, and when it moves forward, the position of thelusar decreases.
The end of the road is representediayition = 0.

4.2.2 Nodes and subclasses

The clasfNodeand all its subclasses are locatedyld.infra Node is the abstract
class of all nodesJunctionand SpecialNodeare subclasses dode Junction



CHAPTER 4. CODING PROCESS

12

#roadid:int

#ength:int
#alphaMode: Mode
#betaode:Mode
#alphalanes:Drivelane[]
#betalanes:Drivelane[]
#ums:Tuml[]

#enabled Boolean=true

Drivelane

+Roadialpha:int, beta:Mode, length:int):
#getDrivelaneldList{list: Drivelane[[nint[]
+reset jivoid

+addilphalane {ane: Drivelaneywvoid
+remAlphalane Jane: Drivelaneysvoid
+addBetalane Jane:Drivelane)void
+remBetalanedane: Drivelaneyvoid
FaddTumtTumyvoid
HremTurmitTum ) void
+addLaneflane:Drivelane, to:Node)void
+remLanelane:Drivelaneyvoid
+getOtherMode(seenfrom: Modek Node
+getidth:Integer
+getMumaliLanesd:integer
+gethumAlphalanes{:Iinteger
+gethMumBetalanes{lnteger
+gethumCuthoundLanesi: Moded Integer
+getfuminboundlanesin:Maode):integer
+getCutboundlanesfiMode):Drivelane[]
+getinboundLanesi{n:Mode): Drivelane[]
+getiliLanesd:Drivelans[]
+painti{g:Craphics, < inty:int,zf:Floativoid
+paint{g:Graphicsyvoid
+izEnabled{rBoolean
+zetEnabledib:Boolean)vaoid

#id:int

#ype:int

#road Road

#queue: LinkedList
#sign:Sign
#targets:boolean(]
#oycleAzked: int
#oyclebd oved int
#atatistics:Drivelanestatistics
HourCycleint

+Drivelane(road: Road):
+getTailLength(iinteger

+getCom pletelengthlds lnteger
+resetfvoid

+addRoaduserAtEndiru; Roadusarivoid
+addRoaduserAtEndiru: Roadusar,pos intivoid
+addRoaduseriru:Roadiser, posint) void
+remRoaduserdtStant(): Roadiser
+mayUser{ruTypeinti:Boolean
+agetlengthicint

+getFirstRoadusen]y: Roadusar

+getMum Roaduse rsWaiting §:int
+gethumblock swaiting (rint

+gethodeCom esFrom (rMaode
+gethodeleadsTod:Node
+getTargetitargetint):Boolean

+zetTarget farget;int,state:bool ean)void
+izPosFree{pasition:int,length:int): boolean
+isTailFreed:boolean
+izLastPosFree{ength:int; boolean

+getPosFreefli:Listlterator,posiint, lengthiint, speed_leftiint, ruRoadwsar:int

+clearCurveboundsdwoid
+addCurveBoundsis: Shapeivoid
+processitats(ivoid
+initStatsfovoid
+getStatisticsf:DrivelaneStatistics

Created with Poseidon for UML Cammunity Edition. Mot for Comrmercial Use
Figure 4.1: UML diagram: Road and Drivelane

represents all intersections, those with traffic lights #nade without traffic lights
(NonTLJunctiorwhich is a subclass alunctior). The subclasses &pecialNode
areEdgeNodandNetTunnel At an EdgeNodeoad users will start and end their
trip.

4.2.3 Roadusers and how they move

Roaduseiis the most super class representing all road users. It habcasses:
AutomobileandBicycle RoaduseandAutomobileare abstract classe8utomo-
bile has 2 subclasse€ar andBus Theroadusershave an attribut@os which
represents their current position on the lane. This posisachanged by its ac-
cessors at other places, likerimoveLane
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Moving the roadusers is done in(gld.sim) SimModeih the methodsnoveAll-
RoadusersmovelLaneand moveRoaduserOnLananoveAllRoadusersalls the
methodmovelLandor all inbound lanes when the lane has not moved yet at the
current cycle.

moveLanas moving the roadusers on a given lane. For every road us#risn
lane, beginning with the first road user on the lane. A lot dfedent states are
possible for the road user. When a road user is moved, tHe tiight controller

is informed. This information can be used by the algorithmpi@viding a table
containing Q-values for each trafficlight in its ‘green’tseg.! A small flowchart
(not detailed) follows:

e calculate the ranges for every drivelane that this road em@d get into.

¢ handle road users that possibly can cross a node

— handle road users that get to special nodes

— handle road users that are (nearly) at a sign,
can cross, there is place on the node.
—> move road user from present lane to destination lane

— handle road users that are nearly at a sign
can cross, there is no place on the node
—>check if next lane should move and do it

— handle road users that are nearly at a sign
can cross but only moved some places

¢ handle road users that are not near a sign

moveRoaduserOnLaraxtually moves the road user and is calledrbgve-
Lane The road user is the first on the road or not. If it is the fitstan move
the maximum distance, if not, it checks the distance to tkegipus road user and
moves.

Yfrom info (gld.algo.tic) TLController.java
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4.2.4 Traffic light controllers

Junction.signconfigsontains all possible combinations of signs which may be
turned green at the same time. It is setdogl SCDataof (gld.edi) Validation

The methodcalcSCof (gld.algo.edit) SignConfigCalculataralculates all pos-
sible combinations of green lights.

SignController.switchTrafficLightshecks whichsignconfighas the highest sum
of Q-values. Thesignconfigwith the highest sum is chosen.

TLController is the abstract class for traffic light algorithms. It is infeed on
every movement made by road users. In this way not every readhas to be
iterated. By using this information the TLController prdes a table containing
Q-values for each trafficlight in its green settihg.

tld is an array in 2 dimensionsld[i] represents a node i of the infrastructure.
tid[i][j] represents @LDecision(for trafficlight) j of node i.

The concrete traffic light controllers are created TyCFactoryin the method
getinstanceForLoadvhich is called bygenTLC genTLCis called by methodet-
TLC of SimController

2info TLController.java
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TLCantroller

Hinfrainfrastructure
#ld:TLDecision[][]
-trackMode:int
Fmum_tizint

+getinfrastruct ured: Infrastructure

+zetinfrastructuredinfra infrastruciurelvoid

+aecide TLs TLD acisior! )

+create Decisionfraydnfrainfrastrucure). TLDecision[ ][]
#FgetOvgluesFromDeciziond rray (array: TLDDecizion{][[):float[][]

+apply O aluesiarray: TLDecizion[][Lwalue float[][xwoid
+rezet fovoid

+rackModeliiinthwoid

+getMumTLzO0int

+updateRogdiiserMavealric Roadisar pravia re: D fvalare, o vold
+doiettingzDialogic Controller, settings. TLC S ettingzvoid

&

15

TLCSettings Dialog

-dezcriptionz String[]

—int=int[]
—floatz:float[]

+TLC ettingsidescriptions String[l ints:int[Lfloats float[ T

TLCDRlog
OkCance IFanel
~ -textz:TextField[]
-zettings TLCSettings
+TLCDialogic Controller, settings: TLCSetting sy
+getiettings O TLCSettings
TLCActionListener TLCPropPanel Fanhe |

—1

Createdwith Poseidon for UML Community Edition. Mot for Commercial Lse.

Figure 4.3: UML diagram: TLController
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TLDecision holds a tuple of a TrafficLight and a float value to represeat th
reward for the TrafficLight to be kept.

TLCFactory is used to get instances of traffic light controllers. An amste is
created in the method setTLC of SimController.

SignController decides how each sign should work. Only one instance is cre-
ated in the SimModel.

The methodswitchSignss called bydoStepof SimModel

switchTrafficLights

SignController

+CtozzModesSafely:boolean=trie
#shortMLMam e:String="zigncontroller
#num_nodesint

~generator:Fandom

#lcontroller; TLConrtrallary

#infra: Infrastrucure

#ourrert 5C:5ign[][]

+getinfrastructure(; Infrastruciure

+QetTLCH: TLCostrallay

+zwdtchsignadaoid

+zave Se [f0XMLElem ent

+getxMLMamed: String

+zetParent Mame{parent Mame: String)woid

<< create =>=4+5ignControllert; TLCartrallar, i Infrastructure) SignController
+zetinfrastructurefi;infrastructure) v oid

+zetTLC{: TLCortrallafvoid
-zwitchMonTrafficlightsinode:MonTLuncion, dec: TLDecizion[Dowaid
+zwitchTraffi cLightz{node; Junction, dec: TLDecision[[awvoid
#ralcvedapdarl: Signf]ar2:Sign]v:Sign(]

+load{myElem ent:xXMLElem ent loaderxMLLoaderkvoid

+zave Childs{zave rxMLSaveryvoid

Created with Poseidaon for UML Community Edlition. Mot for Commercial Use.

Figure 4.4: UML diagram: SignController

3from info TLDecision.java
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4.2.5 Probability on enter/exit nodes

SimModel.spawnNewRoadusetaces new road users on the roads when neces-
sary. When roads are full, new road users are queued.

EdgeNodesupports destination frequencies. Destination freq@snare set in
Validationby addFrequenciesFor every edgenode the destination frequencies to
the other edgenodes are stored.

To change spawn and destination frequencies in the simutdick on the config-

uration button and select a roaduser type. Now select amedgdrom which the
frequencies have to be changed. When an edgenode is selebi@sla magenta
square around it. To deselect, right click. To change thevsdeequency, drag
the mouse from the edgenode to the left or the right. To chémgelestination
frequency, drag the mouse from the destiniation edgenotteetteft or the right.

This functionality is implemented by (gld.tooljgeNodeTool

4.2.6 Statistics

Total average waiting time (ATWT) isimplemented by TotalWaitTrackingView,
which tracks the average trip waiting time. The functiorcBadlay of Node, Junc-
tion and SpecialNode was not correct anymore because ofatieble speed of
roadusers. | updated this function to give the correct tesaalcDelay calculates
the delay of a roaduser during his trip on a certain laf€ay = (stoptime —
starttime) — (lengthO f Lane/maxSpeedO f Lane).

4.3 List of modifications

In this section all modifications to the project are discdsse

4.3.1 Change size of blocks to model speed in m/s

The easiest way to represent speed js. The length of the road has to be bigger
when it is drawn in the editor. This gives a better view on tremhen simula-
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tions are done. The length of thead is set byCurveUtils.setupRoadSizesich
is called byEditModel.addRoadTo enlarge the length of the road, the length of
a block needs to be smaller. This is specifiedrfyastructure.blockLength

The change of the block-length has an influence on how theiseaid are drawn in
the simulator. The size of the roadusers are too big. Bedhedalocks shrinked
with a factor 10, the roadusers also should be a factor 10lemialt because of
visualization issues the width and length must be at leaskHe roadusers are
made a factor 3 smaller. With this configuration it is posstblat roadusers seem
to get over eachother, but this is because of this probleridimternal represen-
tation can be seen that the roadusers move correct.

The first testing gave strange results. When running the latowit has been
observed that cars are staying in the middle of the streestdiiore time. The inter-
nal representation of the positions of the road users wereao The bug had to
be found where the road users are drawn. This is in the &las8. In the method
paintRoadusethe blocklength was hard-coded, which needed to be chamged i
Infrastructure.blockLengthAfter testing it for a second time, everything worked
correctly.

4.3.2 Acceleration and deceleration of road users and respe
ing stop-distance

Every road user has to respect the laws of physics. Theyaeteland decelerate
when they are driving. The roads need a maximum allowed spé#ten road
users enter a road with a higher maximum allowed speed tleanctivrent speed,
the cars need to accelerate. When a car in front of a road siskiving slower
and if the stop-distance has to be respected, the road usés @ slow down to
the same speed as the car in front of him and keep some distance

Changing the code Every roaduser needs a rate at wich it can accelerate and
decelerate, the rate is calledceleration Here the assumption is made that the
acceleration and deceleration have the same rate. The sug@n emergency
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stop function is needed, which can be used for avoiding aotgd(red light, car
in front is not moving).

