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Abstract

In this thesis work | have been working with twaftic simulators called Hank and ST
Software. Hank is a research tool at the Universitppwa and ST Software is a
commercial product. To evaluate which of theséésrost suitable for behavior research
| have implemented three types of intelligent age®Wertaking Agent, Traffic Light
Agent and Meeting Agent. The thesis work was exadraly adding the possibility for
realistic human behavior to the agents.

The result indicated that Hank allowed for greatastrol over behavior while ST
Software allowed for faster and easier implemeorati

Sammanfattning

| det har examensarbetet har jag arbetat med i@ whfiksimulatorer vid namn Hank
och ST Software. Hank ar ett forskningsverktyg @ads universitet och ST Software ar
en kommersiell produkt. For att utvardera vilkendagsa tva ar mest lampad for
beteende-forskning sa har jag implementerat trertg intelligenta agenter:
Omkaorningsagent, Trafikljusagent och en Motesagexamensarbetet utbkades genom
att lagga till mojligheten for realistiskt, mansklbeteende till agenterna.

Resultatet visade pa att Hank gav mer kontroll ieteende medan ST Software tillat
snabbare och enklare implementeringar.
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1 Introduction

The purpose of this thesis is to decide which sataulthe Department of Computer and
Information Science at Linkdping University shofiidus on in the future for research on
agent designs. You could call it an important fat&fp towards designing realistic agents
within traffic simulators at the university.

1.1 Background

The reason we chose ST Software as one of theaionsilto test was because the
university recently purchased a set of four stati@riginally we had another simulator
than Hank in mind, but because of some problemis making a deal to work with it we
decided to go with Hank instead. The main reasanthvat both the third simulator and
Hank were running EDF (Environment Description Feawark) as their logical
representation system. The University of lowa agjtedet us work with Hank.

1.2 The goal of this study

Since the purpose was to figure out which simulaiarse in the future we decided on
two goals. The first goal of this study was to eaé which out of ST Software and
Hank would be the best option for implementing gasling various types of intelligent
agents for emulating realistic traffic scenariosisTwould be done by implementing
three agents. The types were one agent for penfigranpassing maneuver, one for
interacting with traffic lights and one for meeting at a desired point with another
human driver. By designing these three agents é&eg to run into different limits in
the simulators which would help me judge which datar that is the optimal choice for
working with agent designs.

A secondary goal was to adjust these three agpastyp have a more human behavior
apart from simply being able to perform their tagksiormal human has many attributes
that could and preferably should be implementeahimtelligent agent. Some
suggestions for names on these variables couldjgeeAsive, Inattentive or Stressed. An
aggressive driver would take more risks while aohservant driver could take risks
without knowing they do. From personal experiertcessed would involve both since
many humans drive more aggressively when stresskdaght also miss things because
their minds are somewhere else.

During the work it became clear that there is nmordesigning agents than “can it or can
it not be done”. Because of this the evaluatiomgled a bit from focusing on which
simulator could design the best agent behaviorlimader evaluation where | observed
many different things for example: overview of cpdentrols, world designing, support,
user information and other details that affectedghitability of the two simulating
environments.



1.3 Future goals

In the future the Department of Computer and Infation Science at Linkdping
University hope to expand these three agents imiee radvanced and realistic ones that
will interact with human drivers in a simulated @omment, and can be used for training
self learning agents and to test human behaviggahstic traffic situations.



2 Basic Theory and Formulas

2.1 Distance Formulas

A starting point on developing intelligent agerds diriving simulation is specification of
distance formulas. Of central interest are thoaédhpture time to travel a certain
distance, or the distance we have to travel te@at a meeting point.

A time-to-collision formula for cars that the owaraatches up with (this formula could
also be used if the car ahead is slowing down)a@iver & Tan, 2006)

(y—x) :
T=""—2=

(y-%) Equation 2.1
The variabley stands for the driver’'s car’s position along tbad andk the position of
the car in front of the driver—both measured inen&tBelow In the denominator part is
the corresponding derivate, in other words spedteotars. The resultdenotes time to
collision (TTC) measured in seconds.
One thing to observe here is that one could eneoymmbblems with division by zero if
both cars have the same speed. This means that glightly dangerous formula in
where that it can quickly go from one extreme siwati@ another.
Note also that this formula should work also foretireg cars, in other words, if one of
the speeds is negative. Meeting does not necesessdn collision—the cars could be in
different lanes when they reach the collision time.

An intersection meeting formula to avoid collisidnsm left turnings is as follows
(Shladover & Tan, 2006)

T =

< <
x| X

Equation 2.2

The variables are the same as in Equation 2.lydimd) the resull in seconds. This
equation is for calculating the time differenceviietn two objects who are heading for a
specific point. In other words, it gives the tinoe how long one would have to wait for
the other car if they both planned on stoppingnatdame place. This might be good if
one wants to know the time difference between twivals, but it will not give the time
of arrival. This equation also can not be usedsftatic objects because of the division
with zero, but on the other hand there is a saitgbey will both pass, and if one is not
moving at all, then it will never reach that poamyway. One could treat it as a special
case in that distance x is 0 and its speed is hakould give a zero divided with zero
equation, which one could set to zero as a speasa to avoid problems. Then maybe
we would have a time for arrival.



Safe following distance could be described usirgftilowing formula (Abe &
Richardson, 2006)

2

V, _V|2
2D, 2D

D, =V, *Rt+ Equation 2.3

This formula calculates safe distariz¢o the car including variables likéfor speedRt

for reaction time an® as deceleration. The indéis for following car, and is leading
car. We would want to keep the distance to fee Vile drive at a distance that we can
easily break in time for. Probably be useful forkmg a good agent to never collide with

the test driver.

2
f

D, = +1V, +0 Equation 2.4
2D

f

Another way to calculate safe following distancgiigen in Equation 2.4 (Cheng &
Fujioka 1998). Agaiti is for the following car, anthu here stands for basically the
reaction timeDelta stands for safety margin, or in other words theai@ing distance
between the two cars when they both have stopged.eQuation is similar to Equation
2.3, except it does not use the information ofitfaeling car.

_ 2
(Vb Vown) + 5

D,=D_+
4 s 2a

Equation 2.5

If we use Equation 2.4 and modify it slightly wevbaan equation for safe passing of a
car in a multi lane scenario in which we have abedrind us in the lane we want to use
for overtaking the car ahead of us. In other wdhéssafe distance for performing this
task is given by the variabl&from earlier,V which is the speeda, which is the
acceleration required for passing the car aheas ahddeltais the safety margin. ThHe
stands for car behind agent aswin stand for the agent itself.
So what we have here is basically an overtaking&opu but with another car coming
from behind instead of from ahead of us. The qoegs if we can use this equation with
maybe a slight change for meeting cars. Insteadibtracting velocities we would end
up adding the speeds since we would be meeting ith&tead of driving away from
them.

B Vb2 _V2

D, —T"W"+ NV, +0 Equation 2.6

own

Equation 2.6 is an auxiliary to the previous oheletermines safe distance to the car
behind us in case we have to brake during the akied. All variables as described in
previous equations.



We have a few variables optimized with regards go@d passing maneuver path by
based on empirical tests (Shamir 2004)

o= 200,

3/2
T=3V VA ﬁ‘+24\/7
VE A

In whichW s the width of the land/ is the speed of the overtaking agexis the max
acceleration of the same agdntis distance and is the time for driving up alongside
with the car in front.

Two other equations needed before the final resuéghe following two:
_(L+L)
"))
(L+L)
V-Vi)

D,=V—FF~

L is the length of the passing car dnohdexedl is length of the car in front. In the same
manneV is the passing cars speed ahithdexedl is the speed of the car in frot.in

this equation is then the absolute distance neexddvel andr is the time needed for an
overtake maneuver.

This gives us the minimum time and minimum distaoice
T =21 + Ty, Equation 2.7
D.,=2D+D, Equation 2.8

If these formulas prove to work well enough we htneeability to determine time and
distance needed to perform the overtaking.

Jenkins and Rilett (2006) mention several populaiaéons to keep following a car at a
safe distance. A very logical thing that Jenkind Rilett (2006) mention is that the
equations’ performance all depend on how the sitoula designed. Some might work
well on one system, while another equation mighinioge reliable on another system.
Earlier, we listed some lane changing equationsiéign 2.3 to Equation 2.6) and
Jenkins and Rilett (2006) have a few additionalsone

For example there is an equation for when thesef@lowing equation captures forced
lane change at places along the road where twes kane merge into a single lane.

|0
Qaccept = Hmin + (e_ amin) O_E Equation 2.9
L



To enter and exit the freeway, the level of risks(amed to be denoted bByndexaccepj
is calculated using the minimum acceptable deceideraamin, the emergency
deceleration rates, the distance to the end of the opporturiyand the length of the
opportunity,OL.

It is uncertain if this formula can be used for @uiyg in the three intelligent agent
scenarios we are planning to look closer into. €lse a few more similar equations
mentioned but we will move on to the more intergsthnes involving overtaking, or in
other words changing lane into a lane with meetiaffic.

Y
A

” 2/3d, o

-~ § ) i § ) e ¥

\4

Figure 1 lllustration of Jenkin and Rilett's (2006) idea notion of distance during overtaking

The above pictures are taken from Jenkins andtR#606) and show a classic passing
maneuver and illustrate what the later distancegpus below mean. Agents with the
ability to perform passing maneuvers are not tbatraon in simulators yet. A review by
Hoban and McLean (1982) spoke of only five simulasupporting it at that time. These
are abbreviated as SOVT, ROADSIM, SOFOT, TRARR lastiwe have a reference to a
Swedish program by the Swedish National Road aadsport Research Institute (VTI).
According to the same review SOFOT and TRARR incaafe deterministic rules for
passing whereas SOVT, TWOWAF/TWOPAS, and VTI uge azceptance probabilities
derived from extensive field studies. Jenkins aitetR2006) did not explain what these
abbreviations stood for so you will have to acdbpi in their short form only. Since
then new simulators have appeared like ST Softwareh is part of this thesis.



A formula for safe distance to begin a passing meaeeis as follows:

a;tl) Equation 2.10

d, =0.278,(sp —m, +
tis for time to decide to perform the maneusayerage speed,average acceleration,
m is speed difference between passing and impesihigle. ( expressed in km/h.)

d, =0.27&,s, Equation 2.11
This part calculates the actual distance neededds the impeding vehicle.

Jenkins and Rilett (2006) did not list any moreapns, but they mentioned that one of
course needs to calculate how far the car travétiriige opposite direction will travel in
the same time, and take into account the distamemhey started so we can see how
much distance there will be between them when theeuver is over. The distandéis
about 2/3 ofd2 assuming both the passing car and the meetingava the same speed.

These distances are referred to as “Sight Distdracebwere used to mark areas of
segments of roads as possible passing areas awgoodienkins and Rilett (2006). So in
their case it appears like it was pre-calculatatesdor safe overtaking with these
formulas, which would mean that these formulas tinght be suitable to use during
runtime.






3 Strategic algorithms for the agents

3.1 Basic outline for the agents

Let us start with listing what is required for eadent to function. Later we will go into
details on what other events and surroundings doelldesirable for an agent to be able
to adapt to.

3.1.1 Overtaking

This behavior has the most amounts of equationshwineans that we have several
options to choose from that can be adequate foagleat. At this early stage we will just
focus on the simple basic function to make a cas @&aother car without driving into any
other car. A simple algorithm for this would lookd something along the lines of these
points.

» Detect the closest car agent driving the opposiextion ahead of me.
» Determine that cars speed

» Detect which car | need to pass ahead of me.

» Determine that cars speed.

* Calculate if it is safe to pass.

o Calculate how long it takes to pass and how longkies to meet the other
car, and then determine if the difference is atmsgafety threshold. This
could be done with (Equation 2.1) or (Equation 2.7)

o Alternatively there are formulas that let the ag#etide on a safety
distance and then check against this distancedidel& the agent can
perform an overtaking or not. For example an ediegion of (Equation
2.5) to work with meeting cars instead of followicgrs or maybe
(Equation 2.8)

One could compare my ideas with a list made by fA&teLoughlin et al (1993) that in
the book Generic Intelligent Driver Support (p.108{s what they consider important for
overtaking. The list is more a listing of differezd@ses, which | have tried to rewrite into
different parts to observe.

* Time until the approaching car meets us

* There is a safe gap in front of the car ahead of us

» Can we accelerate enough to overtake even if disteness than wanted?

» Distance to intersection is long enough to alstuimhe safe breaking before it.

3.1.2 Traffic Light

Information about traffic lights was scarce. Mokthe available literature treated areas
like visual detection of cars and other traffic,il@some articles focused on how to make



intersections work smoother by examining the prdlglithat a car comes to an
intersection. There was some information regartiegogical representation of traffic
lights for the EDF format in Willemsen (2000). kdha few states, red, yellow, green
flashing yellow. It sounds like there is a sepatedéic light behavior that sets these
values. EDF seems to already feature a rather aecuversion of a dynamic and
adjustable traffic light. It is designed to be atdeadjust its cycle to display the desired
color when a road-user reaches the traffic light Tethod that EDF’s traffic light
system uses is that it calculates how long it etgoac agent to take to reach the traffic
light, and then informs the traffic light what paftthe cycle we desire when the agent
reaches it. This is done repeatedly while approarto compensate for speed changes.
This is helpful for using EDF, but it is uncertdnow it would help in a different logic
representation. Something that does help for diffetogic representation is that the
same thesis about EDF (Willemsen 2000) also hast&oa about traffic lights a bit more
in general. The traffic light has a normalized eytiine and a target time. Adjustments to
the cycle time are done by uniformly expandingamnpressing it. The code for the
sequencer is available in SDL (Scenario Descriptimmguage) code.