All road users have a maximum speed, a current speed and eler@tion. The
setter of the current speed is added, also the methods feleaatton and decel-
eration of road users.

The roads need a maximum speed. This is implemented in Riead The ac-
cessors argetSpeedMaxAllowezhdsetSpeedMaxAllowed

In the editor it is needed to specify the maximum allowed dpefethe roads
which are drawn. To add this functionalifgld.config) EditRoadPanéilas to be
changed. The data which is collected in the editor is saveah imfra-file, which
has a XML-layout.

TheEditRoadPanelvas to small, so the panel needed to be enlargé&bimfigDi-
alog. The maximum allowed speed is written in Road and has to edtd his
is done in the functionkbad andsaveSelf When aedit-road-paneis requested,
the value of the maximum allowed speed needs to be initdliZdis is done in
the methocEditRoadPanel.setRoad

In the Simulator we should be able to check what the maximueedps of the
road. This is implemented ifgyld.config) SimRoadPanel

For testing, a map with 3 roads with different maximum alldvepeeds is cre-
ated and used in the simulator. All road users were changieig $peed to the
allowed speed on the road where they were driving on.

For letting the road users respect the stop-distance anchéxemum allowed
speed, the maximum allowed speed on the road, the distative poevious road-
user and his speed need to be checked. This has to be donetievery road
user moves. The stop-distance needs to be calculated degaendthe speed of

velocity?
2xstop force

the roaduserstopdistance= + reaction. [Stoa, stob] In a simulator the

reaction iS Zero.

Moving the road users is done {(gld.sim) SimModein the methodsnovelLane
andmoveRoaduserOnLane
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The stop-distance is implementednmveRoaduserOnLand-or all road users
the methodyetStopDistances added, which returns the stop-distance of the spe-
cific road user, calculated from the current speed andtdpforce To see the
current stop-distance of a specific road user in the sinalathis data is added in
(gld.config) RoaduserPanel

Adapting the speed happens also after a certain reactio-for example 1 sec-
ond. The first road user can do what he wants and probably hepeiéd up to
the maximum allowed speed on the road, except when he am®adaffic light.
The following road users have to adjust their speed to the usar close in front
of him.

Adjusting the speed is implemented in the metltheéckRoaduserSpeedhich
takes a lane as argument. This method checks for every raadousthe lane
if his speed has to be changed and it begins with the first read an the lane.
If the road user is the first one on the lane, it can speed upetondximum al-
lowed speed on the lane, except when he approaches a red ligdfti then he
has to slow down in function of his stop-distance. The follogwoadusers need
to check the speed of the previous road user. If there is dngpace (2 times the
stop-distance) to the previous road user, it can speed U@ tmaximum allowed
speed on the road. If the distance to the previous is dangeraoall, it has to de-
celerate at maximum rate. When he is at a good driving distemthe previous,
it takes the speed of the previous, and follows at the santendis. This method
checkRoaduserSpeedcalled bymovelLaneTesting this was successful.

4.3.3 Support for primary lanes

When a traffic control method is needed which supports thergneave, it has to
be able to specify where the green wave has to occur. It haspossible to spec-
ify in the editor wich roads argrimary and which areecondary when adding a
new road. When the roads are marked like this, it is easiezlézthe roads with
the major traffic flow in the nodes.
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The Roadgets a new propertgrimary, and the accessorsPrimary andsetPri-
mary. The methoddoad and saveSelfare changed to load/save this property.
To be able to give this property to a road in the editor, this wdded inEd-
itRoadPanel To see this property in the simulator, this support is atided in
SimRoadPanel

This property of roads is tested by creating a map in the eeith primary
roads and secondary roads. Those values were checked imiater and cor-
responded to the created map in the editor.

4.3.4 Traffic light with clearance time

Between 2 configurations of trafficlights of a certain juontiall trafficlights of
that junction have to be red. During this period, all roadsis®ave the time to
leave the junction.

This is implemented by addingllRed in Node. This Boolean has to be used
by traffic light controllers. When a configuration of a traffight controller has
finished, it has to set this variabletoue and the next cycle tgalse.

In Junction the methodyetSignConfigss modified. IfallRedis true it has to
return an empty sign vector, else it can return the possigteconfigurations.

switchTrafficLightsof SignControllercalls getSignConfigsvhich will return no
possible configurations dllRedis true. In this case all trafficlights are set to red.

4.3.5 Traffic light controllers of Carlos Gershenson

In the paperSelf-organizing Traffic LightsCarlos Gershenson presents the fol-
lowing control methods:

e Marching Control

e Optim Control
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e Sotl-request control
e Sotl-phase control

e Sotl-platoon control

Marching control is a simple method. All intersections will have green lights
in the same direction. Intersections have a phase whichtsdume steps. When
the phase reaches a period vajpiehe phase is reset to zero. Wheii has the
value 0, red lights turn green after the clearence time hssgo and green lights
turn red. “Marching” intersections have equal phases.

In our simulation we have roads with traffic in both direcBorwe need a more
complex solution for the traffic lights. The traffic lightsveate be green in the
following sequence.

¢ the lights on the primary lanes turning left
¢ the lights on the primary lanes going straight on and turmigigt
¢ the lights on the lanes crossing primary road turning left

¢ the lights on the lanes crossing primary road going strasghéind turning
right

This control method is implemented MorevtsMarchingTLC This class is a
sublcass offLController. The methoddecideTLSmplements the actual algo-
rithm. The variablevhase is added inTrafficLightwith its accessorget Phase,
setPhase andincr Phase. This wil be used as a counter when the traffic lights
have to switch.

For this method we need a global counten:C'ycle of SimModel would be good,
but it is not accessible by’BLC'ontroller. curCycle is added inl’ LController
which has the same value as the-Cycle of SimModel. The curCycle of the

T LController is updated bysim M odel.

decideT Ls decides which traffic lights should turn green, and whichusthéurn
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red. There is a difference between a primary lane, and a dacpfane. Primary
lanes get green at the first half of the period. Secondarslgatthe second half.
This is again divided into turning left, and going straight/aight.

When a new traffic light controller is implemented, it has godalded inTLCFac-
tory.

This method is tested in the simulator with a map containgragy road with 2
intersections. Secondary roads are intersecting wittptimsary road. When run-
ning the simulator, you can see that the traffic lights of thdas on the primary
road have the same configuration at the same cycle.

Optim control assures (only in 1 direction) a green wave of lights on the pri
mary road, once the roaduser has green.

Trafficlights at different nodes have a differemtase. To keep track of the phase,
the difference is stored in théunction. This difference is the time needed to
travel the distance of the lane in front of the lightaseDif f = %.
The base of the phase is storedTih.Controller. The actual phase is calcu-
lated as the substractiophase = phaseBase — phaseDif f. setPhaseDiffef
MorevtsOptimT LC' sets thephaseDiffof the nodes on the primary road. The
calculation of thephaseDif fs has to start at the beginning of the primary road
for the green wave. The first traffic light hagkaseDif f of O, the second has a

phaseDif f; = t1, the third has ahaseDif fo = t1 + t2, and so on.

In the editor the support is added for defining nodes whiclehawveliver a green
wave and specifying the start and the finish of a green wavee dittection of
the green wave is set bytart and finish. The roads in between need to be
primary. InJunctionis added:isGreenWaveNodesGreenWaveStarsetGreen-
WaveStartisGreenWaveFinisiand setGreenWaveFinishThose data members
need to be stored/loaded lyad andsaveSelf EditJunctionPaneis modified to
support specifying the dat&imJunctionPanaes modified to see these green wave
/ start / finish values. This is succesfully tested.
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The traffic light controller is implemented iMorevtsOptimTLCsetInfrastruc-
ture searches the path from start till finish of the green waveutales the phase
differences and sets it in the junctiorecideTLss the same as Marching control,
except the phase is calculated for every node.

This traffic light controller is tested with different mapad everything works
properly.

Sotl-request control keeps a countetappa which is set to zero when the light
turns red and then incremented at each time step by the nurhioars that are

approaching. Whehappa reaches a threshotdeta, the light turns green. This
controller is implemented in the clagdgorevtsSotl Request

The code inswitchTraf ficLights, which chooses a random sign configuration
if all gains are zero, is removed. When the light is switcled,current cycle is
stored inSign: cycleSwitched.

Every timekappa needs to be incrementedunt Roadusers(Drivelane) is called,
which counts the number of vehicles within a number of blogksters) for a
given lane. This number of blocks is specified\byS/BLE.

update Kappa() updateskappa for all inbound lanes of all nodes. When the
traffic light has been switched in the previous cydleppa is set to zero and
the KeepT LD Flag is set totrue. This will keep the current’ L Decision until
KeepT LDFlag is set tofalse.

decideT Ls() will decide what the traffic light should do. It first calipdate K appal()
which will resetkappa when needed. Then for all LDecisions the counter
kappa is updated if the traffic light is red, by adding the count afscdf kappa
exceeds the threshotdeta, the g-value of the TLDecision is set tappa and
the KeepT' LD F'lag is set to false which allows switching of the traffic lights.
Whenkappa has not reachetheta, the Q-value of th@ L Decision will be set to
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0. The source code of decideTLs() is available in the appendi

KeeptLDFlag is used because traffic lights have to keep their configurasnnil
arequestfor green light occurs. The use of a flag is neededibeavitchTraf ficLights
of SignController will search for a new traffic light configuration when the flag

is not used, or when the flag is set to false.

Sotl-phase control is the same asotl —request, except that decisions of traffic
lights have to hold for a minimum phase.

In updateT LDs() all updates are done étepT LD Flag andphaseMinimal of
Node, andkappa of T'L Decision. When a traffic light has been switched to green
in the previous cycle for a specific node, thepT LD Flag of that node is set to
true and the minimal green time is setRHASE_MIN kappa of T' L Decision is
set to zero for all traffic lights which are switched to green.

decideT Ls() will first call updateT LDs() for updating the parameters. Then
for all nodes it will update the time the green configurati@s o be kept. For
all inbound lanes it will add the count of cars kappa and it will check if this
kappa has reached its threshold. When this is the case and the aligimen
time has been reached, the— value of T'L Decision will be set tokappa and
keepT LD Flag is set tofalse for allowing the traffic lights to switch. Ikappa
did not reach the threshold or the minimal green time has eehlveached, the
Q) — value is set to zero.

The testing of this traffic light controller was succesfull.
Sotl-platoon control adds two restrictions to sotl-phase for regulating the size
of platoons. Before changing red lights to green, it chet&platoon is not cross-

ing through, in order not to break it.

A red light is not changed to green if there is at least one cathe crossing
street approaching withiomega patches from the intersection. For our simula-
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tion it is needed to find an alternative but equivalent reBtmn. This could be
translated as a green light is not turned red if there is &t le@e car approaching
within omega patches from the intersection.

The second restriction can be kept: restriction one is riartanto account if
there are more thamu cars approaching the intersection.

These restrictions are implementedupdateT LDs. When the minimal phase
is almost at its end, and there is at least one car but no marenth cars ap-
proaching within omega patches, the minimal phase is inerdéed.

Testing succeeds. (had to fix bug in simModel where speedaisged. when
the light is green and the first roaduser could cross the nbhbas to slow down
if the destination lane is full.)

4.3.6 Marching and Optim for the Wetstraat

Because the traffic flow in the Wetstraat is in one directiovatals the centre, the
marching and optim controller can be made more efficient.green time on the
Wetstraat has to be longer than the green time for the crpssauds. The crossing
roads of the Wetstraat are in one direction and becausesttt@igreen time can
be divided into green for the Wetstraat and green for thesanggoads.

The green times are the same as the green times in the Wetslfaa is done
to be able to compare the current traffic light controllerrwtihe proposed self-
organizing traffic light controller.

4.3.7 Other traffic light controllers

The following traffic light controllers were created becaws wrong interpreta-
tion, but are also self-organizing traffic lights.

Counting-cars-1 control counts the cars in front of the traffic lights. The traffic
light configuration with the highest count of cars is chosen.
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Counting-cars-2 control same as Counting-cars-1 but when a configuration has
been chosen, it stays for a given moment. In this way, thédriaghts are not
switching too fast.

4.3.8 Automatic simulations

For testing diffent maps, traffic light controllers and paseders, it is easier to
write a program. This is done i6&'LDSimTester. It is possible to sum the
different maps, the different traffic light controllers atigé different parameters
which have to be tested by simulation. It will start the siatidn for every com-
bination of a map, controller and parameters. After 3600esyat will export the
simulation data to files with appropriate names. The avetaige waiting time
and the waiting queues of the nodes will be exported.

Every simulation with specific parameters is done 5 times.

The average trip waiting time files contain all intermedi&T@VT values at
different cycles, until cycle 3600.

The waiting queues are given for every edge-node.

4.3.9 Processing simulation data

When testing a few maps, traffic densities, controllers ardmeters which have
to be done multiple times, results are shown in a lot of exp@s. For every
combination there will be 5 files for ATWT and 5 for waiting ques. The values
of those files need to be collected and the average valuesdbeecalculated and
written to a new file. This is done byataProcessor.
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Chapter 5
Simulation results

The proposed self-organizing traffic light controllers tested by traffic simula-
tions. Two other traffic light controllergptim (green wave) andharching will
be used to compare those self-organizing controllers vathself-organizing con-
trollers.

All simulations are done five times and the average valueketimulation
results are given in the following sections. The resultiatpdconsists oOATWT
and TWQL Those values are taken after 3600 cycles (representingud) bb
simulation. TheATWT s the average total waiting time of the road users in the
simulation. The edge-nodes are the borders of the scen@hose edge-nodes
spawn road users into the scenario. When the traffic derssitigh and the road
connected to the edge-node is full, spawned road users tamteo and those road
users are queued in the edge-node. TW&L (total waiting queue length) is the
sum of all queued road users in the edge-nodes.

Every map has its spawn and destination frequencies. Thegedncies de-
fine how many road users an edge-node will produce, and whese road users
will go. For every edge-node there is one spawn frequencyrand destination
frequencies (one for every possible destination). A spawqguency is a value
between zero and one. If it is zero, no vehicles will be spalwviiit is one, the
edge-node will spawn a vehicle at evegyle.

The first scenario is a simple road map with 2 junctions anffidriam all di-
rections. The second scenario contains 5 junctions witfidia all directions.

29
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Figure 5.1: Map1 with 2 junctions

Those two scenarios are chosen to experiment with the tiafht controllers.
The last scenario represents the Wetstraat in Brusselssarréated as realistic
as possible. The optim controller for the simulation of thet$taat is modified
such that they have the same green times as in reality. Thdation results of
the self-organizing traffic lights are compared to the autrteaffic light controller
of the Wetstraat.

5.1 Scenario 1: 2 junctions, all directions

This scenario exists of 2 junctions, 6 edge-nodes and 7 {badslirections). Two
different traffic densities will be used for simulationiapl_hd for high density
andmapl_Id for low density. Scenario 1 at high and low traffic density Haes
same set of destination frequencies which is shown in talil® the following

page.



CHAPTER 5. SIMULATION RESULTS 31

Map1 HD Marching
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Figure 5.2: Map1 - high density - marching control - ATWT
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Table 5.1: Destination frequencies of mapl

For the low traffic density the spawn frequencies of edgeertbdnd 1 are set
to 0.2 and for the other edge-nodes it is set to 0.1. For higffidrdensity the
spawn frequencies of all edge-nodes are set to 0.25.

5.1.1 Marching controller

High traffic density The marching control yields after 3600 cycles (1 hour) an
average trip waiting time (ATWT) of 264 cycles. The Waitingeyes are big in
edge-node 0 and 1 with values above 600 vehicles. The tatat od waiting road
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Figure 5.3: Map1 - low density - marching - ATWT

users in those queues (TWQL) is 1434.

Low traffic density The marching control has an ATWT of 175 and a total
waiting queue length (TWQL) of 428.
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5.1.2 Optim controller

Map1 HD Optim
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Figure 5.4: Map1- high density - optim control - ATWT

High traffic density The optim control has an ATWT of 235 cycles, but the
total count of roadusers in the waiting queues is 1790, wtighore than with
the marching control. The waiting queue for edge-node O Ig 885 and for
edge-node 1 it is 628. Those values show us that the contielggtimizing the
traffic in one direction, which is the direction of the greeaws. Edge-node 5
has a very big waiting queue of 754. This is because the tiafbptimized from
edge-node 0 to edge-node 1 and the destination frequerfosege-node 5 to 4
is 0.4 and from edge-node 5 turning right is 0.4. What happetisat the lane
from junction 6 to 7 is filled easier and the traffic from edgee 5 turning right

is blocking the lane for the traffic going to edge-node 4.

Low traffic density The Optim control has an ATWT of 216 and a total waiting
queue length of 481.
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Figure 5.5: Map1 - low density - optim - ATWT

5.1.3 Sotl-request controller

Map 1 HD Request ATWT
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i w0 3 40 50 &0 o 8 90 10 110
‘Theta

Figure 5.6: Map1- high density - Request control - ATWT
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High traffic density The sotl-request controller has the lowest ATWT value
(343.94) forf = 110. For thisd it has also the lowest TWQL (1457). Figure 5.6
on the previous page gives the lowest ATWT values for verydaw big values

of . For# = 5, the traffic lights are switching very fast because the tiokkis
reached immediately. It is more useful to take a bighkecause the green times
will be longer and the best results are found. The length®fahiting queues is
the lowest (1457) fof = 110 and the highest (1864) fér= 50.

Map 1 LD Request ATW

BO.O0

a0.00 A

e

o // w
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Figure 5.7: Map1l- low density - Request control - ATWT

Low traffic density The best ATWT for the request controller at low traffic
density is given fo¥ = 50. This gives a value (ATWT) of 30.92 and no waiting
road users in the queues. The highest value is givet fo0 with an ATWT of
54.72. (see figure 5.7)
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5.1.4 Sotl-phase controller

Map 1 HD Phase ATW
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Figure 5.8: Map1- high density - Phase control - ATWT

High traffic density The sotl-phase controller has the lowest ATWT if the green
time (i) IS set to 5 seconds. This is visible in figure 548,;, = 5 andd = 10
results in an ATWT of 88.88 and a TWQL of 144. The valuemf;, has a big
influence on the ATWT for low values @f. For larger values of, the ATWT
values are almost the same, exceptff, = 1. This is also true for the TWQL
values.
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Map 1 LD Phase ATWT
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Figure 5.9: Map1- low density - Phase control - ATWT

Low traffic density Figure 5.9 shows that all values é@ive almost the same
resultin ATWT. At low traffic density, thé has almost no influence on the ATWT
value. The queues are emtpy for all valueg)ofThe best ATWT is found for
0 = 5 andyp,,;, = 10, which gives a value of 38.21. The results fox= 10 and
Ymin = 1, @andf = 5 andy,,;,, = 5 are also good.



CHAPTER 5. SIMULATION RESULTS 38

5.1.5 Sotl-platoon controller

Map 1 HD platoon ATWT
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Figure 5.10: Map1- high density - Platoon control - ATWT

High traffic density The sotl-platoon controller has the best results if themgree
time is set to 5 seconds. Whérns set to 5 andp,,.;,, is also 5, the simulator gives
an ATWT of 89.22 and an TWQL of 155. Figure 5.10 shows a slowtreasing
ATWT value for growingd. The graph forp,,,;,, = 1 is jumping up and down and
shows that the controller with that,,;,, value is unstable.
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Map 1 LD Platoon ATW
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Figure 5.11: Map1- low density - Platoon control - ATWT

Low traffic density The platoon controller has the best ATWT values#Qy;,
setto 1 or 5. The difference is very small bpt,;, = 5 should be preferred
becausey,,;, = 1 can sometimes cause very fast switching of the traffic lights
This gives ford = 5 an ATWT value of 18.33 and empty queues. The highest
value is given forp,,;, = 20 andfd = 110. Figure 5.11 shows that all values are
increasing for increasingandy,,;,. Thus lowerd’s give the best results
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5.1.6 Summary

| controller| density| ATWT | TWQL |

marching| HD 264 1434
optim HD 235 1790
request HD 344 1457
phase HD 89 144
platoon HD 89 155
marching| LD 175 428
optim LD 216 481

request LD 31 0
phase LD 38 0
platoon LD 18 0

Table 5.2: Scenario 1: Best results

The self-organizing traffic light controllers are betteaithe optim and marching
controller, except for sotl-request at high traffic densifyjhe sotl-request con-
troller for high traffic density is worse than the optim androfeng controller.
This is because at high traffic density requests are grarmtedsaimmediately.
This results in very fast switching of the traffic lights. Tvedue off can regulate
the green times of the traffic lights. This is why the highested value fof gives
the best ATWT value (Average Trip Waiting Time).

The sotl-phase controller is better than the optim and nagatontroller for
both traffic densities. Compared to the optim controlleg, $btl-phase controller
at high traffic density reduces the ATWT with 62% and the TWQatél waiting
gueue length) with 91%. At low traffic density, this is a retioc of 82% for the
value of ATWT and an elimination of the TWQL value.

At high traffic density it can be concluded that the sotl-pdat controller is
better than optim . Compared to the optim controller, théatoon controller
has reduced the ATWT with 62% and the TWQL with 90%.

The best controller for low traffic density is the sotl-platocontroller. It reduces
the ATWT with 90% compared to the optim controler and the TW®lelimi-
nated.

Concluding, at both densities the platoon controller is tabletter than the
optim controller.
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5.2 Scenario 2: 5 junctions, all directions

Figure 5.12: Map2 with 5 junctions

The second map has 5 junctions (see figure 5.12). The greemiwaet for the
sequence of junctions 8, 9, 7, 11, 10.

Spawn and destination frequencies The destination frequencies for map2 are
in table 5.3.
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to] o |1 ] 2] 3] 4]5]|] 6| 7] 8] 9]10]11)]
X |0.05]0.05| 0.05|/ 0.05]| 0.05| 0.05| 0.05| 0.05]| 0.05| 0.05| 0.5
0.05| x 0.5 | 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05] 0.05
0.05| 0.5| x |0.05]/0.05|0.05/ 0.05]| 0.05|0.05| 0.05| 0.05| 0.05
0.05|0.05|0.05| x 0.5 | 0.05| 0.05| 0.05| 0.05] 0.05] 0.05] 0.05
0.05/0.05|/0.05| 0.5 x |0.05/0.05|0.05|0.05|0.05| 0.05| 0.05
0.05|0.05]| 0.05| 0.05] 0.05| x 0.5 | 0.05| 0.05| 0.05| 0.05| 0.05
0.05| 0.05| 0.05| 0.05| 0.05| 0.5 | x |0.05|0.05|0.05|0.05| 0.05
0.05| 0.05| 0.05| 0.05| 0.05]| 0.05| 0.05| x 0.5 | 0.05| 0.05| 0.05
0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.5 | x |0.05|0.05|0.05
0.05|0.05|0.05| 0.05| 0.05] 0.05| 0.05| 0.05| 0.05| x 0.5 | 0.05
0.05|0.05|0.05| 0.05] 0.05| 0.05| 0.05| 0.05|0.05| 05| x |0.05
0.5 | 0.05| 0.05| 0.05| 0.05]| 0.05] 0.05] 0.05| 0.05| 0.05| 0.05| x

e
Bl Blolo~No| o sw Nk o

Table 5.3: Destination frequencies for map2
The spawn frequencies for high traffic density are set wigfollowing values
e edge-node Ois setto 0.25
e edge-nodes 1-10 are setto 0.1

e edge-node 11 issetto 0.15
The spawn frequencies for low traffic density are set withfeflewing values

e edge-node Ois setto 0.15
e edge-nodes 1-10 are set to 0.05

e edge-node 11 issetto 0.1

5.2.1 Marching controller

High traffic density The marching controller has an ATWT of 304 and the
TWQL is 2346. Edge-node 0 has the most waiting roadusers inatting queue
(842), followed by edge-node 11 with 492 waiting roaduselissi queue.