From the information available | believe a simgigoaithm might be able to use one of
the earlier equations. The one that seemed maagfaand simple was Equation 2.1
where one agent would have zero speed. The stefiseftraffic light would be
something similar to:

» Detect time until car reaches traffic light
» Adjust traffic light cycle according to plans arnhé left

A different approach would be to have some forragdnt detectors that detect when the
driver comes close enough to the traffic light adgust it after that. This could become
troublesome since it might not continuously chdek¢ars speed and the cycle time
might not be adjusted well enough.

3.1.3 Meeting at a predetermined point

The principle of having two agents meet is not \different from having a static traffic
light calculate when a car reaches its position.sezuld be able to use the same formula
for both most likely. Since we start with focusioig the simplest event we are going to
assume just two cars that are going to meet.

10



3.2 Extended outlines for agents

Here follows some ideas on special cases that dmildteresting to be able to handle to
make the agents perform more human-like.

3.2.1 Overtaking Al
In reality we would like a much larger and more pte agent system that handles all

common and some uncommon traffic situations. Trextaking Al for example should
be able to solve several problems.

* Is any car behind me showing that they are goinyvestake?
* Are there several lanes and do | need to obsergebehind me in other lanes?
* How far can | see? Can | see the closest car in®gpdirection?
* Is the car in front of me far to the left or righttmaybe in the middle?
* What are all cars accelerations? And how do thelacations change?
» Unexpected obstacles on the road that might mael@ehange lateral position
on the road.
o Aborting the overtaking
o Alternatively never start the overtaking in unsadmes.
* Any special traffic symbols close by that may afffibe agent?
o0 Intersections were people might turn left, or taut into the road the
agent is traveling.
o Change in speed limit
o0 Road lines
o Poor sight? (like at a zebra crossing or bus stop)

Some notes from Jenkins and Rilett (2006) regardow they thought about the visual
field of the agent planning to do a passing maneuve

» The impeding vehicle travels at constant speed

* Time to determine whether the opposing lane isr@ded begin the maneuver is
important to know.

» Passing vehicle accelerates at the start and th@maoe on constant speed

» The speed difference between passing and impedimghe during the maneuver
is 15 km/h

They chose to not take into account if the vehilely are passing will change speed.

This is correct according to how people shouldelrbwit in reality it often happens that
people getting overtaken start to notice their @peed and speed up a bit.

11



3.2.2 Traffic Light Al
Traffic lights can get relatively advanced if onies to cover everything.

* What kind of obstacles are on the way to the wdight?

0 Speed signs, Stop signs, other traffic lights.

o Cars

* Visual field of driver.

o Is it a straight road so the incoming driver wéksif the traffic light acts
funny? In such a case maybe we will have to sitaketing with the light
before it comes into sight.

* Want to keep the cycle look natural while approaghi

o How do we adjust the cycle time to still have tight color when driver

reaches it?

3.2.3 Meeting Al

Just as stated in the simple version, a systemat@ragents meet at a specific
intersection or location should be very similatte traffic light system. However it
increases in complexity when the amount of carpesgd to meet up increase.

» Tryto coordinate all moving cars to reach the pairthe same time
* Obstacles on the way? (see Traffic Light)
* How far can a driver see? (Can we place a carfosigbt?)
* Removing cars that are not supposed to be arouthe atesignated time for the
meeting.
o0 Remove cars out of sight?
0 Let cars avoid the place by turning in an eariéelisection?
= How do we avoid making the road seem too empty?
» Possibly determine which agent that is the besicehfor the meeting.
o Closest? Same distance as Driver? Least obstacthe ivay? Create a
new car?
* How does the driver’s acceleration and change oélacation affect the meeting?
* The Driver makes a wrong turn
o What will the new meeting time be?
o How do we know which way the Driver is going in timst place?
= Shortest distance?
= Widest road?
= Following road signs marking a predetermined rostieh as if
they should head through central city or take tigeway around
to the other end of the city.
o Can we force the driver to not go a path we domihi®
= Traffic lights or cars in the way of alternate Eh

12



3.3 Configuration

As a final note on all three agent categories tieeadso a need for changing behavior of
the agents, preferably by sliders. Sometimes wé&ldwave a need for an agent that
ignores for example red light to achieve a speeifient or maybe one that tries to pass
the driver even if the distance to the car tragelmthe opposite direction is too short.
Hopefully we will have a few suggestions for whaihys can be controlled by sliders
and what would be too much work compared to thelrasthe end.
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4 Software choices for designing the agents

4.1 Introduction

ST Software and Hank are the software we had atees®l could run tests on. The
former is a commercial product and the latterigsearch tool, but it is not available as
free download on the internet. But it is alwaysgiole to contact The University of lowa
and their team that work on Hank. It can also beaddthat there are many other
simulators which could prove to be better. The hmad is finding them. | found a
website for the US Department of Transportatioreddfal Highway Administration
which had a small list of a few simulators for atebcriptions. | also found another
called Virtual Terrain Project that also have a faws to both vehicle physics and
simulators. However, these will not be looked clpsé since comparing two simulators
is going to take enough time.

4.2 Logical Representation of the worlds

Below follows three types of logical representasidor the different simulators that | had
the opportunity to evaluate. It should probablynentioned that the last chapter here is
about a proposed standard that | do not think aayse yet. It is included in case it in
the future becomes a global standard as it trieetome. If you want you could say that
these are the main parts of the simulators sinegribstrict what can and what can not be
represented in a simulated world. However the maumulator programs do also play an
important role in what you actually can do withdbdogical representations of objects.

15



4.2.1 Environment Description Framework (EDF)

This is the method that Hank is based on. BeloVofd a few points that were described
in a document consisting of a collection of infotima from Willemsen (2000).

| quote: “

» Adjacency is defined in terms of which objectsiare
front of, behind, or next to the nearby autonomous
agents

* Curvilinear coordinates naturally represent loaagio
along a road-like surface thus facilitating road &me
tracking behaviors

* Relative spatial locations are easily defined wipect
to the curve which is instrumental for followingdan
obstacle avoidance behaviors

* Roads in EDF derive their width from their segment

* In EDF,range attributeslescribe curvilinear expanses
of road in which specific behavioral or societderu
apply.

» Similarly, EDF use$eaturesto model localized,
situated information that exists at specific dists
along the length of the road.

* During a simulation, EDF maintains information abou
the simulation objects located on each road’s serfd
any instance of time. This information can be cegbri
providing behaviors with important road occupancy
detail. Object location on roads, as well as hovséh
objects’ locations relate to each other, facilgate
following and obstacle avoidance behaviors.

 EDF models zone-based, road characteristicarage
attributes

» Afeature is a logical EDF component that models
localized, cross-sectional information on the rgad’
surface

» Traffic control devices that regulate entrance entad
movement through the intersection

* Behavior in EDF intersections is regulated by tcaff
control devicesd.g.stop signs, traffic lights, pedestrian
walk signals) that control traffic flow on a perrador
basis. Bidirectional corridors, such as sidewadks,
controlled unilaterally by a single traffic contisthte.

Upon having had the opportunity to try the simuldtdiscovered that the world logics
were divided up into both an EDF-file and an SDle-fiThe SDL-file covered the
information about positioning and creation of certabjects. The only objects | worked
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with was the camera and human driver objects stagosition and positioning objects
that create and destroy traffic, called Twinsouramed Sinks respectively. The EDF-file
contained information about intersections and egments. It ranges from positions

and lengths to what they connect with and probigiiiiat someone would choose that
road. Important details like direction of traffincitype of lanes also lie in this file.

4.2.2 ST Software network files (NET)
STRoadDesign was a bit short on information. Thighe information their site had.

* The design of road geometry is highly intuitive arser-friendly.

» Different kinds of lanes are supported, such aslares, bicycle lanes,
pavements for pedestrians, complex lanes for wgaminhighways etc.

» Different kinds of traffic lights can be added tdarsections. The control
strategy of these traffic lights can be completaljusted.

» All kinds of road markings and road signs can baead

However, in the manual which comes with the prodingre is a lot more information.
ST Software is a package consisting of a scenamaller, a world designer and the
simulator. But it has not focused on trying to dal any special standard (Like the
OpenDrive standard that has been suggested.) dtrtesupport a couple of types that
the OpenDrive standard suggests, like for examgigh difference (for hills or tunnels)
and neither does it have cubic coordinate systenofa shape, but instead just straight
or curved sections. It has a lot of positive thisgeaking for using it that will be listed
below (in addition to what has already been list&d) Software keeps you above the
actual coordinate system and let you mostly wottkwoordinates relative to the road so
it is hard to distinguish it from whether it is abic coordinate system or not.

» Easily expandable, for example it is easy to add signs of desired type

* Runs on an average PC, low processing power reqeires.

» Graphical representation of the world viewable vidgpenSceneGraph

e Structure on logical road representation is reaabbpened with
notepad. (A bit hard to read though)

» Straight roads or curved roads.

» Highly customable in settings (like position ofigrsin X, y, z dimensions,
align buildings along a road section, set numbédaiés etc)

» Editor allows copying huge segments of roads, iterratersections by
just selecting an area and choosing to copy it.

e Supports 3D models, billboards (just a flat textg®od for trees to
decrease the sight distance) and differently textground.

* Roads have a special ID per lane, and it goes fame 0 and up (unique
numbering).

* Roads have a start and an end node, which corirerutto other roads
(most often through an intersection).
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4.2.3 OpenDrive
OpenDrive is not an actual simulator in itself, Biguggested standardization of the

logical representation for a simulator, or morecsipeally for a road network
representation.

* Cubic polynomial description of road shape, whickams it has a cubic
expression and allow for shapes supported by auhbit.. It does not
necessarily mean it is three dimensional, butntaehieve a certain shape
on curves.

* Lanes have road marks, speed limits, height

» Also curvilinear coordinates and normal coordinates

* Object lists to keep track of what is on the road

* Intersections have path information and control{gedfic lights, stop
signs)

» XML format for scenario logic.

4.3 Comparison ST Software vs. Hank

There are many differences between working withS8ftware’s simulator and Hank’s
simulator. At first impression ST Software was #asy to use simulator and Hank the
powerful and flexible simulator. You can see atowerview of the simulators below.

ST Software for behavior research

5T RoadDesign ST Control

A World Design tool. Main Sirulator program
Creates a graphics file that handle all madules
and a logic description file

ST Scenaria ST Renderer
Scripting language far Creates views in the simulator
interaction hetween agents like mirrars or windows
and creation of traffic (called from ST Contral)

Figure 2 The different parts of the ST Software Sinalator
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Hank far behavior research

Hank Source Code RFClisten SDOLfile
This iswere you do almast Alwiays run before Hank. This handle all the
all the design aof behavior An additional program that coordinates creation of objects in
and functions of the simulator (rmultiple) modules from Hank. aworld
(& few central files, hand .c)
* Foad
Path Hank EDF file

" Intersection

N ; . -
F'erge\l;xeahbilcelélbject When the source code is compiled Thisis the logic description

* this prograrm is the main simulator of the world and need a
VEhEiE-thT{HCSM matching 30 model designed
Istas in a separate 30 program

Figure 3 The different parts of the Hank Simulator

IC \stSoftwarel, SSLscripts kwtllBY kwtil B-Fenowald.scn Change student ide st IAdmse- Datafilename u

Simulation contral | Scenarios | View position [ Effects

0 Systemsready  [HFenls Fogtype
Sl ey MEs eE

1000 800 GOO 400 200 O
e R (B [ A

® From driver

" Topview

[ Start Simulation ‘ [¥] Siart Repl I " Fromrear

[4] Pause J [=] Stop J ((:me\eh [} |
From right
I 0 200 40 BO B0 100
Start Scenario -‘ Fecord Traffic (" Framfront £ I\||||\
Stop Fe Distance I )
M| simdl=on — D10 20 30 40 50 D20 40 G0 B0 100
(R T E RS RN RS | loaanl 1 IR R 1 I
o |

@M active ECEE e I

System Statug Framerate

@ Simulstor4  [Punning n
G oo BEEE
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@ ooz Fnng R
@ soundEngine [Funning ‘

Path EEEED

segmen: | NENEIENE] == -

Lateral pns- Right -
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THwW Opposit

L [C[X]

Starter Lighting Steeringwheel
g 5 T [l 1]
4 \3 4 5’ <« " 80 100 5 Starter Os;mmgm e i A8
5 . 3 . B0 120 i, ife $ & SIS
- 5 o Speed 90 - —an
2 . ~ 40 pess off \/ Off e % :
w2 - 4 - &
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=] - g x1000 g = Kmph 1gp Indicator Handbrake
o 7 (0 0[0]o o] o
. n
Clutch Brake Accelerator Gear Left .
Fuel consumption 0.003 liter Off e~ |

Figure 4 StControl which allows keeping track of dot of data during simulation
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4.3.1 Language

Hank mainly uses the C programming language fotempnting behavior and HCSM
and EDF scripting for the world logic. ST Softwdnas its own script language called
STScenario for behavior that is pretty straightfard and easy to learn, and their world
logic is handled by a world editor called STRoadBesWhen it comes to detecting
errors Hank has the usual C programming debug foothe C code, but no way to
check for errors in the EDF or SDL files that désethe world and object placements.
STScenario is possible to run a syntax checkerrakpg on the text-editor you use. |
believe the version that had one of these syntagkadrs available was called Textpad.

It is hard to say which language was preferabfesesl knew C from before and the
scripting language was well documented. The STSaereript was a bit more fool
proof together with the syntax check, but Hank i@fiemore freedom.

#2 new_hank - Microsoft Visual Studio

File  Edii View Project Buld Debug  Tools Window Communby  Help

R S~ b oDebug - Win3z + [# location - | S e B - .
S 08383853 R
Solution Explorst - Solution ., = & X || TwinSource,c| Road.C | Intersection,C | Intersection.H | Lane,H | Path,C | PothH | Vehicle.C | Vehicle.H | VehBishav_HCSM.H | Vehfishav_HCSM.C | PerceivableobjsctH - X
25 [F |4t Twinsource | [ winitiaiize() v
€+ HankObiject.C A 1| neadvay wec.push back( 25.5 ): i =
H ﬂHE”KOb!ECt-H headway vec.push hack( 26.5 ); 4
€4 Hesm,© - - =
@
i [0 Hemt current_index = 0; 5
|h] HesmBehaviorModel. = ¥
s
- g
- & HeadwaySource.C i i = B g
|h] HeadwaySource.H % Tk, 5 ) g
ﬂ HeadwaySaurce_P.b or (i=0; 1 < static cast<int> (headvay vec.size()]: i++) X
-] Mirror.C ¢
5] Mirrar H //index = (drandd48() * _ohi-»vee sizel: //zvang
| G MirorBshav_HCSM. index = static_cast<int> (((£loat)rand(]/RAND MAX) *headway vec.size()):
0] MirrarBichay_HCSM.I temp = headway_vec[index];
' & Mirorsource.C headway vec[index] = headway wec[i]:
] MirrarSource.H headvay_vec[i] = temp;
 [n] MirrorSource_P.h }
] MadelH
] PerceivableObject. C if { doubleHeadways )
0] PerceivableObizct H i
€] SimpleEntity.C alt_firstVehicleCreated = false;
- [n] SimpleEntity.H alt_headway vec.push hack( 21.5 1:
ag‘mf‘zE"“t”‘h alt_headvay_vec.push hacki 2z.5 ):|
UG 5‘”k'H alt_headway vec.push hack( 23.5 1:
8 S::k.Ph alt_headway vec.push back{ 24.5 ):
08t Y alt_headwey wec.push back{ 25.5 )
(] Trafficliaht.H alt_headway_vec.push_back{ 26.5 );
¢ TrafficlightHcsm, C
(5] TrafficLightHesm H alt_current_index = 0;
] TwinSource.c
|n] TwinSaurcz.h for ([1=0; 1 < sStatic_cast<int> (alt_headvay vec.size()): i++)
€] vehBshav_HCSM.C {
1] YehBehaw_HCSMH //index = (drandd48() * _oki-bwec_size):; //zvang
] vehicle,C index = static east<inct> (((float)rand()/RAND MAX)*alc headway wvec.sSizeil):
- (0] vehideH temp = alt_headvay_vec[index];
€] VehicleDynamics.C alt_headway vec[index] = alt headway wec[i]:
(] ¥ehidleDynamics.H alt headway vec[i] = temp:
T hankuti o ) - -
£ > i v
oot [ = r
cdsouti... [Fclss . | FPrope.. € >
Qutput >0 x
Shows aubput from:  Build =3 | | = |
Eubedding i ~
Crearing formarion file. ..
Microso £t Browss Tnformation Maintensnee Ueility Warsion 8.00.50727
Copyright (C) M osoft Corporation. ALl rights reserved.
Build log was = d at “"file://c:WHank'HankMultil 06 DebugyBuildl htuw"
new_hank - 0 erzor(s), 1 warnin gish -
========== Build: 1 succeeded, 0 failed, 0 up-to-dats, O skipped ========== ~
[ Code Definition Window | #21Call Browser | (] Output [FhPending Checkins
Build succeeded 717 Col 41 che NS

Q; O 044

Figure 5 The Hank design tool (Hank source code iG-language)
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B OvertakingTestNew.scn - Notepad g@

File Edt Format View Help

Z/chack if we can safely return to right lane -
1f ( part[].pisToInter < (Part[overtakenvehicle].pisToInter - 1)) {
A71F too small room between cars, try and pass another car
If { Part[].pisToFirstLeadonri hiLane <
overtakenvehicle := Part[ erstLeadoanghtLane

1

End {
A/whan past, go to next mode
when ¢ Part[].oisToInter < (Part[overtakenvehicle].pisTolnter - 10) and Part[overtakenvehicle].pisToLeadcar » 10); £/ passed vehicle
Part[].Indicator := Indicatorright;
Part[].Rt := OTdRL;
Part[].maxvalocity := o1dMaxveW
Part[].Approachsensor :=
Part[]. usearakeught i= oFF

sfdebugstring := strcat( "Time to oncoming: ", num2str( TimeTooncoming, 3, 03);
//Pr'nc% Prthm debugstring J;
State =

i
1
A/Return to right Lane
s/hpparently vary variable with how fast it moves sideways. sometimes not visible at all, sometimes too much.
pefine action
Afvar { Janetime; helptime; 3
start {
when ¢ state 30
Srhelptime = r'unt1me()

Do {
A/move sideways over time
A/This one was still pretty good at 20070402 update
Arproc AddRu'\eLatpUs Part [? Parthr, (1.5 - (Aggresswn - 0.5)) , -0.2%Segment [Part[].Segmentir].width, 2 J;
RestTime := 3.0 ACT wn[] puration - (aggressivity - 0.5
1f ( restTime »
proc{ AddruleLatpos, Part[].Parthr, RestTime, 0, 1 );

End {
/#Go to next mode
Afaggresivity here is just to adjust Time To not waste it
when ¢ action[].puration » (3.0 - (Aggressivity - 0.5)) or Part[].LatPos < 0.6);//Part[].LatPos < -0.4 J; (3.0 - aggressivityd
pPart[].prefLane := 0;
Jf1anetime = runtime() - helptime;
//debugstring := strcat( "LatPos at finishing overtaking ", numz2str( Part[].Latpos, 2, 2D);
//Prnc% Pr'1ntGu1 debugstring J;
State =

1

i

A/Einish overtaking
pefine Action(4] {
Start {
when ¢ State =4 );
Part[].Indicator := Indicatoroff; |

End {
//Rasture values shortly after Tinishing
when ¢ action[].puration > 1.0 J);
overtakenvehicle := -1;

Part[].UseBrakeLight := on;
State := 0;
i
i
4/Extra checks during overtaking @

Ystart, EOE O c A G A0 LT ETHO L OBLE R

o w5 How thepa | "B Hankene win... | il Exjobb.drafta.doc- ...

Figure 6 An example on how ST Scenario scripting leguage only need a text editor to design
behavior.

4.3.2 User’'s Manual

Hank has no user’'s manual yet, which makes it kgt started with. | have had two
options; Guessing and testing or emailing questibosfear of messing with the wrong
parts of code | usually emailed questions to I¢henbasics, which is a slow and time
consuming way compared to manuals. Hopefully Haillkome day have a user’s manual
if they want others to be able to quickly learrus® their simulator.

ST Software has a user’'s manual that is still bairiggen. A few sections have yet to be
included, but most if not all of the scripting fuions have been documented. What |
remember missing was how to add traffic lightsht® world in the world editor. It proved
to be simple after looking at the editor's menusother minor user’'s manual problem |
ran into was for example how the manual tells yoodt go above 180 degree turns
while the creators of the simulator informed medb pass 90 degrees to avoid problems
since a 180 degree turn had caused problems for me.

In this case | was a lot in favor of ST Softwatiace working without a manual is
difficult, and C code is not always clear to a parssho has not written it.
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4.3.3 Controls

The Hank version we received did not include amjistc driving vehicle functions. It
had a simple bike mode where you could stand stilguickly reach a preset low speed.
By altering the code slightly | managed to add iy wémple car behavior in that it has 5
gears and stop if you do not keep the throttle doMaere is of course no limit to how
realistic you can make it, but | did not feel likkad the time and motivation to try and
design controls that functioned just like in ST t8@ifre, which would have allowed for a
more accurate comparison.

ST Software had a very rich and detailed contretesy. You had to first turn the key to
start the ignition (though this was done with atdmi}, then you had brake, acceleration
and clutch. It also had reverse and 5 gears.

So put bluntly ST Software is a lot better thantank version we have been allowed to
work with, even if it is possible to make both ftino at equal quality with some extra
work.

4.3.4 Worlds

The qualities of the simulated worlds were preityilar, and both used
OpenSceneGraph as base. ST Software has a slggbedr Hank in that they offer an
editor so you can with relative ease design thddwayu wish to test. In the Hank case
they do not have a graphical editor yet and dthallwork in a 3D-program for graphics
and a text editor for the logical descriptionsta# toads. This means there is some work
involved in manually keeping the logic to fit withe graphics.

For designing worlds ST Software seem to be a nbatter alternative currently. And

since testing agents depend on how accurately gowci@ate the situations you want to
test | would say Hank is not that attractive fatseyet.
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Figure 7 An image displaying the ST RoadDesign todbr creating worlds

4.3.5 Hardware

Our Hank version is currently a slimmed down veargionning on only one computer
and screen. It is possible to increase the numfbasroputers and screens to get a larger
field of view. The ST Software hardware that Link@pUniversity has bought is already
two computers for each simulator (a total of 4 datars), with 3 screens each.

So in this case they are both fairly even, althouginently ST Software has a slight edge
with already having it all set up at Linkdping Uargity. | think Hank could provide
similar quality if needed.

4.3.6 Agent Designs

This is probably the heaviest part of the comparsace our goal is to work with agents
and to create realistic, close-to-human behavibave already mentioned that they differ
in language, and this is probably where the agesigding issues arise. In the Hank case
we have regular C code. This means that if we wedadin information, we can find it
even if it might require adding more code. This nsetat there are no limits (except
those from what the logical description of the widiblds). ST Software on the other
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hand uses a scripting language, which limits whimrmation you have access to and
what actions you can perform. For example you cooldset acceleration, but had to set
a new desired speed and let the agent-vehicleaaatelitself. There is the possibility of
emailing ST Software and ask for certain changeslditions, but you should probably
not expect them to perform all changes you migktraneed for.

On the other hand ST Software’s clear scriptingleage and documentation make it a
lot easier to work with, making it a good tool testing ideas. If you look far into the
future |1 would probably say Hank will reach furthesit if you have to test things right
now ST Software has more things ready.

4.3.7 Modules

A difference | noticed while working with both sihators was that the ST Software way
of having these user-made agent behaviors in aaepscenario-file meant that it was
easy to keep them free of each other and not vatroyt them interfering with each
other. And if you actually would want them togetitexould be possible to adjust them
and simply include them in another file as you ligugse modules. This would allow
you to easily remove for example overtaking if yeould not want it to occur.

Hank on the other hand required you to work in ipldtfiles even when just designing
one agent. This meant that by default there isasy &vay of using modular design, but
since it is done in source-code there should besaibility of writing your own support
for modules.

At the current progress of Hank it seems like STivigare is a user-friendlier alternative
if you want to add and remove behaviors after aesgythem.

4.3.8 Overview

While working with Hank and ST Software it becanac that ST Software had an
advantage of being easily overviewed, while Hank waich harder to get a good
overview of. While working in Hank | noticed | oftdhad to switch between files and
functions to adjust behavior, while in ST Softwdreas always confined to a single file.
After a while you started to lose track of what yariginally were working with after
tracking some error through 2 different files. Stimmgy that seemed to help with this was
that | usually printed things where | found a pesblso when | had to backtrack after
fixing a problem | just had to find a cout-functiath the correct text.

So it seemed to be much easier to keep track af co8T Software than with Hank.
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4.4 Conclusion

It seems to me that both have strong points and wemts. ST Software seems to be on
the winning side of ease-of-use, while Hank seentsetmore difficult to get into and
work with but will allow more freedom. In the cagktime not being of importance |
would suggest Hank to be the best choice, becdutefreedom and versatility.
However Hank is going to need some time investdédrbét can reach the level of ST
Software and surpass it.

From a university point of view, Hank is probably @search level and ST Software on
student course level. In other words | think STt®afe could be a valuable tool for Al
courses, while it is a bit too restricting for soofehe things you might want to perform
during research. It should be mentioned that STwaoé most likely is a better choice
for actual driving tests, since it is much eastedésign scenarios with than in Hank. It is
just unfortunate that it has certain limits wheodtnes to the agent designing, like how
some basic rules are preprogrammed at low levelrawtessible for the scenario
programmer to disable or adjust. . A typical exaiplhow a car detecting a meeting
agent instantly decides that it should return kan@ with his own direction of flow.