Low traffic density The marching controller yields an ATWT of 282 and a
TWQL of 1128. Edge-node 0 and 11 have the biggest queues, #B3GiL re-
spectively.
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Figure 5.13: Map2 - high density - Marching control - ATWT
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Figure 5.14: Mapl1 - low density - Marching controller - ATWT
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Map2 HD Optim
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Figure 5.15: Map2 - high density - optim ATWT

5.2.2 Optim controller

High traffic density The optim controller has an ATWT of 406 and the TWQL
IS 2467. (See figure 5.15 for the waiting times)

Low traffic density The optim controller has an ATWT of 332 and a TWQL
of 1040. With this controller, edge-node 11 has the biggestimg queue (372).
This also shows that the traffic from edge-node 0 to 11 has eansage to the
traffic from edge-node 11 to 0. The spawn-frequency of edger® is 0.15 and
for edge-node 11 itis 0.1.
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Figure 5.16: Map2 - low density - optim - ATWT

5.2.3 Sotl-request controller

Map 2 HD Request ATWT
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Figure 5.17: Map2- high density - Request control - ATWT
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High traffic density The sotl-request controller has the best resultfer 10

with an ATWT value of 234.35 and a TWQL of 1294. The worst ressiifor

6 = 60 with an ATWT of 355.12 and a TWQL of 2385. Fér= 10, edge-node 0
has the biggest waiting queue (648) followed by edge-nodevaiting queue of
236). For all other values ¢fthe waiting queues are the biggest for edge-nodes 0
and 11.

Map 2 LD Request ATW
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Figure 5.18: Map2- low density - Request control - ATWT

Low traffic density The best result is given fér = 10 with an ATWT of 45.19
and TWQL of 6.
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5.2.4 Sotl-phase controller

Map 2 HD Phase ATWT
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Figure 5.19: Map2- high density - Phase control - ATWT

High traffic density Figure 5.19 indicates that sotl-phase is robust to changes
in # andy,,,;,,. The best ATWT is found fop,,;, = 15 andfd = 10 and gives a
value of 241.64, and the corresponding TWQL is 1164.gy, = 5 andd = 10,

the ATWT has a value of 254.59 and a TWQL of 1166.
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Map 2 LD Phase ATWT
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Figure 5.20: Map2- low density - Phase control - ATWT

Low traffic density Figure 5.20 shows thag,,;, has almost no effect on the
ATWT and that a lower value fat yields better ATWT values. The best result is
given fory,,;, = 5 andd = 20 with an ATWT of 116.11 and TWQL of 101.
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5.2.5 Sotl-platoon controller

Map 2 HD Platoon ATWT
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Figure 5.21: Map2- high density - Platoon control - ATWT

High traffic density Figure 5.21 shows that the ATWT value is not as pre-
dictable for platoon controller as for sotl-phase. Eqr, = 1 andf = 70, the
graph shows the best results with the lowest ATWT value o1 b4nd a TWQL
of 5484. Foryp,,,, = 10 andfd = 100, the lowest ATWT value is 72.29 with
TWQL of 5241. These are very high values for TWQL. This imglikat the cal-
culated values for ATWT are not satisfactory to represeatrdal ATWT ofall
road users. The ATWT values are calculated for the road tisatsrrive at their
destination. Because most of the road users do not reactdénination, those
road users will not be taken into account.

In the beginning of the simulation, everything works as expe, but the roads
get filled up. When all main stream lanes are full, the systets glocked. Traffic
light configurations stay the same, because the conditibaplatoon is crossing
are satisfied. This can happen when a few longer vehicles aitehgbefore a
green light and cannot move because the next road is full.
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Map 2 LD Platoon ATW
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Figure 5.22: Map2- low density - Platoon control - ATWT

Low traffic density For ¢,,;, = lorb andf = 5, the ATWT has the lowest
value. The ATWT has a value of 24.18 for,,;,, = 1, and 41.07 forp,,,;,, = 5.
The corresponding TWQL are respectively 0 and 421.

5.2.6 Summary

| controller| density| ATWT | TWQL |

marching| HD 304 2346
optim HD 406 2467
request HD 234 1294
phase HD 242 1164
platoon HD X X
marching| LD 282 1128
optim LD 332 1040

request LD 45 6
phase LD 116 101
platoon LD 24 0

Table 5.4: Scenario 2: Best results
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The request, phase and platoon controller are better tleamypitim controller.

The request controller at high traffic density reduces thé&/ATwith 51% and
the TWQL with 47% compared with the optim controller. For lowaffic density
it is a reduction of 86% for ATWT and 99% for TWQL.

For the phase controller the reduction is 50% for ATWT and 5@d WQL,
at high traffic density. At low traffic density, the controlleeduces the ATWT
with 65% and the TWQL with 90%.

For the platoon controller a problem is discovered at higffitrdensity. When
all roads are congested, and the conditionsplatoon is crossingare satisfied,
almost all traffic is blocked. This problem can be solved waithextra rule for the
controller (one of the following):

¢ the caseplatoon is crossings stopped when a maximum time has reached.

e when a possible destination lane is full, the cgéatoon is crossings
stopped when a maximum time has reached.

The first rule can cut platoons when no problem occurs, thenseecule need
sensors at all inputs and outputs of a junction but will ndatacplatoon when no
problem occurs. It is also possible to give a bigger valuauigsbs or other longer
vehicles when the conditigolatoon is crossings checked.

The platoon controller for low traffic density reduces théMT with 92% and
eliminates the waiting queues.
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5.3 Scenario 3: Wetstraat

Figure 5.23: Map3 - Wetstraat

The simulations for the Wetstraat will be done for differgaffic densities during
the day. Those traffic densities are represented in table Bhg values in this
table are the vehicle counts at the beginning of the Wetstiideeses counts are
done byMinistry of the Brussels-Capital regiorThe spawn frequencies will be
calculated based on those counts.

0 1 2 3 4 5 6 7 8 9 10 11
476 | 255| 145| 120| 175| 598 | 2933| 5270 | 4141 | 4028 | 3543 | 3353

12 13 14 15 16 17 18 19 20 21 22 23

3118| 3829| 3828 | 3334 | 3318 | 3519| 3581 | 3734 | 2387 | 1690 | 1419| 1083

Table 5.5: Vehicle count of Wetstraat

Carlos Gershenson and | made a field trip to the Wetstraat tangdea of the
destination frequencies of the Wetstraat. We counted tteefoam the Wetstraat
turning into crossing streets, and cars entering the Vegtistrom the crossing
streets. At the intersection of the Wetstraat and the Kaastlve used a camera
to help counting the cars.

For the intersection of Wetstraat with Trierstraat
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e From Wetstraat— straight on: 200
e From Trierstraat— turning left (Wetstraat): 16
For the intersection of Wetstraat with Aarlenstraat
e From Wetstraat— straight on: 200
e From Aarlenstraat- turn left (Wetstraat): 9
For the intersection of Wetstraat with Spastraat
e From Wetstraat— straight on: 200
e From Spastraat> turn right (Wetstraat): 10
For the intersection of Wetstraat with Wetenschapsstraat
e From Wetstraat- straight on: 200
o From Wetstraat- turn left (Wetenschapsstraat): 10
For the intersection of Wetstraat with Tweekerkenstraat
e Tweekerkenstraat was closed. Work in progress.
For the intersection of Wetstraat with Nijverheidsstraat
e From Wetstraat— straight on: 200
e From Nijverheidsstraat- turn left (Wetstraat): 5
For the intersection of Wetstraat with Handelsstraat
e From Wetstraat- straight on: 200
e From Wetstraat- turn left (Handelsstraat): 8
e From Handelsstraat- straight on (Handelsstraat): 6
e From Handelsstraat- turn right (Wetstraat): 4

For the intersection of Wetstraat with Kunstlaan:

53
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o from Wetstraat— turn left: 99

from Wetstraat— turn right: 106

from Wetstraat— straight on: 56

from Kunstlaan South- straight on: 14

from Kunstlaan South- turn left: 6 (3 U-turns)

from Kunstlaan North— straight on: 22

from Kunstlaan North— turn right: 5
For the intersection of Wetstraat with Hertogstraat
e From Wetstraat— straight on: 61

From Wetstraat— turn left: 20

From Wetstraatt— turn right: 2

From Hertogstraat- straight on: 10

From Hertogstraat- turn right: 1

The calculation of the destination frequencies for eacleetufle is done by
normalizing the count of cars. At the first junction 200 camgee from the Wet-
straat and 16 cars enter from the Trierstraat. This is a&dtal6 cars which will
enter the second junction from the Wetstraat. The countsesécond junction
are multiplied with216 /200, which will normalize the values. This calculation is
done for all junctions, from start till end.

The calculation of the destination frequency of a specifigeedodex to a
possible destination edge-noglés done as following:

1 search the edge-nodgsvhich can be reached by the specific edge-node
2 sum the cars that enter the possible edge-ngdes

3 the destination frequency from edge-nad® y is given by

sumO fCarsEnteringEdgenodeY
sumO fCarsEnteringAll Reachable Edgenodes FromX
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—
(@)

0O | 4 [ 8 [ 10 | 12 | 13 | 14 |
X X X X X X X
0.133] 0.040] 0.052| 0.351| 0.354] 0.004 | 0.065
0.133] 0.040] 0.052| 0.351| 0.354| 0.004 | 0.065
0.133] 0.040] 0.052] 0.351[ 0.354] 0.004 | 0.065
X X X X X

OO N WDNFL O
x
x

0.139| x 0.055| 0.366| 0.369| 0.004 | 0.067
0.139| x 0.055| 0.366| 0.369| 0.004| 0.067
0.139| x 0.055| 0.366| 0.369| 0.004| 0.067

X X X X X X X
0.147| x X 0.387| 0.390| 0.005| 0.071

10 X X X X X X X
11| 0.240| x X X 0.637| 0.008]| 0.116

12 X X X X X X X
13| 0.660| x X X X X 0.319

14 X X X X X X X

15| 0.133| 0.040| 0.052| 0.351| 0.354| 0.004 | 0.065
16| 0.133| 0.040| 0.052| 0.351| 0.354| 0.004| 0.065

Table 5.6: Destination frequencies Wetstraat

The calculated destination frequencies for the Wetstrealisted in table 5.6.
Combinations of edge-nodes that are not possible are marited:.