Figure 8 The main screen during simulation in ST Sftware’s simulator
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Figure 9 The main screen of Hank during simulationDOS window is invisible when not debugging)
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5 Implementation of simple agents

To evaluate the ST Software and Hank, the decis@msmade to implement three
common agents. These three agents were an oveytagient, a traffic lights agent and a
meeting agent. They started out as simple as gesaild were later expanded as time
and simulators allowed. Apart from designing thagents there was also a need for
designing worlds and populating them with traffiat would interact with the agent.

Something that bothered me during my work was dlftat all the research on equations |
did, the simulators already had built in functidasalmost all of it and | ended up mostly
using basic math and calculating expected times filtstance and speed and then
compared these. However | think that keeping ifpdenalso had its benefits. After all it is
the same way of calculating the distance and titneraan would perform while driving.
They would assume the meeting car follows theitraéstrictions and then they would
look how far away they are and guess on how mumé ii would give them.

5.1 Creating a world

The first step would have been to create a wortnlvéler in the case of Hank we had no
world editor. | asked the team that created Hanlkeaf had any editor available but they
said they had not yet made an editor for worldeyTtesigned their worlds currently
using a 3D program like 3D studio MAX and then werbly hand an EDF logic
representation of the world that fitted the 3D wlothstead they offered us a world they
had designed themselves consisting of a few intBmses along a long road. Later it
would show that these intersections were a prolaedhad to be removed from the EDF
logic to allow testing of overtaking agents. Renmgvihe logics meant that the world
graphically still had intersections, but the agemthin the world only saw a straight
road.
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L A1) Drawing C:ALinus\StRoadDesign\databases\ZwedenDemao.rdb

[
Figure 10 Zoomed in image of an intersection in th&T RoadDesign tool.

ST Software on the other hand offered a prograte¢&TRoadDesign that allowed you
to from a top down view design your own world. Wisawved it automatically generated
a matching logical representation of the world ased file and a graphical file that could
be viewed as an OpenSceneGraph-file. Many peomglatmemember the old wooden
train tracks you could lay out and then move trailasig them. STRoadDesign was not
that straight forward. There were many things teesbe and to think about.

First off all road segments had a direction. If wbarted on the west end and drew a road
eastwards, the next road had to start at thaeeasand go somewhere else, or another
road segment could be made from somewhere butlitdhand at the west end.
Combining road segments incorrectly would causdddie to be incorrect.

Secondly designing curved roads was not as eagyuasiight have thought. The general
method of designing curved road segments was éotselirved road type, then set a
starting point at a straight roads end, then foligpwith if it was left or right bent
(looking from the starting end of the curve). Witrection was selected, you wanted to
choose degrees it would bend and length (in rad@s)sidering that it is possible to
simply click start here, bend right and end hdris, inethod does not seem that obvious
at first. In other words it was easy to miss sornese steps. However if you try this
simple three step approach you will notice thatrywarld file becomes corrupted. | can
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not explain why it is in this way, but certain pragiming choices that were made during
ST Software’s design resulted in this. If you wamtves you need to put a little extra
work into it and do it the right way.

Thirdly it could be useful to know how roads wodgéther with intersections. A road
has the same identity over several segmentsoftlisintersections that cut them off into
different IDs. Intersections can be simply straigtitled at the end of a road and then
connected to more roads, or you could cross twdsr@ath each other and get a white
square at the crossing part. This white squaressiple to change into an intersection by
targeting it and inserting an intersection. Leawanghite square alone would not be
recommended since it would mean that two roadsé&esecting without the
corresponding logic saying you are allowed to titrmould also look like a road is lying
on top of another road.

STRoadDesign covers a lot of other desired obgxtsell. Traffic Lights, while not
described in the manual, was straight forward th &@u selected an intersection and
went under a tab labeled Traffic Lights. It let yadd new ones and position them, and of
course group them together. A typical intersectimuld have 2 by 2 traffic lights, so

two traffic lights would be group 1 and two would group 2. The simulator itself
handles the work of synchronizing them with eadtent

Other notable objects that | did not use but existroad signs, billboards (for custom
signs or simple obstacles like a flat moose). Yigo aave the ability to customize the
amount of lanes and their types on each road.

5.2 Populating the world

To evaluate any kind of agents it is importantitst foe able to create these agents in the
simulation. Hank and ST Software deal with thislifierent ways. In Hank you have
Scenario Description Language (SDL) file with infa@tion about places where cars are
created and other places where cars are destrogeanaEDF file with general world
description. The destructors are called Sinks aedet with a few values: Radius and
Location. Radius seems to be a circular zone cetiten the Location at which the cars
will be destroyed.
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Location has a few values itself: “RDL”, name, pimsi, lane and direction.

* RDL is an old variable that probably should be reetbfrom the code
because it does not do anything special. Stidl hast to add it to the
function when calling it.

* Name is the EDF file’s name of a road segment.

» Position is a one-dimensional coordinate on a segnéich tells how far
from the beginning of a segment a vehicle is.

* Lane informs which lane the object is on. Usualig ipositive (1,2,3) for
right lanes and negative (-1,-2,-3) for left lamesording to the segment’s
orientation.

» Direction of a lane is simply “pos” or “neg” or “bd’ which follow the
segment’s orientation. “Both” seemed to confusecamg so | avoided it, |
am not certain when it should be used.

The objects who handle creation of cars are cdllgithsource and have the ability to
create cars at two points; Location and Alt_Loaatibo my understanding the creation
of cars occur with a random delay picked out aédf delays. The random does
however not seem to have a new seed each runs pattiern of the traffic is identical
between runs. This is good for testing but not et fr giving a feeling of realism. Also
the creation of cars seems to switch between thmaland alternative location.
Additionally the Twinsource has the values speati@oximity. Speed sets the speed of
a car on creation. Proximity is a bit more advanéedm the beginning it was designed
to only check towards the human driver, and whendhver passed that point, it stopped
checking. In other words it gave you a half a eiraf proximity checking for human
drivers. We chose to change this in the code sould check in a full circle, to make it
easier for our own designs.

<Create cars at two ends of an intersection>
create TwinSource(speed = 25.0, proximity = 36@€ation=sdl.locator( "RDL",
"West_3rd", 240.0, 1, "neg" ), alt_location=sdlatar( "RDL", "East_3rd", 43.0, -1,

"pos"));
<Stop/Remove cars when they have passed (and tedwhend)>

create Sink( radius = 30.0, location=sdl.locat&®DL", "East_3rd", 6.0, 1, "pos" ) );
create Sink( radius = 30.0, location=sdl.locat&®DL", "West_3rd", 280.0, -1, "neg") );
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ST Software deals with this in a different way. Baking is handled through the same
script language that also creates the agent. Thaually two very different ways

within ST Software to create traffic. One methodswraffic stream, which is used with
the command CreateTrafficStream(). This methodhdidseem to give much control

over the created agents compared to the other sheffmong other things, it may be
difficult to add participant scenarios to thesepakticipant scenario is a triggered event
or loop that is connected to a certain agent, whmelans not every agent will be able to
trigger this scenario. StopTrafficStream() doesdestroy the created cars, it only stop to
create new cars.

<Create cars with>

a .= SetHighTrafficDensity();
CT_MaxVelocity = 50/3.6;
CT_Velocity :=50/3.6;

CT_PathNr  := OtherPath;// from right
CT_DisTolnter := OtherDisTolnter;
CT_RoutePathl = NextPath;
STREAML1 := CreateTrafficStream();

<Stop with>
a := StopTrafficStream( STREAML1 );
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The other method required slightly more code, bat tvas mainly because it allowed for
more customization. This method is about creatiujvidual cars until you feel like you
have the amount you wanted. With the code PNr at@Rart(integer) a new participant
(or agent as we have called them before) is cre8ythen going through different
Part[PNr]. Using "attributes” you can set all tings you might need. For example
Part[PNr].Path and Part[PNr].Lane to determine wthieis placed. The previously
mentioned participant scenario is added a bit diffdy by Proc( Addscenario, PNr,
“scenario number”). Proc() is actually a call fgsem defined procedures. These range
from car cabin settings, data storage proceduoes, metworks to participant, driver or
scenario related functions. To really see what tfégr there is no option other than to
read the manual.

<Create cars with>
b =1+ rmd(5);
PNr := CreatePart(b);
If(PNr>0){
Part[PNr].RemoveOnDistance
= 1550;
Part[PNr].MaxVelocity
:= 50/3.6;
Part[PNr].Velocity
:= 50/3.6;
Part[PNr].Route
:= Clear,
Part[PNr].PathNr
=3; 112
Part[PNr].DisTolInter
:= 500;
Part[PNr].Lane
:= RightLane;
Part[PNr].RuleOvertaking
.= Off;
Part[PNr].RuleYellowTrafficLight
= 0n;
Part[PNr].Rt
=0.7,
Part[PNr].Route
:= Straight;
Part[PNr].Route
:= StoreRoute;
Proc( AddScenario, PNr, 150 );

}

<Stop with>
Stopped by turning off the car generation
event with a stop condition.
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5.3 Overtaking agent

The agent for passing maneuvers is the most addandeof the three agents
(Overtaking, Traffic Light and Meeting), but itédso probably the most self sufficient
one that only needs to work for itself and not caape with any other agents. All it
really has to do in its simple form is determiné ghould or should not perform a
passing maneuver. The actual passing maneuverdsheuuite simple and follows the
following steps:

* Accelerate and change lane
» Pass another agent
* Return to the original lane

While planning it I hoped there would exist a wayatrite this so it would automatically
work the same in a straight road as a curve. Aigaing worked with the simulators |
noticed they did work this way which saved me afgbroblems.

My intent was to try a few different equations &z svhich was best. In the end though |
ended up doing it the easiest way by simply checkime left and making the decision
based on if the agent actually managed to passtaturing tests. The equations | had
had in mind from the start but ended up not usiegewthe following:

Equation 2.10 and Equation 2.11 would probably Heeen a good first test — copied
from earlier parts of this thesis for the readedavenience.

atyy

d, =0.278&,(sp -m,, + 5

d, =0.274,s,

Since we also need some references to what kindslwés are appropriate | was going
to use selected parts of a table from Jenkins &R({R006).

Table 1 Overtaking Speeds and Distances

Road Speed (km/h)| Impeding car speed Passing eadsp | Distance (m)
30 29 44 200
50 44 59 345
70 59 74 485
90 73 88 615
110 85 100 730
120 90 105 775
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The same article also presents another table withvarage test results.

Table 2 Average test results for needed distance dng overtaking

50-65 (km/h) 66-80 (km/h) 81-95 (km/h) 96-110 (kin/
Distance (m) 317 446 583 726
D1 45 66 89 113
D2 145 195 251 314

These values could be useful to compare with dussts.

Other alternatives to designing an intelligent adenpassing maneuvers could have
been to use Equation 2.7 or Equation 2.8, whicérdfbth a test on going by distance to
decide if we should perform the task or not, anthgdy time. When going by distance
we could have begun with trying similar valueshiode of previous equations. When
going by time we would not have had any good exarfgrl yet — Equations copied for
easier overview.

3/2 +
T =2T+T, T—@W [_24 n-“ L)
A vV -V,)
D =2D+D, D= 24V\/7 p, =v{*th)
vV -V)

A table from the same article (Shamir 2004) mighegome helpful insight into values
for these equations.

Table 3 Values from using advanced equations for evtaking

V (m/s) W (m) A (m/s"2) D* (m) T* (S) V1 (m/s)
15 3 3 36 2.47 12
25 3 4 52 2.1 15
25 4 2 84.96 3.43 20
35 3.5 4 78.67 2.26 20

It is unclear which D and T the star-marked iteeferto but instantiating with some
values should probably show which formula theypést into.

The above equations cover the equations which feetesed on passing maneuver. The
equations below are not designed for overtakingiight work with or without some
slight adjustments. The equation known as Equéiar(Shladover & Tan 2006) together
with a rough estimate on how long it takes to glhesagent in front could be a way to
design a simple agent. — Equation copied heredovenience.
==X

(Yy=%)
First of all, the directions would be differentifave called the agent driving in the
opposite directiorx, then we would have had to give it a negative dp@due or rewrite
the equation to contain addition in the denominatstead of subtraction. Which would
have been the easiest would probably have beenmsivten looking closer at how the
agents’ speeds were acquired. After having workigl itvl would say that in Hank the
speeds were a vector so you could have used veetibr but at the same time simply
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converting it to a regular integer or float valuweisded easier and is what | did in the
end. ST Software on the other hand had float valuéggin with and no vectors.
But TTC would not be enough to determine if theragdould try a passing maneuver or
not. We also needed to estimate how long it woalke to pass the car in front. My
proposal at first was to determine time to overta&pending on acceleration, passing
speed and to use a simple calculation about distaeeded to travel in that speed and see
what time the result would be. Roughly somethikg this:
C .
Tovertake = ——— Equation 5.1

own _Vahead

The speed with indexesown andaheadshould be self explanator@.would be a

number relating to how long the cars are combiaed,then some added distance behind
and in front of the agent. It should probably be distance required to travel if the agent
ahead was standing still. Then the check to see ghould let the agent overtake the
other agent would be given by.

Tavailable -T>0 Equation 52

5.4 Traffic Light Agent

The simple traffic light agent was assumed to seeahan the overtaking agent. It
involved a bit different logic. It could not switdfom green to yellow to green without
seeming suspicious for the driver, so the cyclesiad to remain, but the duration of the
cycles could be changed when the driver is far ainay the light, so that it would give
the correct signal when the driver arrives. | assticonstant cycle time in the system,
even if it is better for traffic if the lights adigqo traffic it would keep the planning of the
agent simple.

So the basic idea was to first determine how lomgpuld take for the driver to reach the
traffic light. This should have worked fine with &afion 2.1 since it supports settixig
which would be the traffic light, to zero withoutgblems. This equation is assuming that
people keep a fairly constant speed and therecam®ticeable obstacles on the way to
the traffic light. After determining the time toraval, we would have to adjust the cycle
time.

Now the question was how the traffic light cyclerig A Swedish document of a

chapter 8 called “Projekteringshandlingar for ksignaler” by Swedish Road
Administration (2002) has some interesting figures.

R=S,/V,-S; IV, -R, = (G-T) Equation 5.3

This equation calculates how long time the lightdgeto be red while other cars have
green or yellow in the other direction at a fouryveaossing. It is natural when you think
about how the purpose of a traffic light is to aloollisions.R is time in seconds that it
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has to be redsindexu is the distance a car needs to travel insidertteesection (and its
length),V indexu is its speed. In the same man8andexf is the distance a car would
need to drive to intersect the other cars trajgc®rs a car that has to stop for the red
light. V indexf is its speed. (Which is confusing since the carldonost likely stop at
the red light, maybe this is incase the car isenity closing in on the intersection.
Anyway, division with zero seems unfriendli®indexg is red-yellow timeG is yellow
time andT is green time. But since we are focusing on sinaglents at first we will most
likely avoid using this equation to begin with.

Swedish Road Administration (2002) has a lot ofifes and some of the figures in the
document are a bit hard to read. However the olebsas informative and clear.

Table 4 Typical Swedish Traffic Light Durations

Zebra crossing go 12 s, ends with
blinking green

Green min time 5s

Red-yellow 1 s (assumed
value out of
image)

Yellow time 5s

Order Red —>
Red-Yellow ->
Green ->
Yellow ->
Repeat

As we can see there is no minimum red time givdnchvis because the red time
depends on the grouped traffic lights none-red siadded together. Assuming a simple 4
direction intersection without any special lanestéoning left it should be 2 traffic light
cycles that need to fit with each other. When dinthem is green, red-yellow or yellow,
another has to be red.

Now that we have a simple system idea for theitréffht cycle, we need a way to adjust
the cycle time to adapt to an incoming car. Froewttimbers above we could probably
derive a minimum cycle time and an average cyohetiThen we would have some
possibilities to adjust the cycle to be somewhertgvben those.

What is needed to be done next is determine whatakon the traffic light we want
when the car arrives, and how long it will take tae to reach the traffic light. Going the
most basic and simple way first, we can assumebstaoles on the way and rather
constant speed. (Equation 2.1)

It is also possible to use the equations that istartte instead of time, if we calculated

the time from the speed and distance. There iampteal equation for distance which |
have found, but it should be possible to extramifthe road information.
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5.5 Meeting Agent

The last agent is an agent designed to meet ug#@al meeting location with the
driver. The most important thing here is timinggddhere is not a lot of room for error.

The tricky part here is determining if one shoutdase a certain agent and then adjust
for it to meet up at the right time, or if one sltbahoose a random agent, which seems
like a good candidate for reaching the point oretim

Both seem to have their own strength. Choosingtaioceagent is fast, but might require
it to act strangely to arrive at the determinecktith might have to drive really slow, or
speed through several intersections to reach tim jpatime. However since we are
looking at beginning with a simple agent this mightthe best choice. The other option
is to try and evaluate a large amount of vehiadesetermine if an agent is at a fitting
distance to arrive on time. This means a lot of gotimg effort to select the car, but for
the remaining part of arriving on time it will noeed much alterations in speed and
behavior.

The meeting agent is most likely very similar te thaffic light agent, except there is no
need for adjusting a cycle to make it look reatisti
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6 Agents structures in ST Software

6.1 Overtaking Agent

Data found in a car object:

» ApprCar — givesD of the first approaching car on the same road.

0 Most likely the one coming from opposite directisimce there
exists d_eadCarwhich givelD of the car ahead of us in the same
lane andrearCarwhich givelD of the car behind us.

0 There also exist a related variable narbell oApprCarfor
distance and algeirstApprOnMyLanef one is performing the
overtaking and is on the other langqinstApprOnLeftLandefore
overtaking. As withApprCarthere also exist versions for distance
starting with ‘DisTd'.

* Rt - reaction time is available, which could praseful for testing.

» PrefLatPos — Something for the more advanced fanstiThis determines
if the car should be positioned at the centerhéoléft or to the right in the
lane. Other things for the more advanced casesvevstance
information to bus stops, zebra crossing, etc.

» LatPos — this one gives the lateral position o might be useful for
overtaking agents if we do not want to use a ldresmging command.

» Other information — There is also information abhdot example, max
speed, current speed, participant scenarios antd moce.

From what | can tell about the documentation insgéhat it should be possible to do the
experiments on this platform, assuming the varmhlerk as | interpret them. However |
have my worries that more advanced type of algargtmight be hard to make. For
example most checks are for closest object, whig/htimake it hard to time two cars to
meet at an intersection, if there are two inteieastbetween both cars.

6.2 Traffic Light Agent

Data found in traffic light object (actually moréapath object):
» Traffic Light (just color information)
» GreenPhase, YellowPhase, YellowRedPhase (timayis st certain color)

Data found in a car object, related to traffic tggand intersections:
* Velocity
» DisTolnter — The distance to next intersection
* RuleRedTrafficLight — If the car should stop fodrght.
* RuleYellowTrafficLight — If the car should stop fgellow light.
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That should be the most vital information we caadrevhen trying to make traffic lights
adjust its color to a desired choice for a simolati

6.3 Meeting Agent

Because of the way STScenario works it would bedneate to actually call this an
agent. It would be much more of a scenario whidkgthe existing most fitting car
based on distance to an intersection or distanbentan driver. And after choosing, it
would have to adjust its speed to look realistid get still meet at the desired point. The
only problem | was worried about before implemegitnwas how to adjust the
surrounding traffic to not be in the way of the nireg agent, since those would obviously
interfere with the calculated time for meeting.gftimplementing it | noticed that it was
not as a big problem as | thought.
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7 Agents structures in Hank

7.1 Notes about Hank

It took a bit longer to receive the Hank simulatwan ST Software to the university, and
since Hank did not have any real information aluaiails in the form of a user’s manual
the focus on designing the structures for Hank lefisuntil later. This meant that the
Hank structures are influenced by the work that d@se on ST Software’s simulator and
have a slightly different look.

Instead of a focus on which variables and functibas Hank might have, | have written
down the implementation strategies | used in STv&oE to design the agents. The
general idea was to use the same structure andafrthee ST Software code but adjust
for the differences between the simulators. StiénQ@vertaking Agent’s case we wanted
to use the same kind of state machine as in STwaudt

7.2 Overtaking agent

There exists a pre-defined function for changimgtawhich should in theory work
perfectly for overtaking. The only real differenoetween changing a lane and starting an
overtaking is how you deal with the information abthe other lane, so in theory we
should be able to add a special case for wheridiedf the traffic is towards the other
direction.

So in theory the Hank Overtaking structure wouldabeut 4 steps.
Step 1

- Check the Left Lane’s direction of flow.

Step 2
- Change Lane (with special rules if the flow was @gfe direction)

Step 3
- Increase Speed (since during overtaking you davaot to stay on this lane for
long)

Step 4
- Change Lane back (this should work with the alreaxdgting version)

The code would be mostly in Path.C and VehBehav_MCSn this case.
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7.3 Traffic Light Agent

Due to time constraints this part was neither thghty planned nor attempted to be
implemented. An educated guess would be that yaudwwork in the files
VehBehav_HCSM.C and TrafficLightHcsm.C. Howevelid dot have time to ask much
about how they function so | do not have any sutyges for how to implement it.

It should be noted that back on page 9 | discuE$de represented Traffic Lights
Willemsen (2000). It is possible that Hank alre&dy a good Traffic Light system that
in some special way could be informed of which cadodisplay on arrival. The question
would mostly be where you would set this color sititere was nothing to input
information from during runtime.

7.4 Meeting Agent

While this was not implemented either, a bit of Wark behind planning was put into it
incase time would have allowed for implementatiéquation 2.1 is enough to make a
simple meeting agent. We could have needed toecegabbject type called “goal” or
“meeting point” from which we would have determirtede until meeting with the
driver car. This time would then have been usetbmbination with the meeting car to
determine speed from how far it has left to tramghat time.

Step 1.
- Calculate time until arrival using Equation 2.1

Step 2.
- Decide on a car that will meet up.
o Either pick one at random
o Or try and select the car that would logically tedize point at the same
time given their expected arrival time becauseisttice and road speed.
Step 3
- Adjust the speed of the meeting car to make ithreélae point at decided time.

Step 4.
- When almost the full time has gone and the dris@lasing in on the meeting
point, it might be a good idea to recheck how e meeting agent is doing.
Might need to adjust the speed a bit to reach thet @t a more exact time.
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8 Adding a feeling of realism

There are several reasons for why we would likeeaBstic behavior as possible when
dealing with agents. These agents are more likegxhibit interesting, intelligent
behavior, and would therefore create more enjoysibhellated environments. Successful
implementation of human-like behavior can also supyparious theories on human
behavior. Finally, human-like agents would elicthare natural behavior of human
experimental participants. If the simulation fetels artificial people might not react to
the situations as they would in the real world. &m@mple we could design a passing
maneuver agent that drives exactly how a husteulddrive, but it would feel weird
because most humans tend to drive unsafe.

Of course there is a great amount of factors teedrchine how people drive. Age, sex,
peer pressure, fog, snow, stress, Advanced Drigsistéance Systems (ADAS), drinking,
type of car, etc. We are going to try to narronsthdown to a few adjustable variables
that we will be able to set to simulate certaingyabrs. In order to keep it simple we will
continue to look at passing behavior and traffitdibehavior.

8.1 Traffic light behavior

It is probably easiest to start with traffic lighghavior. There are two special behaviors
that is not rule-following or safe, which is howeags usually are designed. Both are
unsafe, but only one of them involves breakingla.ru

The rule breaking one is driving against red ligrd at least in Sweden, also yellow
light). This can happen for two reasons. The moraraon one would be because of lack
of attention and the other would be because thedthinks it is safe to drive because he
can not see any dangers and is in a hurry. Witketleases it sounds like it could be a
good idea to have a value for attention and a viaubow likely the agent would ignore
rules because of stress, we could call the latstregs value.

The other case is how a human driver approachmedfi tight. If they are closing in on a
green light with a speed of 50 km/h they tend tepkthe speed, instead of slightly
slowing down to adjust for the possibility of thght changing. And if it changes to
yellow a human driver tends to do a quick choicevben increasing speed or breaking
hard if close to the traffic light. The stress atgbntion values should work here also.

Both of these cases can be read about in an easticdy by Liu (2007). Something
interesting for behavior creation that Liu mentiamsow people react to yellow light
(referred to as amber in the article). The drivatest with slowing down while deciding
whether to brake or speed by. Another interestimggtin the study was the tables and
graphs describing different information. The relatspeed for example was reported to
be from 11 km/h below the speed limit up to 23 killove, with the more common
speeds being 11 km/h above for men and 1-2 km/fieatmy women. The last interesting
thing to mention from Liu’s report is the mean gpé&&r seeing a green signal. Suburban
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50 km/h road was reported to have a mean of 40/6 kwhile the urban test with 40

km/h had 34 km/h. These numbers are interestingusecif you would design a normal
and rule abiding agent they would always treatoyelhs something to stop at, while in
reality people actually speed by it on averagaldb plants a seed about if agents perhaps
should have a variable telling them to drive likew@man or like a man since behavior
seemed to be dependent on sex. Of course thedtfitferin behavior in urban and
suburban surroundings also sounds like somethetgatbuld add flavor to an agent.

On its own it does not sound like such a huge gmblith people driving past green
traffic lights at high speeds, since it makes th#it flow faster. But the problems start
to appear when we look at other typical drivingdogbrs like how close to the car ahead
people drive. Broughton et al. (2007) have doneidyson the headway values that most
people keep while driving, which are in generaldowhan what would be called safe.
Driving manuals frequently suggest 2-3 seconds\wagavhile driving but Broughton et
al. (2007) mention that Wasielewski (1979) stated the average in fact was more
around 1.36 seconds. Another number that pops thgiarticle is how an experiment
showed headways between 0.55 and 2.2 secondskat/65These numbers could turn
out to be helpful in designing a realistic agent.