The spawn frequencies need to be calculated relative taalbesin table 5.5.
This calculation is done as following:

1 take the normalized counts of vehicles entering the Watsfrom a side-
road

2 select a time of day with counts of vehicles at the beginoirtge Wetstraat

3 multiply with [1] with c2untBeginningWetsiraat

normalizedCountSide Road

4 dividing [3] by 3600 gives the spawn frequency of the speeifige-node at
the specific time of day

The calculated spawn frequencies for all edge-nodes caowelfin tables
5.7, 5.8 and 5.9. Each row represents the spawn frequemi@sdertain edge-
node for the different times of the day.
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tme | 0 | 1 [ 2 [ 3 | 4] 5 ] 6 [ 7 |
[ 0.011] 0.006] 0.003] 0.003] 0.004[ 0.013] 0.065] 0.117]
[ 0.006] 0.003] 0.002] 0.002] 0.002] 0.008] 0.040] 0.071]
[ 0.007] 0.004] 0.002] 0.002] 0.003] 0.009] 0.046] 0.083]
I O T I R O
[ 0.004] 0.002] 0.001] 0.001] 0.001] 0.005] 0.023] 0.041]
[ 0.008] 0.004] 0.002] 0.002] 0.003[ 0.010] 0.047] 0.084]
[ 0.011] 0.006] 0.003] 0.003] 0.004[ 0.014] 0.071] 0.127]

11 ]0.015] 0.008] 0.005] 0.004] 0.006] 0.019] 0.095[ 0.171]

13 ]0.005] 0.002] 0.001] 0.001] 0.002] 0.006] 0.029] 0.051]
15+16] 0.132] 0.071| 0.040] 0.033| 0.049] 0.166| 0.815] 1.464|

O N Of| O1f| W[ N

Table 5.7: Spawn frequencies Wetstraat - Part 1

tme [ 8 | 9 [ 10 | 11 [ 12 [ 183 | 14 | 15 |
[ 0.092] 0.090] 0.079] 0.075] 0.069] 0.085] 0.085]| 0.074]
[ 0.056] 0.054] 0.048] 0.045] 0.042] 0.052] 0.052] 0.045]
[ 0.065] 0.063] 0.056] 0.053] 0.049] 0.060] 0.060] 0.052]
o[ o]0 [0 [o0o]o][o0]o0|
[ 0.032] 0.031] 0.028] 0.026] 0.024] 0.030] 0.030] 0.026]
[ 0.066] 0.065] 0.057] 0.054] 0.050] 0.061] 0.061] 0.053]
[ 0.100] 0.097] 0.085] 0.081] 0.075] 0.092] 0.092] 0.080]

11 [0.135/0.131] 0.115] 0.109] 0.101] 0.125] 0.125] 0.108|

13 [0.040] 0.039] 0.034] 0.033] 0.030] 0.037] 0.037] 0.032]
15+16] 1.150] 1.119] 0.984] 0.931] 0.866] 1.064] 1.063]| 0.926]

Ol N Of| C1|| W[ N -

Table 5.8: Spawn frequencies Wetstraat - Part 2

56
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fime | 16 | 17 | 18 | 19 [ 20 | 21 | 22 | 23 |
1 [0.074] 0.078] 0.080] 0.083] 0.053] 0.038] 0.032] 0.024]
2 ]0.045[0.048] 0.048] 0.050] 0.032] 0.023] 0.019] 0.015]
3 ]0.052[ 0.055] 0.056] 0.059] 0.037] 0.026] 0.022] 0.017|
5 | 0 ] 0] 0] 0] 0] 0] 0] 0|
6 |0.026] 0.028] 0.028] 0.029] 0.019] 0.013] 0.011] 0.008]
7
9
11
13

[0.053] 0.056] 0.057] 0.060] 0.038] 0.027] 0.023] 0.017]
[0.080] 0.085] 0.086] 0.090] 0.057] 0.041] 0.034] 0.026]
[0.108] 0.114] 0.116] 0.121] 0.078] 0.055] 0.046] 0.035]
0.032] 0.034] 0.035] 0.036] 0.023] 0.016] 0.014] 0.011]
15+16] 0.922] 0.978] 0.995] 1.037] 0.663| 0.469] 0.394] 0.301]

Table 5.9: Spawn frequencies Wetstraat - Part 3

Tweekerkenstraat (edge-node 5) was closed for traffic wienéehicle count

was done.

The traffic light controllers marching and optim are modifie cycle of 90 sec-

onds with 65 seconds green time on the wetstraat and 25 segoeeh time on the
crossing streets. In the previous simulations for scerdriand 2, the cycle was
divided into 4 periods, one for each direction. For the Watgtthe cycle can be
divided in 2 periods, one for the Wetstraat and one for thesing streets. This is
because the crossing streets are single direction st{@étsse controllers are im-
plemented inVlorevts M archingW etstraatT LC andM orevtsOptimW etstraatT LC').

5.3.1 Best parameters

The parameter& and,,,;,, can be optimized for sotl-phase and sotl-platoon. The
wmin 1S the minimal period of time a traffic light has to keep theegréight. The
results show that smaller values foy,;,, lead to better results (ATWT and waiting
queue). Suppose that one car is waiting on a crossing larme detstraat. After
a while he gets a green light far,,;,, seconds. On the Wetstraat a lot of cars are
waiting and its threshold is already reached, but they have to wait until the,,
period is finished. This is why lowey,,;,, values results in lower ATWT values.
The values of) are also important to optimize the traffic flow. A higher
will result in a longer waiting time on the crossing lanestdod Wetstraat, because
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Figure 5.24: Wetstraat - Optim controller. At 7 am there isghipeak

there is not much traffic and the threshold is reached aftengdr period of time.
For a high traffic density a higher value®gives better results, but for low traffic
density a lowe# is best.

The sotl-platoon controller can be changed to check thé&drdénsity and
adjust its own parameters depending on the current traffisitle

The results

The results are shown in different graphs, one for each clbetr The graphs
show a relation between the time of day and the average vAWEWT at cycle
3600.

5.3.2 Optim controller

The optim controller has the same green time as in the Watstrahis is 65
seconds green and 25 seconds red. Because the green timehdanger than
the red time, it can be seen in the simulations that the réd isgmoving on from
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the beginning to the end of the Wetstraat. The traffic densitgo high for this
controller. The road users cannot keep the predefined spaddhis is why the
aim of the green wave cannot be fulfilled.

For the highest traffic density at 7am a big queue of road usdmsmed at the
beginning of the Wetstraat. Sometimes there is only one usad waiting at a
red traffic light on a side-road. When it gets green, the Igghys green for 25
seconds.

During the average traffic density at 6am the controller i€imipetter. The flow
of cars moving on the Wetstraat is divided by the red lightise Tast road users
getting green can keep up the speed and will get green at xthératbic light. The
optim controller works successfully for this traffic degsit

At 7am there are 5270 cars counted at the Wetstraat and atlGamdre only
2933 cars counted. This is about 55% of the traffic densityat.7

For a low traffic density at midnight the cars only have to waithe Wetstraat if
the first traffic light is red, otherwise, the cars on the Watstdo not have to stop.

5.3.3 Request controller

The sotl-request controller works best for a highwith a high#, the road users
at the side-roads have to wait longer, and the priority goabe road users on
the Wetstraat (because the traffic density on the Wetstsaauch higher). The
green time on the side-roads is only a fraction (about 10%h@fyreen time on
the Wetstraat.

The results show that this controller can manage the traéficsidy at 7am.
Almost all traffic lights at the Wetstraat are green and same one or two traffic
lights turn red on the Wetstraat. This gives a very good tesul

At lower traffic densities, the red lights on the Wetstraaysed for a longer
period of time. This is because the traffic light turns gredremit is requested
by waiting road users in front of those traffic lights. In tiesse, the road users
on the Wetstraat have to stop more often and for a longer ghefitime as the
becomes bigger. For lower traffic densities, a lowegets better results, because
the roadusers have to wait for a shorter period of time to ggtan light. With
a very lowd (¢ = 5) the road users will get green almost immediately, but this
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Wetstraat Request ATWT
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Figure 5.25: Wetstraat Request controller ATWT. Differealues oft have dif-
ferent resultsd = 5 has the worst results.
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is only useful for a low traffic density. When a lofvis used for a high traffic
density, the traffic lights would switch too fast (almost gveecond). This will
give poor results. More green time is needed at the Wetstrahthis can be done
by a higherd. A higheré will make it more difficult for the side-roads to get a
green light.

5.3.4 Phase Controller

For the higher traffic densities it seems that small valueg/fgive unwanted
results. A very smald will grant an green-request very fast. In combination with
a small value forp,,;,, the traffic lights will switch very fast. This problem is
solved for values of > 20. The phase controller with = 20 andy,,;, = 1 gives
the wanted behaviour: short green times for the side-road$oamger green times
for the Wetstraat.

A higher ¢,,;, will result in a very high ATWT value. The reason is that the
side-roads get much longer green time than needed. Thisteplthe traffic flow
on the Wetstraat for too long, which will result in waitingeyies for the Wetstraat.

Not only ¢,.;, Specifies the green time, but alddas an influence. Higher
values ford will cause a longer waiting time before granting a request.

At low traffic density there is no problem for a low valuetbfFrom 20pm till
5am the best results are given for low valueg ahdy,,,;,.

At the highest traffic density (7am), a very hi@ls needed. There are passing
5270 vehicles on the Wetstraat. The flow on the Wetstraat isoaity and the
green times for the Wetstraat should be as long as possiltheyw creating long
queues on the side-roads.

5.3.5 Platoon controller

The platoon controller works best for a low minimum greerdtip,,.;,,) because
the traffic light stays green when a platoon is crossing tf@ardight. The density
of a platoon can be defined with the parameteesdw.

A low minimal green time §,,;,) with higher values of has a special con-
sequence, because the controller does not break platodmsn Wqueue of road
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Optim and platoon (pm=5)
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Figure 5.26: Wetstraat, optim controller and platoon calfer with ¢,,,;,, = 5 and
0 =5;10

users is waiting in front of a red light, all the road users cawss the junction
when it gets green and after the last road user has cross@ahtten, the traf-
fic light at the other direction can request green, which s gmmediately when
cars are approaching the traffic light. In this way the trdi§bt controller keeps
platoons together. However, whéis set to 5 and,,,;,, to 1, then the second con-
dition of the controller will cause problems. Requests fieen light are allowed
very fast when those parameters are used. When the carsget ¢ney have not
enough time to get away to reduce the density of cars in frbtiteotraffic lights.
When the controller counts more tharcars, other requests are granted. In this
way the light switches very fast and the traffic cannot flovotigh fast enough.

For high density (Wetstraat at 7am) the Wetstraat has aihitc lights turned
green for most of the time. On the side-roads few cars areoappmg the red
light and a queue of road users is growing slow. Whertthas been reached and
there is no platoon crossing, the side-road gets green atiteakaiting cars are
entering the Wetstraat. After the last car has crossed tigign, the Wetstraat
gets green again. Because of the high traffic density, platace not visible.
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For lower traffic density, platoons are much more visible. tsside-roads,
only a few cars are waiting in front of a red traffic light. Tleosars get green
faster, because there is less traffic on the Wetstraat. Whiestast car has past
the junction, the traffic light of the side-road stays greenmtil the cars on the
Wetstraat are approaching the traffic light and the conaktere met. This is how
platoons are formed. When a single car gets to a red lighasité wait until the)
has been reached. More cars are joining and the conditieached faster. When
the traffic light turns to green, a group of cars can move togret

For the lowest traffic densities, a lower minimal green timg,(,) and a lower
6 is needed, otherwise cars have to wait in front of a traffietligehen there is no
traffic on the side-roads.

5.3.6 Best parameters for Platoon at highest traffic density

For higher values of better results are given for lower,,;,, values, but when
omin = 1 for a lower values of), the traffic lights do not show the expected
behaviour. Some scenarios are given below. The ATWT valorethé Wetstraat
at 7am for the different parameters can be found in table.5.10

¢ If the destination road behind the junction is full, the fiafights switch at
maximum speed, depending on thg;, value. This is because when the
destination road is full, the cars that have to cross thetjonavill slow
down and the density of cars will rise. The second conditiiaihe platoon
controller will not be satisfied and the request of the otlwadrwill be
accepted, but this road will have the same problem. This aaillse the
switching at a speed depending @R,,. The problem is solved when the
road after the junction is creating some open space.

e If ©,.;, = 1 andthe threshold valuwecan be reached within a few seconds, it
can happen that the traffic lights switch very fast and thikimterleave the
traffic of the Wetstraat and its side-road. This will increétse queue of cars
in the side-roads, but the Wetstraat will decrease its m@ijueue. Because
of this, the platoon controller with = 5 and¢,,;, = 1 has a very low
average trip waiting time. The low ATWT is very nice, but trehlaviour is
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(7am| 1 | 5 | 10 | 15 | 20 |
5 |100.78] 176.36| 227.51| 315.94| 431.76
10 |331.23]| 170.70 209.57| 328.41| 447.78
20 |171.06| 159.35| 220.92| 317.50| 455.86
30 |174.27]186.60| 201.32] 313.75| 434.55
40 |163.65] 158.75] 218.66] 298.10] 395.19
50 |185.92| 174.17| 212.77| 270.32| 382.63
60 | 194.06] 176.39] 201.84| 266.33| 380.58
70 |168.73| 189.32| 206.75| 257.62| 379.14
80 |196.74| 210.29| 188.80| 258.15| 375.52
90 |210.41] 199.20| 208.46] 256.69| 401.59
100 | 219.50]| 205.07] 208.69| 248.20| 338.72
110 [ 223.47] 221.07] 223.38] 276.40] 349.14

Table 5.10: Wetstraat 7am, platoon controller: ATWT valteggsdifferent values
of 0 andy,,;,. Rows represent different values fgrcolumns represent different
values forp,,i,.

not always predictable. With,,;, = 5 the traffic light controller works as
expected but will have a higher ATWT which is still good.