Sometimes drivers adjust their driving style to ém&ironment, such as fog. But our
intent is to leave those cases out of the agerith#time being, since most tests would
not involve fog, but Broughton et al. (2007) lidbaof information about these cases.

8.2 Passing behavior

Passing behavior and to a larger extent drivingoaids with several lanes or rural roads
that allow passing have a lot of different behawithrat a realistic agent would need to
adjust towards. An article by Wills at al. (2008)$ a lot of answers to a questionnaire
about common driving behavior. | will list sometbé more important points for

building a realistic behaving agent for simulatmrposes. Since it is a questionnaire the
actual percentages are likely to be higher bectukeow that you missed a stop sign
you have to notice it afterwards.
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» Fail to notice pedestrians crossing when turningh67

* Miss “stop” signs or “give way” signs 60%

» Underestimate the speed of an oncoming vehicle 57%

» Attempt to overtake a car signaling to turn righ¢e

» Become angered by another driver and give chasethgtintention to
give them a piece of your mind 26%

* Find yourself distracted by other thoughts 23%

» Disregard speed limit on freeway 63%

» Drive close to the car ahead to signal to thenriteedaster or get out of
the way 62%

* Race away from traffic lights with the intentionlwéating the driver next
to you 51%

* Become impatient with a driver on the left and t¢aiee on the right lane
48%

* Become angered and indicate hostility in some wa% 4

» Disregard speed limit on residential road 43%

* Sound horn when annoyed 41%

« Stay in a lane that merge with the other lane afesido force yourself
into that lane when it ends in the last minute 37%

Since it was not reported how often these thingsioae are lacking an important fact to
design good agents, but it gives us an idea of Windtof scenarios the agents should be
able to perform, depending on if we want them teplecific driving simulation events,
law-abiding driving or “human” driving. It would ka been nice if you could use these
percentages as a hint on how many cars shouldaetain way in a scenario, but the
problem is that the questionnaire only asked iy thad ever done it and not how often
they do. It could be that some people do it dailgt ather people only once a year or
maybe they even have stopped doing so.

Bar-Gera et al. (2005) have made other interestbsgrvations about passing behavior.
They mention that even while some passing maneweans rational there are also
passing maneuvers done because of the driver'setitmap side. While it is obvious that

a car will pass a car driving significantly slowBgr-Gera et al. discovered that even if
the car ahead of the driver kept a speed 3.2 kibvdkieathe driver’'s own speed, the
tendency to pass was over 66%. It was also reptrtdhe drivers kept a rather constant
speed as long as the road was clear, but if thegatba car fairly close ahead of them,
they accelerated with intent on passing, evenefddr ahead drove above the speed limit.
These moments when a car catches up to fasterisgesds are of course closely linked
to the human behavior of not being able to keeprestant speed but sometimes losing
speed and sometimes driving faster than intended.

The results of these tests also showed that péapie a tendency to pass cars that vary
their speed too much. If they approach a car thstantly assume that car is slower
(which it obviously is) and that it will stay slowfor the rest of the trip. This means a
driver who can’t keep their speed constant riskiggiovertaken more often than one
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who can keep it near constant. The mental loadbpassing could be the reason why
people prefer passing even if they need to raise peeds considerably because
following a car requires a constant adaptatiorhat tar’'s speed.

These studies would seem to give the impressidrataod cruise control in a car would
lower the amount of passing, assuming it can adefitto different slopes on the road.

Another bit more general source for unsafe drivengow a driver deals with cooperation
and competition. Vanderhaegen et al. (2006) meritay cooperation generates positive
interferences and solve the negative ones as$gsissible, while competition focus on
the negative without trying to minimize them. Sogm®d examples they mention are:
» Cooperation — Driver stops to let a person out feostop sign road.
» Competition — Not helping a signaling car to chalage to your lane but
just ignoring it.

Additional situations | could think of myself areetfollowing:
» The “gear” system at entry lanes in heavy traffiooperative drivers let
every second car enter the road, while competdétnxgers may ignore the
cars trying to merge.

Many of these things are pretty general and woakké too much time to implement them
all, so the focus will remain on overtaking agetriific lights and meeting, and from
there we will see what behavior adjustments thatimamade.

8.3 Suggested variables

From the information found there was a lot of tisitigat could be added but to keep it
simple | planned on keeping the amount of varialdes Just a few simple variables to
adjust behavior for the agents should be enoudbsigned with care. While there is for
example carefully, competitively, clumsily, etchaeior, these can probably be
controlled by a few underlying cognitive variables.

An approach | tested was a variable for aggreses®nf the overtaking agent in ST
Software. The value ranges from 0 to 1, with 0.shasnumber for your average driver.
Setting aggressiveness to 1 would make the agept¥eorter distance and change lanes
sharper which also means faster. It would alsotakerat less distance to meeting cars
than your average agent. Similarly, setting it $enatould make the agent drive extra
safe and keep larger distance and change laneystml not overtake unless meeting
traffic is far away. However some fine tuning woblel needed to make it work as
detailed as desired. Currently it makes a diffeeebat it is hard to tell if it is different
enough.

It would have been nice to implement a stress bbgithat would affect the aggressive
variable and also a new variable about awareneass ahrroundings. But it is currently
hard to treat the surroundings in a good way. A &nisees the graphics and trees and
houses can cover your field of view, but the loga=atabase does not include information
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like if a car is concealed or visible. You coul@pably make a simple version where the
agent just randomly ignores red-lights or stop s(gfowever | did not spot these as
easily turned off in the manual of ST Softwaretswmould be trickier than | thought.)

It would be preferred if all the previously mentamhbehavior details could be

implemented, but for now it will have to do wittsinplified version only affecting a few
details.
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9 Results

9.1 Results using ST Software

Below follows the three types of agents | desigime8T Software and a description of
the results | got. Since the results are more fedws how it feels while sitting at the
simulator it is hard to transfer this feeling intords. You should preferably sit by the
simulators yourself to see the results, but | rdmee my best to describe the problems
and what worked well to give an idea of how the kwoent.

Figure 11 A photo of one of the four stations of SBoftware’s simulator at Linkdping University.

9.1.1 Overtaking

Overtaking was actually supported from the begigniith ST Software, but in the first
version we were limited to overtaking without apgebing traffic. But since it is always
interesting to be able to adjust things we dectddady making our own version to
compare with the built in overtaking algorithm amapefully get more adjustability than
the built in version. After some questions regagdimitations of ST Software we
received an update that improved the overtakingtathat was built in, but it still felt a
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bit unnatural. It had a habit of starting and oakirig at very dumb moments and having
to abort overtaking to avoid a collision.

Example of what is required for the built in ovéitey system:
Part[].RuleOvertaking = True;

Our own agent on the other hand managed to pemauch better for the actual
beginning and ending of an overtake, but | couldgsd past a limit by the default rules
that made our overtaking car act like a cowardstod mid-overtaking and try and return
to the previous lane. Because of this behaviorgaiaery basic, default behavior it
would have been difficult to change it. The solatiavhich had its own limits, was to
remove the agent’s forward checking during an @kang. This lead to not being able to
adapt to changed circumstances, since the agenesblired when it came to meeting cars
during overtaking so they might drive straight thgh them. This would happen if the
meeting cars did not act as the overtaking agepe@rd them to act when it calculated if
it was safe to pass.

Here are a few of the key functions in the code:

Do {
/ICheck for cars getting close that we cagrtake
LeadVehicle := Part[].FirstL,eadOnMyLane;
LeadIsClose := False;
If ( LeadVehicle >=0) {
If ( Part[].DisToFirstLeadOnMyLane < 3ad Aggressivity > 0.0) {
LeadlIsClose := True;

}
SecondCarDistance := Part[LeadVehicle].DIs3axlCar;

This code checks for vehicles ahead of the cuagant. If it would happen to be within

a distance of 30 meters and the agent is not ¢oliek taggressive but very careful then this
code should inform the agent that it is gettingselto a lead car. An extra check for the
distance to the car ahead of the lead car is atbderhke the agent handle passing more
than one car better.

Even with the extensive research in behavior aggested formulas the knowledge
collected beforehand was not particularly usefubwimplementing overtaking in ST
Software. ST Software offered a lot of built-in @tions for reading various data—other
data, outside of this, was not accessible. Asaltiegthe final version of the overtaking
agent used a sort of state machine for overtaKihg.overtaking state machine has 5
states. Begin overtaking, change lane left, passrm to right lane, and finish. The basic
idea is that each of these are confined to a tgilectaction which work just as member
functions inside &artScen[]Jwhich is a custom scenario attached to a partitipaim
other words agent. Each action has a startingarage finishing case. So in general all
these states in the state machine are trigger@dskgte being a certain value and finishes
by setting the state to the consecutive value.
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Examples:
Start {
When ( State = 2);
//Accelerate to pass faster
Part[].MaxVelocity := OldMaxVel + 10*Aggssivity;

}

End {
//When past, go to next mode
When ( Part[].DisTolnter < (Part[Overtal/ehicle].DisTolnter - 10) and
Part[OvertakenVehicle].DisToLeadCar > 10); //gebvehicle
Part[].Indicator := IndicatorRight;
Part[].Rt := OldRt;
Part[].MaxVelocity := OldMaxVel;
Part[].ApproachSensor := On;
Part[].UseBrakeLight := Off;
/l[debugstring := strcat( "Time to oncogiity, num2str( TimeToOncoming, 3, 0));
/[Proc( PrintGui, debugstring );
State := 3;
}

This code part is the starting and ending condiéind events of the passing state. As you
can see there is\Whencase that determine what triggers éleéion, and in the clauses
there we have something that is done once at Biatte end part we have the same type
of Whencase that determines when this action stops & sariables that are set once
at ending. You might notice the commentibugstringvariable which is very useful for
printing to the console of ST Control during rurgino actually print it you have to call
theProc( PrintGui, debugstring );.
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Now to resume a few of the key functions of thertaleng code:

Do {
/ICheck for when we don't have meeting choseby
TestVehicle := Part[].FirstApprOnL&dine;
If ( TestVehicle >=0) {
SumVelocity := Part[].VelocityPart[TestVehicle].Velocity;
If ( SumVelocity > 1.0) {
TestTime := Part[].DisToF&sprOnLeftLane/SumVelocity;
}

/Il If we are going to need to passars, simply assume shorter time until
meeting.
If ( SecondCarDistance < 20) {
TestTime := TestTime - 3;
}

}
If ( TestTime > (10 + 2*(0.5 - Aggsigty))
and Part[Part[].RearCar].Indarat IndicatorOff
and Part[Part[].LeadCar].Indarat IndicatorOff
and Part[].FirstRearOnLeftLan@Absent) {
Part[].Indicator := Indicatorltef
OvertakenVehicle := LeadVehicle;
Part[].Rt := 0.3; // decrease preferred headi® leadvehicle
OvertakingTime := runtime();
State := 1, // start overtaking

}
}

This is the decision part of the code that deteesihthe agent would believe it could do
an overtaking without colliding with meeting traffiTheDo means that it keeps running
every cycle after having been started [Btartcondition. As you can see | decided to
cheat on this agent and let it use the meetinfidimbictual speed. Any real human
would have to guess the speed (and usually ashahthe meeting car follows the speed
limit) and make their choices after considering howuch time this would leave them. As
you can see here | used one of the most basiciegadEquation 2.2) to determine how
long time it would take until collision. It is shgly different in that | add both speeds and
then divide with distance between the two cars,jttneturns the expected time until a car
would have driven that distance if the other cas wiatic.

| ended up experimenting with the numbers to gettaking to happen, instead of
translating the distance formulas suggested eanliertime instead of distance. Table 1
under 70 km/h gives us the distance ~500 m whafistated into safe overtaking time
would be 13 seconds (assuming those numbers coantdte sum of the speeds to be
140 km/h). However my experimenting showed thauali® seconds was enough (but
could end up resulting in a close re-entrancetimdane in if it actually started at around
10 seconds and not with larger window of time.)tHe current version of the overtaking
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agent that has a variable for how aggressivelyagent should drive the safe distance can
end up anywhere between 8 and 12 seconds. If tikeig @bove this number, the agent
will try to overtake.

Some other important parts of the code were thetpar speeded up lane changing.
There was a very simply way of changing lanes is simulator that | considered was a
bit too slow and | wanted more control over theespénother also important part is that
if a car behind or ahead of the overtaking agegrtads for a lane change, the agent does
not try to overtake.

Example of default method:
Part[].PrefLane = 1;

PrefLaneworks in such a way that 0 means the rightmos &md then higher numbers
step to the left in lanes. The name stands forePed Lane and tells the agent which lane
it should try and drive in. | mentioned this prablearlier about how we had a problem
because there is a very deep and basic rule isirtindator that says you should not drive
in a lane with meeting traffic. | disabled this the function below.