If & = 10 andy,,.;, = 1 the first junction of the Wetstraat will interleave
the traffic of the Wetstraat and its side-road. This causesra vigh av-
erage trip waiting time and a large waiting queue at the beggof the
Wetstraat. Behind the first junction the traffic density iscmiower and the
next junctions have no problems. 4f,,;, = 5 for the samé this problem

is solved.

If those ATWT values are compared with the results for thenomtontrol
method (ATWT=358.11), it shows that all values foy,;,, = 50r10 are smaller
than for optim. The lowest value is only 44.32% of the ATWTuealof optim.
The highest value is 63.53% of the optim ATWT value. The matcontroller
with 6§ = 5 and,,.;, = 1 has the lowest ATWT (28.14% of optim ATWT), but it
has some unexpected side-effects, which are not acceptable

If the best ATWT has to be selected without side-effects itl@doe around
170, which is a reduction in ATWT of 52%.
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5.3.7 Platoon as good as request

For the lower traffic densities (map O, 1, 2, 5, 6, 20, 21, 28)ldbst results are
given foré = 5. For the higher traffic densities, higher valueg @fre better. This
is because a high@rwill give priority to the traffic on the Wetstraat. The traffic
coming from the side-roads has to wait longer to get greerpeoed with the traf-
fic coming from the Wetstraat. This implies that the greereton the Wetstraat is
longer than the green time on the side-roads, and the ddsateal/iour of traffic
lights is reached.

For the lower traffic densities (map O, 1, 2, 5, 6, 20, 21, 28¢ platoon
controller with minimal green time set to 1 second has theesessults as the
request controller. For higher traffic densities, highduea ford are better and
the results are again similar.

5.3.8 Optim (green wave) versus platoon

The green wave algorithm is a good algorithm which optimihedraffic flow on
the Wetstraat. This gives good results, but the platoorrabhert has better results
for all traffic densities. For the traffic densities at 0, 1526, 20, 21, 23 hour,
platoon reduces the average total waiting time with 59-67%.

The simulation results show that the optim controller haseug of 1186 road
users at the beginning of the Wetstraat at 7 o’clock (higtraffic density). For
the best result of the platoon controllér€ 70, ¢,.;, = 1) there is a queue of 267
road users. This is a reduction of the queue with 77%.

5.3.9 Traffic density versus#, growing as a monotonic func-
tion?

For the platoon controller witkp,,;, set to 1, the best results are obtained with
60 = 5. With the higher traffic density, the best ATWT is fér= 5, but this
gives unexpected side-effects and is not acceptable. Tisisge behaviour is
also shown in figure 5.28 on the next page. This figure doeshwt s gradual
transition ind for the best results. It is possible that this gradual ttamsbccurs
for a density between 4141 and 5270. This can be exploitedrthdr research.
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Wetstraat Recuest controller: Relation between density theta
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Figure 5.27: This graph shows the best value8 of function of the density in
the Wetstraat with the request controller.

Wetstraat platoon controller: relation between density and theta.
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Figure 5.28: This graph shows the best value8 of function of the density in
the Wetstraat withp,,,;,, set to 1. Platoon controller is used.
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Wetstraat platoon controller: relation between density and theta
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Figure 5.29: This graph shows the best value8 of function of the density in
the Wetstraat witlp,,,;,, set to 5. Platoon controller is used.

The graph forp,,;, = 5 shows us that a higher traffic density needs a higher
With a higherphases_min value, the graph will grow more.

The sensors of a sotl-method could be used to decide in realwihiché to
use and it seems that,,;,, = 5 does not need to be changed.



Chapter 6
Conclusion

In this chapter all results are given. The first goal was tédbaiirealistic traffic
simulator and the second goal was to demonstrate that thplation controller
is much better than a green wave controller. The last goaltavasnvince the
Ministry of the Brussels-Capital regiotinat the sotl-platoon controller is better
than the current controller in the Wetstraat of Brussel fliist goal is captured
in the next section. The second section gives the resultedditmulations, which
cover the second and third goal.

6.1 Traffic simulator

The traffic simulator used for simulating the traffic flow withe traffic light con-
trollers for different scenarios, was created startingnfien existing traffic simu-
lator (GLD / iAtracos).

e The model has been changed to represent the speedsinvhich makes it
easier to model realistic scenarios.

e Road users will now accelerate and decelerate when neatt previous
simulator the road users moved at a constant speed, or weraawng.
Another improvement is that the road users are respectingpadistance
to avoid accidents.

68
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e For the green wave controller it was needed to specify whagtds have
priority to others. The big traffic flows can be set with thisperty.

e When traffic lights change, there has to be a period of timerevak lights
stay red. Road users on the junction can leave the junctidnglthis pe-
riod.

o Five traffic light controllers are implemented: 3 self-angang controllers
and 2 non-self-organizing controllers.

6.2 Self-organizing traffic light controllers

The proposed self-organizing traffic light controllers arlds Gershenson have
been tested on 2 imaginary scenarios and on one realistiasoe Wetstraat of
Brussels. Those controllers are sotl-request, sotl-plwageotl-platoon. Two non
self-organizing traffic light controllers, marching andiopcontroller, have been
implemented and tested on the same scenarios.

The results of the simulations are given in ATWT and TWQL. AT\&tands
for Average Trip Waiting Time and TWQL stands for Total WagiQueue Length.

6.2.1 Scenario 1l

The first scenario is an infrastructure of 2 junctions, 6 edgées and 7 roads
(two directions). Two different traffic densities are usedthe simulation: high
density (HD) and low density (LD). The traffic flow in this s@io is symmetric
for opposing edge-nodes.
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| controller| density| ATWT | TWQL |
marching| HD 264 1434
optim HD 235 1790
request | HD 344 1457
phase HD 89 144
platoon HD 89 155
marching| LD 175 428
optim LD 216 481

request LD 31 0
phase LD 38 0
platoon LD 18 0

Table 6.1: Scenario 1: Best results

From table 6.1 can be concluded that in almost all cases therganizing
traffic lights are better than the marching and optim cotérolThe sotl-request
controller for high traffic density is worse. This is so besaat high traffic density
requests are granted almost immediately. This resultsinehy fast switching of
traffic lights. The value of can regulate the green times of the traffic lights. This
is why the highest value fat gives the best ATWT value (Average Trip Waiting
Time).

The sotl-phase controller is better than the optim and nvagatontroller for
both traffic densities. Compared to the optim controlleg, $btl-phase controller
at high traffic density reduces the ATWT with 62% and the TWQatél waiting
queue length) with 91%. At low traffic density, this is a retioie of 82% for the
value of ATWT and an elimination of the TWQL value.

The sotl-platoon controller has very good results. Congbdoethe optim
controller, the sotl-platoon controller has reduced th&\ATwith 62% and the
TWQL with 90% at high traffic density. At low traffic densityhe sotl-platoon
controller reduces the ATWT with 90% compared to the optimtaer and the
TWQL is eliminated.

6.2.2 Scenario 2

Scenario 2 is an infrastructure with five junctions, 12 edgdes, and 16 roads in
two directions. There is a bigger traffic flow from edge-nod® @dge-node 11
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for both traffic densities.

| controller| density| ATWT | TWQL |

marching| HD 304 2346
optim HD 406 2467
request HD 234 1294
phase HD 242 1164
platoon HD X X
marching| LD 282 1128
optim LD 332 1040

request LD 45 6
phase LD 116 101
platoon LD 24 0

Table 6.2: Scenario 2: Best results

The request, phase and platoon controller are better tleamypitim controller.

The request controller at high traffic density reduces thé&/ATwith 51% and
the TWQL with 47% compared with the optim controller. For lowaffic density
there is a reduction of 86% for ATWT and 99% for TWQL.

For the phase controller the reduction is 50% for ATWT and 5@6d WQL,
at high traffic density. At low traffic density, the contralleeduces the ATWT
with 65% and the TWQL with 90%.

For the platoon controller a problem is discovered at higffitrdensity. When
all roads are congested, and the conditionsplatoon is crossingare satisfied,
almost all traffic is blocked. This problem can be solved waithextra rule for the
controller (one of the following):

¢ the caseplatoon is crossings stopped when a maximum time has reached.

e when a possible destination lane is full, the ca¢&toon is crossings
stopped when a maximum time has reached.

The first rule can cut platoons when no problem occurs, thenseecule need

sensors at all inputs and outputs of a junction but will ndtacplatoon when no

problem occurs. It is also possible to give a bigger valuaugsbs or other longer
vehicles when the conditigolatoon is crossings checked.
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The platoon controller for low traffic density reduces théMT with 92% and
eliminates the waiting queues.

6.2.3 Scenario 3: Wetstraat

The simulations of the Wetstraat are based on the real tfédficin the Wet-
straat. The spawn frequencies at the beginning of the Vdatsdre counted by the
Ministry of the Brussels-Capital regiorm he destination of cars at every junction
are approached by counting the destination of cars comaorg &very direction
at every junction. The spawn and destination frequenciesl efdge-nodes are
calculated based on those counts.

The self-organizing traffic light controllers are simulhfer every traffic den-
sity. The marching and optim controller are modified to applothe green times
of the traffic lights in the Wetstraat.

The performance of the self-organizing traffic lights deggean the decision vari-
ables of the algorithms. Different values are tested fos¢hdecision variables
and the values which perform best have been selected. Thahsesvwdepend on
the topology of the infrastructure and on the traffic denattgach junction. The
self-organizing traffic light controllers can be modifiedtetect the traffic density
and select the best values for those decision variablessifrhdation results show
that the traffic density is growing monotonicly with the valaf # to obtain the
best ATWT results. Further simulations for those modifiedfitc light controllers
are needed.

The simulation results are given for fixed decision varialded are compared
with the optim controller for all traffic densities.

The simulations for the Wetstraat give similar results asioled in the previ-
ous scenarios. The green wave algorithm is a good algorithithaoptimizes the
traffic flow on the Wetstraat. This gives good results, butglaoon controller
has better results for all traffic densities. For the trafBogities at 0, 1, 2, 5, 6,
20, 21, 23 hour, platoon reduces the average total waitmeg twith 59-67%.

The simulation results show that the optim controller haseug of 1186 road
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users at the beginning of the Wetstraat at 7 o’clock (higtraffic density). For
the best result of the platoon controllér€ 70, ¢,.;, = 1) there is a queue of 267
road users. This is a reduction of the queue with 77%.

6.3 Future work

| added a clearance time for road users to leave a junctiomaltight is switch-
ing. The simulator should be extended with a yellow light, this will affect the
working of the simulator.

The simulation can be extended with unexpected eventschke ignoring
traffic lights and traffic rules.

Traffic simulator The traffic simulator has been extended with extra physics,
driving behaviour and traffic rules. These aditions werededeto approach real
traffic behaviour. More features can be implemented to tmeilsition model, to
get a more realistic approach.