Example of how to turn it off:
Part[].ApproachSensor := Off;

Example of the custom lane changing function:
Do {
/IMove sideways over time
RestTime := 3.0 - Action[].Duration - ggressivity - 0.5);
If (RestTime >0) {
Proc( AddRuleLatpos, Part[].PartNr, Rest&]j
0.5*Segment[Part[]. SegmentNr].Width, 1 );

}
}

As you can see | integrateggressivityinto thisDo loop to make aggressive behavior
mean a faster lane change. But the main functighisfloop is that it calls a procedure
calledAddRuleLatposvith the information about which agent, time, drste and

priority. By changing th&estTimevalue it is meant to give a fast movement at finat
slows down more and more the closer to the laneggbiso that it avoids going too far
and ends up in a shrinking sinus shape. In othedsvib would drive past the center of
the lane then try and return to it and approachate and more in a wavy pattern. From
testing it seemed like it did not wave much atath poor values but it did move too far
and end up outside the road before it sneaked todtie road.
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The next thing we needed to implement was of cotarsell when the agent could return
to the right lane again. It was done with the failog code.

//Check if we can safely return to ri¢gdme
If ( Part[].DisTolnter < (Part[Overtakéehicle].DisTolnter - 1)) {
//If too small room between cars, tnglgpass another car
If ( Part[].DisToFirstLeadOnRighth@ < 10 ) {
OvertakenVehicle := Part[].Firsdd®©nRightLane;

}
}

Here we begin with checking if we are closer torikgt intersection than the agent we
planned on overtaking. The reason we want to b&eclis that then we know that
FirstLeadcalls will find a different agent than the one were passing. If we are closer
we can run a check ddisToFirstLeadOnRightLanehich will tell us the space between
our overtaken car and his lead car. Too short ranchwe change our overtake target to
the lead car and pass him as well. A problem with is that you could if unlucky end up
at a traffic jam and need to pass 10 or more cacause there is no room to turn back to
the original lane. In a real scenario like this yould probably use your indicator and
have people make room for you to change lane béakiever our agents are not that
advanced yet and | decided to for the time beihthis problem remain since it is not a
common problem.

The finishing part of this passing state tellstantore about when you actually are
considered to be past all the overtaken cars.

When ( Part[].DisTolnter < (Part[OvertakenVehicl®kTolnter - 10) and
Part[OvertakenVehicle].DisToLeadCar > 10); //gebvehicle

Comparing this to the loop we ran during passingos& for 10 meters in free space for
returning and we want to be 10 meters ahead of/artaken car. | have not seen any
data about safe values for this decision and wteen triving | usually go by the rule
that | should see the other car in the rear miBot.it did look good in the simulator and
it is usually the important part when working wiimulators.

| did happen to add a little extra action that cedea special scenario to make the agent
safer.
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Define Action[6] {
/I Check if he car infront of us also didarertaking, and adjust overtaken car
Start {
When ( State = 2 and Part[].FirstLead@hkhe = OvertakenVehicle );
/[Proc( PrintGui, "I better change whu bvertaking!" );
OvertakenVehicle := Part[].FirstLeadOnRightLane
}

End {
When ( Action[].Duration > 1.0 );

}

This code was hard to test because it is not a aomproblem. It should in theory cover
if the car ahead of you changes lane while you stawvertake them. This should not
happen to begin with because of a check beforagkat start an overtaking that makes
sure no car behind or ahead is signaling. But aalldeow people can forget signaling
and then this action can help avoid problems. Aangple of when this could come in
handy would be when they are passing a human daivéisaid driver also start to pass,
because human drivers do not follow the same thkeagents do.

Something | chose to not include was checkingefeéhs room to return to the lane after
overtaking was finished. Instead | have a simptesy that lowers the TTC by about 3
seconds if there is reason to suspect we needsitp@ cars. There are no actual facts
behind this idea, but just something | tried. Téason for subtracting time is that the
decision to pass is taken if TTC is above a ceraloe and | could then use the same
decision in both cases since if we expect it t@ fakger we would receive a shorter
available time. The alternative would have beemmt¢oease the value for considering it to
be safe to overtake from 10 to maybe 13. The stmatrely happened during testing so
| am not certain it works perfectly. A few advanddeas could not be implemented
easily so I left them out of the implementatiorgt8ifor example seemed to be too hard
to evaluate for the agents so | doubted | wouldHie to tell if they had a bush or house
in the way of other agents. Unexpected changdsettraffic like accidents or road
construction work were also too hard to take irdnsideration, not to mention that these
events were not available to be inserted into deaarios. | did not include the idea of
watching for traffic signs or intersections eithiewt | believe it could be done.
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& general overview of the overtaking agent
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Figure 12 An overview of the scheme for the ST Seflre based overtaking agent

9.1.2 Overtaking Behavior

Regarding the different types of overtaking behguwiee limits set by the simulator did

not leave much room for behavior adjustment duawnertaking. However some simpler
adjustments before and after was possible. For phkathere could be a car that did not
use indicators when passing (not implemented loutegtion about setting a variable to
true or false). We also allow an aggressive vagiablbe set between 0 and 1 to adjust the
behavior a bit. Value 1 would mean aggressive sk@eping a shorter distance to the car
ahead of them, and changing lane sharper as wellaataking when there is a shorter
distance to meeting traffic.

A lot of the situations in the list earlier takenrh Wills at al. (2006) (See page 377) did
not get implemented. For example the sounding ofi,fmvertaking on the right lane,
becoming angry and giving a chase or underestig#tia speed of approaching cars.
They were not top priority and would not add thatcmto the actual overtaking. There is
also a difference between the term aggressiverdyi@nd actually breaking the law on
purpose. | had thoughts about underestimatingpgbedof approaching cars, but first |
wanted them to manage to overtake safely. It shoatde too hard if one would want
some underestimated attempts. Usually most of tfteegaes are set at creation of a car
and knowing which car to set to underestimate deanight be hard since you can
never be quite sure how the meeting traffic willdoening. (Assuming you randomize it
to make it have variable distances). However iuthbe possible to add a manual button
that the person leading experiments could pushaoge the behavior of the closest car
behind them.
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9.1.3 Traffic Light

It seems that to construct an adaptive traffictligih traffic scenarios without making the
light change in an unexpected way we have to kinstv what we want to accomplish.
The goal with this agent was to be able to makevedarrive at a traffic light and know
exactly which color it will be. This means roughiyee to four scripts setting it at red,
green, or yellow from red or yellow from greenwibuld be possible to do for agents
also, but is not supported now because it feltdikaore interesting thing for human
drivers. The agent uses the distance and speednafion from a car and tries to adjust
the different lights’ cycle time to make the caack the traffic light at a specific color. A
few things that posed a problem here were measthiandistance across intersections
and expected arrival time through other traffidtsy

Earlier listed time has been 5 seconds green, dnsscyellow, 1 second red-yellow, and
the remaining time red, on average. So a cyclexgatllow -> green -> yellow -> red-
yellow -> red would end up as something like X setored -> 5 seconds yellow -> 5
seconds green +Y seconds extended green -> 5 segeltalwv -> 1 second red-yellow ->
restart, where we let X be the total sum of otldors (5+5+Y+5+1 = 16+Y seconds) to
compensate for a 4 directional intersection (wegme there are no separate traffic lights
for turning.) and Y would be an extension in gréare to adjust for how many cars need
to pass. If there were many cars from south, butffem west, Y would be longer for
south than west. (South and north are linked, and west and east.)

As with everything the ideas had to be adjustettiéatools in the end. ST Software used
a traffic light structure of 10 seconds green lighyellow and 0 seconds red-yellow. So
instead of changing these values we kept themh#&age it we would only have had to
set three Phase-variables in the traffic light objEor some reason | could not get the
red-yellow to show in the simulator so | skippedtthart and it also was disabled as
default with a value of 0 seconds duration so wddthen keep everything at default.
However this means the traffic light differ slightrom a normal Swedish traffic light.

Instead of a straight extension of the green lighé as originally planned | decided to

try and keep the proportions between green, yelod/red by giving green % of the time
and yellow % of the time remaining to get to thieisection. This meant that setting the
light to red and adjusting the values, the drie&ches the traffic light at green. Reaching
the traffic light at yellow and red seemed a bitdea to figure out how to set the times.
Part of the problem was that a cycle of colors Wiateed so red was directly related to
yellow and green time, and you also wanted the w@ttime to be relatively correct. A 7
seconds yellow and 3 seconds green could havedsitodd since it could mean
reaching an intersection where no cars were drividgcided to just try an idea of
setting the active traffic light color to other o8 than red, which | had used as a default
starting color each time | changed cycles, andnde color the driver had when he
reached the traffic light. Luck had it that thisthmed worked fine. Each time | had to
adapt the traffic light | just scaled one cycldhe total remaining time to reach the traffic
light and then changed the current active cola tolor that would lead to the right color
when arriving at the light.

57



Since this method of adjusting the traffic lightatves setting the traffic light to a certain
color, 1 also had to experiment with how far awegnt a traffic light it is possible to
actually see the color displayed. During my mangeginents it seemed like | grew

better and better at seeing the color at a distbacause my first impression was that 100
meters in the simulator was good, but later itédrmore towards 150 meters, and with
time even 150 meters felt like | still could catclglimpse of the actual color.

Here are some examples of the most important patte code:

Define Scen[200] {
Start {
//When selected in the simulator
When ( Scen[].Commanded = True );
//IName the scenario that will be selectable
Scen[].Description := "Arrive at Green";
//Only keep it alive for a short moment sincesijust a setting scenario
Scen[].Duration := 2;
//Set a global variable
LightScenario := 1;
}
End {
Proc( PrintGui, "Scen 200 deactivated");
}
}

This is how you typically would connect a scenaodhe ST Control interface so you

can trigger it whenever you want during simulatftthrough a later restriction on it
triggering at a certain distance would force yogttrt this scenario before this happens).
TheCommandegbart places it in the ST Control. TBescriptiondetermines what the
scenario is calledDuration sets how long it is active until it automaticadigds.
LightScenarian this case is my own variable to determine wlsclnario we are

running. It will result in red, yellow, green, brak or blinking yellow.
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If ( LightScenario =1) {
Path[OriginPath].TrafficLight := Red,;
Path[OriginPath].GreenPhase := 3*TimeLeft/4-1;
Path[OriginPath].YellowPhase := TimeLeft/4;
Path[OriginPath].YellowRedPhase := 0;

}

If ( LightScenario =2 ) {
Path[OriginPath].TrafficLight := Green;
Path[OriginPath].GreenPhase := 3*TimeLeft/4-1;
Path[OriginPath].YellowPhase := TimelLeft/4+1,
Path[OriginPath].YellowRedPhase := 0;

}

If ( LightScenario = 3) {
Path[OriginPath].TrafficLight := Yellow;
Path[OriginPath].GreenPhase := 3*TimeLeft/4-1;
Path[OriginPath].YellowPhase := TimelLeft/4+1,
Path[OriginPath].YellowRedPhase := 0;

}

These are the three color scenarios. As you cahsggead the remaining time equally in
every case. Green is three times as long as yglase. The difference is which color |
set it to start at and also a slight adjustmeniéoyellow phase in the later scenarios to
make the desired color last a bit longer and nahgk too fast after the human driver
reaches the traffic light. By testing it appearedhé¢ that if | put it to start on red it will be
green when you reach it. Green starting value tuthe light yellow when you reached
it. Yellow ended up giving you red. Since it workedll | left it this way.

Some advanced parts that did not get implemented that this traffic light adjustment
can not handle multiple intersections or signs thainge the expected results, like speed
signs. This is mostly because | do not know howcan a road’s different signs between
two points, and because it would be harder to tatieuhe cycle times with varying
speeds. It also can not handle multiple traffibtggon the way to the traffic light we
desire to change. This mostly because it autoniticiaoose the nearest traffic light for
the changes, and it would also be difficult to domm how other traffic lights effect

arrival time.
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Figure 13 An overview of the scheme for the traffitight agent in ST Software

The results were that my implemented method ofsduljg the traffic light for an
approaching driver would work fine with the norrspkeeds 30 km/h, 50 km/h and 70
km/h. The lower the better, since higher speed tn&@orter duration of the cycle and |
would find that some cycles at high speeds feltsfoart. You could possibly adjust so
that 150 meters is the minimum distance but atdrigpeeds it is triggered at a larger
distance, however at the time of testing | didthatk about that.

| also included some extra settings for blinkintjoxe and broken traffic lights (the
whole set, not only a single light), which realligj were a setting on the traffic lights.
Your option for setting a light wadged, YellowRed, Yellow, Green, YellowFlash
Blank However this implementation of light adaptatiorah approaching driver may not
work well for multiple human drivers. It should rm¢ a problem if we adjusted it only
for the closest driver and then did not allow aatet drivers to affect the traffic light.
This is to prevent people from actually noticing getting of the light, and if we think
about it setting the traffic light can only be astpd for one driver in any case. You can
not have a single intersection turning green fag oar and red for another at nearly the
same time independently of each other since lteéssame intersection.
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9.1.4 Traffic Light Behavior

Drivers tend to usually drive predictably at traffights since it is a very strict rule
system. This meant that there was not much thdddmiadjusted to make it look more
real. However | could think of three out of the ioatty behaviors that might happen
around traffic lights, and | attempted to implemené of them. The three were how
drivers behave when stressed at yellow, unobseatagreen, or are behind another
unobservant driver at green. The former was attechiot ST Software, but it turned out

to be difficult getting agent behavior to actuabem different because there was no way
of effecting acceleration except to tell the chesé is a new max velocity. So in the end
it was no real visible difference between the béranf my agent and an agent that
simply drives against yellow, simply because theespdifference is not noticeable.