¢ Vehicles should be able to switch lanes on a road where itasad. This
needs markings on the road to notify the road users. Whea theio vehi-
cle in front, the road user should take the lane at the rigt of the road.
When a road user wants to pass a road user in front of him, hédshmwve
to the lane left of him, pass the road user and move back toréhagus
lane. At a junction a road user needs to select a lane whiddctelhehicles
with the same direction. In the current simulation this is€lat the begin-
ning of the road. The destination of the road user is lookedngthe road
user will choose a lane from where it can reach its destinatio

o Traffic lights have orange lights to warn the road users tiatight is going
red. Road users which cannot stop at time, can drive throoglotange
light but all road users should stop for a red light.

Simulations The traffic light controllers are simulated in three scemmrirhose
simulations gave good results, but more extensive sinanattould be done and
special cases could be studied.
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e What is the influence of adding or removing traffic lights oa traffic den-
sity and waiting times of road users?

¢ Alot of things can happen which disturb the traffic flow. Thea® be work
in progress, a taxi can wait for a client, an accident can eapetc. What
is the influence of blocking lanes on the Wetstraat?

e The destination frequencies in the Wetstraat are calaitatelata from one
counting at each junction. This gives an idea of the destindtequencies
at one point in time. Studying the destination frequenaiemfevery start-
ing point is very difficult to do and will take a lot of time.

¢ All simulations for the Wetstraat are done with only cars andther type
of vehicles. This is because there was no data about how nasyaad
how many longer vehicles are driving on the Wetstraat. Whenmlations
are needed with different road user types, all countingsl neebe done
again with distinction between the different types of védsc



Appendix A

Source Code

In this chapter are some parts of code given which are disdusschapter 4
(Coding process). The complete source code is availableeatdurceforge site
for the projectnoreV TS [mor].

A.1 control on switching lights

For the proposed traffic light controllers it was needed teeheontrol of when
traffic lights should switch. The use of a few flags will makealile to do this.
keepSwitchControl is used to specify which traffic light controllers need tocon
trol the switching itself. keepT LD Flag is used to fixate a specific traffic light
configuration.

if ( tlcontroller .getKeepSwitchControl()) {
if (!(node.getKeepTLDDFlag()))
switchTrafficLights (( Junction)node, decisions [i]);
else
switchTrafficLights (( Jucntion)node, decisions [i]);
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A.2 countRoadUsers for the self organizing traffic
ligths

For updatingkappa in the proposed self-organizing traffic light controlletssi
needed to count the vehicles of a specific lane.

public int countRoadusers(Drivelane lane, int range) {
int cntr = O;
Roaduser ru;
boolean stop = false ;
LinkedList queue = lane.getQueue ();

Listiterator li = queue. listlterator ();
while (li.hasNext() && !stop) {

try

{

ru = (Roaduser) li.next ();

}

catch (Exception e)

{

/I When this exception is thrown you removed the first element
/I of the queue, therefore recreate the iterator .
System.out. printin ("CME");
li = queue. listlterator ();
continue ;

}

if (ru. getPosition () <=range)
cntr++;

else
stop = true;

}

return cntr;
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A.3 MorevisSotlIPhase

updateT LDs anddecideT Ls of the Sotl-phase traffic light controller is given
below.

public void updateTLDs() {
for (int i =0; i < tld.length; i++){
boolean switched = false ;
for (int j =0; j < tld[i]. length; j++)
if (tid[i][j]- getTL (). getCycleSwitched()==getCurCyel)—1)
switched = true;

if (switched) {
if (!tid [i][0]. getTL().getNode (). getkKeepTLDFlag())
{
tid [i ][0]. getTL (). getNode (). setKeepTLDFlag(true);
tid [i ]J[0]. getTL (). getNode (). setPhaseMinimal(PHASEIN);
for (int j= 0; j < tid[i]. length; j++)
if (tid[i][j]- getTL (). getState ())
tid [i][j]. setkappa (0);

public TLDecision[][] decideTLs() {
TLDecision currentDec;
Drivelane curLane;

/l adjust data after last cycle
updateTLDs();

for (int i =0; i <tld.length; i++){ // for all nodes
Node currentNode = null ;
for (int j =0; j < tld[i]. length; j++)
if (currentNode == null) currentNode= tld[i][]]. getTL (yetNode ();




APPENDIX A. SOURCE CODE 78

if (currentNode != null && currentNode.getKeepTLDFlag())
currentNode .decrPhaseMinimal ();

for (int j =0; j < tld[i]. length; j++) { // for all inbound lans in node
currentDec = tid[i][j];
curLane = tld[i][j]. getTL().getLane ();
int cntr = countRoadusers(curLane);

if (tid[i][j] getTL(). getState ())
currentDec .addKappa(cntr);

if (currentNode.getPhaseMinimal() <=0 && currentDeclgappa() >= TE[TA) {
currentDec . setQValue(currentDec . getKappa ());
currentNode .setKeepTLDFlag(false);

} else {
currentDec . setQValue (0);

}

return tid;

A.4 MorevtsSotlIPlatoon

updateT LDs anddecideT Ls of the Sotl-platoon traffic light controller is given
below.

public void updateTLDs() {
for (int i =0; i <tld.length; i++){ // for all nodes
boolean switched = false ;
boolean platoonCrossing = false ;
int platoonRoaduserCount = 0;
int nrOfPlatoonLanes = 0O;
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int platoonRuCntAvg = 0;

for (int j =0; j < tld[i]. length; j++)
if (td[i][j]-getTL().getCycleSwitched()==getCurCyel)—1)
switched = true;

/I set flag and reset kappa
if (switched) {
if (tld [i ][0]. getTL (). getNode (). getKeepTLDFlag()) {

tid [i ][0]. getTL (). getNode (). setKeepTLDFlag(true);

tid [i ][0]. getTL (). getNode (). setPhaseMinimal(PHASEIN);

for (int j =0; j < tid[i].length; j++)

if (tid[i][j]-getTL(). getState ())
tid [i][]]. setkappa (0);

/I check if platoon is crossing .
for (int j =0; j < tld[i]. length; j++)
Il if tl is green
if (td[i][j]-getTL(). getState ()) {
platoonRoaduserCount += countRoadusers(tld [i][j]. 4)TgetLane (),
nrOfPlatoonLanes +=1;
}
if (nrOfPlatoonLanes>0) {
platoonRuCntAvg = platoonRoaduserCount/nrOfPlatoorisan
if (platoonRuCntAvg >= 1 && platoonRuCntAvg <= MU){
platoonCrossing = true;

}
if (tid[i]. length>=1)

tld [i ][0]. getTL (). getNode (). setPlatoonCrossing ( @ahCrossing );

OMEGA);
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public TLDecision[][] decideTLs() {
TLDecision currentDec;
Drivelane curLane;

/I System.out. println ("#### TLDATA"+this.getCurCycle()+" ####");

/I adjust data after last cycle
updateTLDs();

for (int i =0; i <tld.length; i++){ // for all nodes
Node currentNode = null ;
for (int j =0; j < tld[i]. length; j++)
if (currentNode == null) currentNode= tld[i][]]. getTL (etNode ();

if (currentNode != null && currentNode.getKeepTLDFlag())
currentNode .decrPhaseMinimal ();

for (int j =0; j < tld[i]. length; j++) { // for all inbound lans in nod

currentDec = tld[i][j];
curLane = tid [i][j]. getTL().getLane ();
int cntr = countRoadusers(curLane,VISIBLE);

if (tid[i][j] getTL(). getState ())
currentDec .addKappa(cntr);

if (currentNode.getPhaseMinimal() <=0

&& !currentNode.isPlatoonCrossing ()

&& currentDec.getKappa() >= TETA) {
currentDec . setQValue(currentDec . getKappa ());
currentNode .setKeepTLDFlag(false);

/I curDec.setQValue (1);
}

else
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currentDec . setQValue (0);

}

return tid;
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Appendix B

Simulation data

B.1 Wetstraat Marching and Optim

| time | Optim ATWT | TWQL |

0 26.97 0
1 26.53 0
2 27.05 0
5 26.93 0
6 38.31 0
7 358.11 1186
8 90.02 15
10 42.67 0
11 41.59 0
13 52.29 4
20 34.59 0
21 30.92 0
23 28.56 0

Table B.1: Wetstraat Optim controller: ATWT and TWQL.
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B.2 Wetstraat Request

| time | theta5 | thetal0| theta20| theta30| theta40|
0 9.83 13.08 | 19.96 | 25.27 | 31.13
9.35 12.79 | 20.14 | 27.23 | 34.15
8.86 12.98 | 20.85 | 30.55 | 38.58
9.78 12.98 | 19.23 | 25.10 | 30.16
18.02 | 19.52 | 23.69 | 28.32 | 32.26
570.87| 475.15| 206.72| 198.32| 196.89
8 401.72| 141.67| 32.24 | 35.95 | 39.86
10 | 234.41| 22.73 | 26.54 | 31.11 | 34.56
11 | 175.13] 21.64 | 25.60 | 30.16 | 34.00
13 | 328.99| 26.18 | 29.10 | 32.93 | 37.09
20 | 1426 | 16.83 | 21.87 | 26.38 | 30.46
21 11.96 | 14.92 | 20.34 | 25.08 | 28.80
23 10.96 | 13.93 | 19.75 | 25.22 | 29.33

~N| O O N -

Table B.2: Wetstraat Request ATWT
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[00:00] T | 5 [ 10 | 15 [ 20 |
5 | 9.84 | 10.45] 13.11] 16.84] 20.38
10 |12.99] 13.39| 14.59] 17.96] 22.12
20 | 19.64] 19.97| 20.35| 22.28| 24.75
30 | 25.73| 26.03] 25.89] 26.55| 28.48
40 | 31.84] 31.80| 31.59] 32.22| 32.97

Table B.3: Wetstraat phase [00:00]

(0100 1 [ 5 | 10 | 15 | 20 |
5 9.09 | 9.71 | 11.27| 13.67| 16.24
10 | 12.77| 13.02| 13.58| 15.45| 18.48
20 | 20.02| 20.33| 20.52| 21.21| 21.78
30 | 27.40| 27.91| 27.85| 27.53| 29.71
40 | 33.80| 34.94| 33.89| 35.87| 35.63

Table B.4: Wetstraat phase [01:00]

B.3 Wetstraat Phase

The results for 7am are not listed. The results were wronglaamdimulation has
to be done again.

(0200] 1 [ 5 | 10 | 15 | 20 |
5 8.86 | 9.18 | 10.49| 12.16| 14.21
10 | 12.94| 12.92| 13.69| 14.88| 14.41
20 | 21.39|21.35| 21.48| 21.93| 23.16
30 | 28.42| 29.43| 30.59| 29.45| 31.12
40 | 36.46| 38.16| 36.88| 37.95| 38.87

Table B.5: Wetstraat phase [02:00 | 03:00 | 04:00]
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[05:00] 1 | 5 [ 10 | 15 | 20 |
5 | 9.87 | 10.62] 13.67] 17.93] 23.98
10 | 13.11] 13.10] 15.08] 18.47| 23.67
20 | 18.95] 19.72 19.79] 21.96] 26.23
30 | 25.34| 24.85] 25.60| 26.58] 28.98
40 | 30.30] 30.69] 30.39] 31.34] 31.97

Table B.6: Wetstraat phase [05:00]

[06:00] 1T | 5 [ 10 | 15 | 20 |
20 |57.39] 59.85 | 60.11] 58.84] 58.62
30 |[51.68| 51.16 | 52.93 51.81] 52.88
40 | 49.27| 48.79 | 48.95| 49.40| 49.34
50 | 47.75| 48.109] 47.62| 47.09] 47.57
60 | 48.19] 47.46 | 47.41] 47.59] 47.10
70 | 48.36] 49.21 | 48.47| 47.67] 48.30

Table B.7: Wetstraat phase [06:00 | 12:00]

[08:00] 1 | 5 [ 10 | 15 | 20 |
50 | 42.87] 43.76] 67.28] 208.60] 339.35
60 | 46.54 46.59| 58.33| 181.50| 312.31
70 | 50.76] 50.98] 56.03| 129.45| 283.24
80 |53.83] 54.10| 56.94| 130.54| 285.08
90 |57.81] 56.81] 60.02| 92.67 | 263.52
100 | 60.73] 61.09] 63.14] 97.73 | 232.14

Table B.8: Wetstraat phase [08:00 | 09:00]

[10:00] 1 | 5 [ 10 | 15 | 20 |
40 | 35.08] 35.03] 43.69] 71.36] 171.41
50 |39.00] 38.53] 43.12| 60.71] 135.72
60 | 41.65] 41.91| 44.04| 59.10| 92.89
70 | 45.24] 45.35| 47.13| 57.33| 86.08
80 | 48.66| 47.68| 49.72| 57.94| 79.07
90 | 51.59| 51.48| 52.04| 58.72| 76.79

Table B.9: Wetstraat phase [10:00 | 17:00 | 18:00]
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111.00) 1 | 5 | 10 | 15 | 20 |
40 [33.96] 34.08] 42.14] 62.01] 127.22
50 |38.01] 37.90| 41.65| 57.24| 86.22
60 | 40.97| 41.69| 43.35| 55.10| 77.34
70 |45.08] 45.26] 45.53| 54.13| 74.30
80 | 47.94]| 47.74| 48.72] 55.04| 72.67
90 |51.31|50.56| 51.51| 55.97| 72.15

Table B.10: Wetstraat phase [11:00 | 15:00 | 16:00]

[13:00] 1 | 5 | 10 | 15 | 20 |
40 | 37.21] 37.10] 52.07] 143.30] 283.73
50 | 40.63| 41.30] 48.44] 102.83| 255.23
60 | 44.19] 44.61| 48.74] 79.66 | 215.49
70 | 47.94] 47.79/50.89| 70.39 | 196.30
80 |50.51|50.81| 52.87| 69.34 | 150.72
90 |53.11] 54.63] 55.01| 66.93 | 135.58

Table B.11: Wetstraat phase [13:00 | 14:00 | 19:00]

[20:00] 1 | 5 [ 10 | 15 | 20 |
5 | 14.45] 21.54] 33.36] 47.60] 58.89
10 | 16.99] 20.46| 33.07| 45.42| 59.54
20 |21.74] 22.42] 30.90| 43.03] 55.85
30 |26.33] 26.25| 30.80| 40.45| 53.41
40 | 29.87| 30.36] 32.38] 40.28| 51.65
50 | 34.14| 34.00| 34.42| 40.68| 50.14

Table B.12: Wetstraat phase [20:00]

12100 1 | 5 | 10 | 15 | 20 |
5 [11.96] 15.49] 23.34] 32.92] 41.79
10 |14.89] 16.36] 23.00| 32.24| 42.70
20 |20.32] 20.39| 23.97| 31.34| 41.57
30 |24.75]| 24.88| 26.46| 32.24| 40.66
40 [29.04] 29.28] 29.93] 33.47] 39.58
50 |32.97| 32.64] 33.50] 35.88] 40.69

Table B.13: Wetstraat phase [21:00 | 22:00]
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[23:00] L | 5 | 10 | 15 [ 20 |
5 [10.96] 12.87| 18.48] 25.60] 33.62
10 | 14.01] 14.79] 18.76] 26.29] 33.29
20 | 19.86] 19.93] 21.71] 27.09] 33.32
30 | 24.69| 25.17| 25.72| 28.35| 34.63
40 | 28.94] 29.42] 29.47| 31.00| 35.44

Table B.14: Wetstraat phase [23:00]
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B.4 Wetstraat Platoon

[00:00] T | 5 [ 10 | 15 [ 20 |
5 | 9.74 | 10.31] 12.91] 17.00] 20.50
10 |13.05] 13.17| 14.83| 17.70| 21.03
20 | 19.58] 19.38] 20.17| 21.47| 24.10
30 |25.56] 25.70| 26.13| 26.88] 28.83
40 | 31.64]30.79| 31.96| 32.13] 33.28

Table B.15: Wetstraat Platoon ATWT [00:00]

(0100 1 [ 5 | 10 | 15 | 20 |
5 9.23 | 9.53 | 11.37| 13.61| 16.58
10 |12.81| 12.96| 13.57| 15.41| 17.53
20 | 20.72| 20.34| 20.56| 20.92| 22.84
30 | 27.74| 27.42| 27.38| 29.02| 28.79
40 | 34.56| 35.33| 34.33| 35.28| 35.21

Table B.16: Wetstraat Platoon ATWT [01:00]

[02:00] 1 [ 5 [ 10 | 15 | 20 |
5 | 871 9.22]10.42] 11.92] 14.45
10 | 12.83] 13.17| 13.12| 14.47| 17.08
20 | 22.19] 20.92| 21.39| 22.47| 22.77
30 | 29.05] 29.94] 30.63| 29.69| 31.43
40 | 36.35| 37.51] 37.92| 37.53] 37.34

Table B.17: Wetstraat Platoon ATWT [02:00 | 03:00 | 04:00]
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[05:00] 1 | 5 [ 10 | 15 [ 20 |
5 | 9.82 | 10.70] 13.88] 17.97] 23.63
10 |13.07|13.10] 15.01] 18.41] 23.62
20 | 19.16] 19.74] 19.99| 21.86| 25.31
30 | 24.91] 25.17| 24.96| 26.85| 28.15
40 | 29.22|29.87|30.57| 30.18| 32.25

Table B.18: Wetstraat Platoon ATWT [05:00]

[06:00] 1 | 5 [ 10 | 15 | 20 |
5 [16.31]24.79]37.62] x | x

10 |18.88]23.77/37.10] x | «x

20 | 23.61| 24.04| 34.72| 46.52| 61.77
30 | 27.35| 27.65| 33.74| 44.77| 58.00
40 | 31.45| 31.56| 34.16| 43.72| 55.43
50 | 34.79] 34.82] 36.19] 44.20| 54.26
60 |38.11] 38.26] 38.94] 44.58] 53.95
70 | 41.15| 41.47| 41.90| 45.07| 54.44

Table B.19: Wetstraat Platoon ATWT [06:00 | 12:00]

[07:00] 1 | 5 | 10 [ 15 | 20 |
5 ] 100.78] 176.36] 227.51] 315.94] 431.76
10 | 331.23[ 170.70] 209.57| 328.41] 447.78
20 | 171.06| 159.35| 220.92| 317.50| 455.86
30 | 174.27] 186.60 201.32| 313.75| 434.55
40 | 163.65] 158.75| 218.66| 298.10] 395.19
50 | 185.92| 174.17| 212.77| 270.32| 382.63
60 | 194.06| 176.39| 201.84| 266.33] 380.58
70 | 168.73] 189.32| 206.75] 257.62| 379.14
80 | 196.74] 210.29| 188.80] 258.15] 375.52
90 | 210.41] 199.20] 208.46| 256.69| 40159
100 | 219.50| 205.07| 208.69| 248.20| 338.72
110 | 223.47| 221.07| 223.38] 276.40| 349.14

Table B.20: Wetstraat Platoon ATWT [07:00]
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[08:00] 1 [ 5 | 10 | 15 | 20 |
5 | 23.56] 33.44] 49.92] 70.74] 154.92
10 | 24.18] 32.99] 49.80| 76.42| 181.42
20 | 27.91]31.38] 46.87| 69.31] 177.64
30 | 32.39] 33.02] 45.04| 67.23] 162.99
40 | 36.36| 36.61| 44.02| 61.47| 131.04
50 | 40.56] 40.17| 44.09 57.49| 107.50
60 | 43.75] 43.39| 45.42| 56.46| 93.64
70 | 46.59] 47.07| 47.91| 58.35] 85.28
80 |50.06] 50.84] 51.74 58.10] 93.49
90 |53.35| 53.56| 53.20| 57.90| 78.66
100 | 55.70] 56.00] 56.27| 59.70| 81.24

Table B.21: Wetstraat Platoon ATWT [08:00 | 09:00]

(10:00] 1 [ 5 | 10 | 15 | 20 |
5 19.11| 28.84| 44.09| 58.44| 76.05
10 | 21.02| 27.58| 42.67| 58.25| 79.25
20 | 25.22| 27.38| 39.98| 55.72| 73.21
30 | 29.40| 29.80| 38.21| 51.72| 68.09
40 | 33.57| 33.40| 38.24| 50.44| 66.82
50 | 37.23| 37.42| 39.55| 49.59| 62.75
60 | 40.57|40.41| 41.60| 49.61| 62.75
70 | 43.38| 43.48| 43.70| 48.96| 61.74
80 | 46.95| 46.06| 47.26| 51.00| 60.23
90 | 49.60| 49.33| 49.60| 52.18| 61.43

Table B.22: Wetstraat Platoon ATWT [10:00 | 17:00 | 18:00]
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Table B.23: Wetstraat Platoon ATWT [11:00 | 15:00 | 16:00]

Table B.24: Wetstraat Platoon ATWT [13:00 | 14:00 | 19:00]

111.00) 1 | 5 | 10 | 15 | 20 |
5 [18.47]27.80] 41.85] x X
10 |20.77] 26.44] 41.27| X X
20 |25.01] 26.24| 38.33| x X
30 [29.16]29.20| 37.22] «x X
40 [32.83]33.03| 37.47| 47.81] 63.16
50 |36.35| 36.75] 38.08] 47.76] 61.48
60 | 39.89| 39.74] 40.73| 47.95| 59.55
70 | 43.22] 42.81| 42.88| 49.34| 59.86
80 | 46.08] 46.44| 45.94| 49.20| 59.29
90 | 48.56| 48.66] 49.16{ 51.09] 58.31

[13:00] 1 [ 5 [ 10 | 15 [ 20 |
5 [20.72]31.29]46.61] x X
10 | 22.64]|30.26] 46.06] x X
20 |26.95|29.08| 43.65| x X
30 |31.07]31.27|41.77| x X
40 |34.87| 35.03| 40.23| 54.32] 75.61
50 |38.91]38.71| 41.77| 54.25| 70.90
60 |42.16] 42.00] 43.91] 53.30] 70.38
70 |45.26] 45.27| 46.23] 53.44] 67.20
80 |47.87| 47.82] 48.67] 54.43] 69.19
90 |51.27|51.11] 51.84[ 54.84| 66.09

[20:00] 1 | 5 | 10 | 15 | 20 |
5 [14.09]20.15] 31.03] 42.80| 54.06
10 |16.66] 19.75] 30.41| 41.89| 52.35
20 |21.67]22.20| 29.32| 39.17| 51.58
30 [25.75] 26.14| 29.58] 38.06] 49.75
40 [29.74] 29.69| 31.13] 37.91] 48.70
50 | 32.98] 33.03] 34.31[ 38.89] 47.89

Table B.25: Wetstraat Platoon ATWT [20:00]
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121.00) 1 | 5 | 10 | 15 | 20 |
5 11.84| 14.98| 22.96| 31.29| 42.04
10 |14.75| 16.24| 23.24| 31.67| 40.69
20 | 20.38| 20.32| 23.91| 30.98| 39.79
30 | 24.80| 24.92| 26.48| 31.11| 39.22
40 | 28.55|28.73| 29.52| 32.31| 39.85
50 |32.50|32.41| 32.91| 34.72| 39.71

Table B.26: Wetstraat Platoon ATWT [21:00 | 22:00]

\21:00\1\5\10\15\20\
5 10.87| 12.57| 19.03| 25.43| 32.66
10 | 14.02| 14.75| 18.72| 25.61| 32.85
20 | 19.27| 19.67| 21.26| 26.30| 33.18
30 |24.29|24.75| 25.43| 28.11| 34.28
40 | 29.37| 28.65| 29.50| 30.26| 34.18

Table B.27: Wetstraat Platoon ATWT [23:00]
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