The code looked like this:
Define PartScen[150] {
Var { LimitAction; }

Start {
//When we are closing in on a traffic light, star
When ( Path[Part[].PathNr]. TrafficLight != Abseamd Part[].DisTolnter
<50);
LimitAction := 0;
}
End {

//When we have passed the traffic light, end
When ( Part[].PathNr = Path[Part[].PathNr].PatRight or Part[].PathNr
= Path[Part[].PathNr].PathToLeft or Part[].PathNPath[Part[].PathNr].PathToAhead );
Part[].RuleYellowTrafficLight := On;
Part[].RuleMaxVelocity := On;
/[Part[].Velocity := Part[].Velocity-10;
Part[].MaxVelocity := Part[].MaxVelocity-10;

}

Define Action[0] {
Start {
When ( Path[Part[].PathNr].TrafficLight = Yelloand
LimitAction < 10);
Part[].RuleYellowTrafficLight := Off;
Part[].RuleMaxVelocity := Off;
/[Part[].Velocity := Part[].Velocity+1,
Part[].MaxVelocity := Part[].MaxVelocity+10;
LimitAction := LimitAction+10;
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As most ST Software code when picking good variallmes it is self explaining. If
there is an intersection with traffic lights and are less than 50 meters from it we start
this scenario. In this scenario we have an achiahruns if the traffic light is yellow and
my restricting value ofimitActionis below 10. If this is true then it ignores thepsat
yellow rule and boost up by about 1 km/h each cy€lgou look closely though | have
adjusted it to add 10 each cycle so it in realitlyouns once. This means it will be
hardly noticeable when it happens except thativiedrpast yellow. When | did add only
1 each cycle for 10 cycles | managed to createtbatpassed the speed of light. It
should be mentioned that | pickbthxVelocityin this situation to make the agent
themselves accelerate, something that ST Softwaes Kot allow you to set a value for.
If I had gone with jusVelocityit would have been infinit acceleration in an ardt

which | thought might not be a good thing to have.

| considered this attempt at intelligent behaviohave been a failure and not close to
how | wanted it to act at all. | would have preéetif | managed to make the agent speed
up near a yellow traffic light to simulate how anfan would speed up to not have to stop
and wait.

9.1.5 Meeting

| also made an attempt at adding a script for tesmeet with the human driver at an
intersection, where the meeting cars come in flioeright. The results were surprisingly
good and more often than not there was a car agpirgafrom the right behind the
window frame, making it hard to spot. Something hrabably is very exciting to be
able to test on drivers.

ST Software was pretty ideal for setting up thisckof scenario, since all the interesting
data were easy to access. One lucky thing washizatging speed was all that was really
required to change the time of arrival for a cacduse one of the things missing in ST
Software is the ability to set acceleration. Timerteeting is calculated from distance
and speed which are later used in Equation 2.2ifahd T value is too far from zero the
agents speed is adjusted so both the driver analgthiet has near the same estimated time
of arrival. The agent chosen is the current optiaggnt. This means it is the agent with
the closest TTC compared to the human driver tolrel@sired meeting point, but it most
likely will need to adapt its speed to receive &Tas close as possible to the human
driver. If new candidates appear that could becbgtthe script changes agent. This
prevents for example traffic stocking behind aadepting its speed to slower than the
other cars.

Some flaws of the program were when the agenta gioor timing of switching cars,
which could happen at intersections if there wgseue in the way. It also seemed like
one would like to not be able to see the roaditdls on since the behavior is not what
one would call casual. If you were to see the namsg this function from a greater
distance you might see how a car slows down condpareveryone else, and then when
the car behind him catches up he suddenly resumesndre ideal speed of the road but
this other car slows down. The opposite may algpéa and is not as big of a problem.
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A car catches up to a slower car, and this car sipeeds up while the rear car slows
down. The reason behind these odd behaviors ightbatieal candidate is picked out of
the possible candidates along the road, but intBoses can lead new cars into this road
that might be better alternatives. (Like a car thags not have to slow down to 10 km/h
to not reach the intersection too early)

| am going to list a few parts of the code to brettgolain how it works.

/[Am | the meeting car? Check
Define PartScen[250] {
Var { TimeTolnter; Value;}
Start {
When ( Part[].PathNr = CarRightPath and Part[iMarl = 0 and
Scen[200].Duration > 1 and Scen[200].Ended = False)
//What is my expected time?
TimeTolnter := Part[].DisTolnterCenter / Part[gMcity;
//Am | the best candidate?
Proc( PrintGui, "Am | a good candidate?");
If (abs(PartMainCarTime - TimeTolnter) < abs@®&@inCarTime -
BestPartCandTime))
{
BestPartCandTime := TimeTolnter;
Part[].DumVarO := 1;
/l Have we had a best candidate?
If (BestCarCandId > 0)

{
//Clear old best candidate
Part[BestCarCandld].DumVarO := 0;
Proc( PrintGui, "Candidate unset");
}

//Set new best candidate

BestCarCandld := Part[].PartNr;

Proc( PrintGui, "Candidate set");
}

Else

{
}

/IMark as checked car
Part[].DumVarl := 1;

Part[].DumVar0 := 0;

}
End {

When ( Part[].DumVarl > 0 or Scen[200].Ended gélr
}
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Remember how participant scenario is a local seedtached to an agent? Well, this
scenario only triggers for agents traveling onrtiead to the right of the closest
intersection. It also is dependent ®cen[200]which is the starting scenario which sets
up a couple of useful information like expecteddita arrive at an intersection for the
human driverDumVarlis a restricting value that makes sure each agetite road to
the right of the upcoming intersection is only dkext once. This scenario checks for the
most fitting agent dependent on expected timerweto the center of the intersection.
As you can see we perform a comparison betweealibelute value of the human
driver’'s expected time minus the current agentjzeeted time compared to the absolute
value of the human driver’s expected time minuscilmeent best candidate’s expected
time. If this agent is better than the best cartdidae is the best candidate. Best
Candidates receiMeumVar0 = 1 while every checked candidate receizesnVarl = 1
Of course when we set a new agent to best candidatdso unmark the old best
candidate by setting thedumVarO = 0 If we have checked this agent the action ends.
This part of code ended up too long to fit on gk&rpage.

//Adjust the speed of the best candidate
Define PartScen[251] {
Start {
When ( Scen[200].Duration > 2 and Part[].PartNBestCarCandld and
Scen[200].Ended = False);
/[The main car is possibly changing speed, adjust
Proc( PrintGui, "Best Candidate Probably Found");
}
Do {
If (TimeChanged =1)
{
//We need to adjust our speed to match the atdres
If ( (Part[].DisTolnter / Part[].Velocity) > (ReMainCarTime + 1))

Part[].MaxVelocity := Part[].MaxVelocity + 1/8,

}
If ( (Part[].DisTolnter / Part[].Velocity) < (PMainCarTime - 1) )
{
Part[].MaxVelocity := Part[].MaxVelocity - 1/8;
}

}

/[Alternatively switch candidate

//If candidate catch up to slower car

If ( Part[].DisToLeadCar < 10 and Part[].DisT@nCenter > 50)

{
Part[Part[].LeadCar].DumVar0 := 1;

Part[].DumVar0 := 0;
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BestCarCandld := Part[Part[].LeadCar].PartNr;
Part[].MaxVelocity := 50/3.6;

/If candidate get caught up by faster car

If ( Part[].DisToRearCar < 10 and Part[].DisT@rCenter > 50)
{
Part[Part[].RearCar].DumVar0 := 1;
Part[].DumVar0 := 0;
BestCarCandld := Part[Part[].RearCar].PartNr;
Part[].MaxVelocity := 50/3.6;

}
End {

/I Stop when scenario is over, or another carlistter choice

When ( Scen[200].Ended = True or Part[].PartNB&stCarCandld);
Part[].MaxVelocity := 50/3.6;

Proc( PrintGui, "Speed Adjustment ended");

}

This second participant scenario adjusts both spaddandles switching of best
candidates if a new one would appear. (They capapgther by passing an intersection
into the road of interest or simply created throtlgh simulator as new agents). As you
can see it is only run by the participant (or apevith the ID identical to the best
candidate. If we notice that our human driver Haanged his expected arrival time, we
change the agent’s speed also to adapt to thiggehatotice the 1/3.6 numbers at the
speeds. It is because the simulator treats thelsggemeters/second and to convert it to
km/h we need this adjustment.

The candidate switching is dependent on two c&3a&se one is if a car catches up from
behind and case two is if the candidate catchde apother car. This is slightly
restricted so that it does not happen too closked@ctual intersection since it would be a
very short time to adjust speeds for the new catdidt could also be a queue in the
traffic and it would probably not do much to switcdndidate in a queue at the
intersection. The whole scenario ends when thetaggter stops being the best
candidate or the origin&fcen[200]has ended. (Which it does when the human driver is
about 15 meters from the intersection)

Some tests were performed just to see how cloaecttlision the driver got running this

script and not stopping for traffic coming from thght. On the following page we have
a table of a few of the results, which do not alsvalgow the actual feeling you get inside
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the simulator. Usually the agents appeared atditime to make a normal driver stop for
them, with the exceptions of problems with othaeffic.

Table 5 Test results on difference at arrival timdfor meeting agent

Driver km/h | 20 30 40 50 60

Driver time | 3.5 3 2 2 1.5
to
intersection

Agenttime |8 6.5 3 2 2.5
to
intersection

Wain Pragram Loop Selection of Candidates Adjustment of Candidates

Correct
Road?

Untested
Candidate?

Best
Candidate?

Set start values

Speed Value

Has changed?
|5 the agent far

from intersection?

Campare
TTC

Best
Chaoice

Increase/Decrease
Candidate Speed

Check if

speed changed Set_as
Candidate Cther Agent
| Close?
Y
Update speed value Set as
Tested
Switch Candidate
Status With Agent
End
End Y
End

Figure 14 Three smaller schemes describing the mégg agent in ST Software as well as how it is
selected and sometimes adjusted
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9.2 Results using Hank

This section is going to describe the results eftlork with Hank. Just like in the
previous chapter about the results using ST Soére results in Hank is best seen
when running the simulator. Still images have alliane capturing the feeling of how
agents move so | do not have any images of the tgsrformed. However | will try and
describe what worked well and what did not worklwécause of shortage of time, |
chose to begin with the passing agent. One reasahi§ was that there already existed a
lane changing state machine which | figured | ca®pgand on and use as a reference for
designing a passing state machine.

_

Figure 15 The much simpler workstation for experimats with Hank.
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9.2.1 Overtaking - Background

Designing the overtaking agent in Hank seemed tedsg at first glance. There existed a
lane changing state machine already that perfotimeébllowing three things:

» Check if we should consider changing lane.

This one checked if there was any reason to trychatige lane. Valid reasons were the
roads ending (two roads merge), the current laes dot lead to our destination
(separate lanes for forward and turning) or ifélgent ahead was driving slower than the
agent checking for lane change.

» Pick a moderfiandatory, limited, discretionagndno lane change

No lane changé when we actually do not want to change lanechvis the most
common oneMandatoryhappens specifically at merging roads and sinoda@asions.
Limitedl am not certain but | think it means we have ecHir choice for which lane to
change to and happens usually near an interse€liscretionaryis the other cases when
you just want to pass a car driving too slowly.

* Pick a statedtart, waitforgap, moveovgr

This next step is dependent on which mode we redearlier Startis the neutral state
which keeps checking which lane would be a goodcehtm change tdNVaitforgapis a
more active state that looks at the previouslydistiane for space to perform the
changing of lane. If there is no space, it keepgiltg but if there is a space it changes
state to the final stateoveoverMoveoveris the final state of the state machine and
performs the movement between lanes. It is desigeedPD (Proportional and
Derivative) controller. Hopefully you have heardRid controllers before, but if you
have not | will try and shortly describe how thiseovorks.

It starts with changing the position in sideway#wé lot, but depending on the
remaining distance it moves in shorter distances ithas moved as far as it intended to
move. It is fine tuned to work well with defaulttSegs. If you would desire a faster lane
change you could change the PD controller’s valliaere are two types of problems
you can encounter when using PD controllers. If g@ke it too fast and not a good
enough compensation for distance you can get thedPboller to end up as a shrinking
sinus wave. This means the car drives too fart@fample left, then too far to right,
then left, right, until after a certain amount wfisgs end up at desired location. The
opposite would just be that it changes lane veswkl but never pass the desired
location. In my own opinion the PD controller seelnb@ have good behavior by default.
The problems | saw on lane changes were most lileddyed to something else. | will go
into more detail about this problem later.
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9.2.2 Files that were central in Hank for agents

Let us start with listing the files | worked witb design the agent. A few of the files were
not directly related to designing an agent but taelole worked with to adjust the
simulator to function closer to how we wanted ifuaction. All files should be
considered as both .c and .h even if | might nethed to change in both.

e Jstask
* Road
« Path

* PerceivableObject
* Twinsource

e VehBehav_HCSM
* Vehicle

Jstask — This file handles how joystick input eated by the Hank simulator. | had to
adjust this to accept inputs from our steering wWheeause it used different axis than
what our steering wheel used.

Road — The reason | had to work with this file latvas due to a bug in the program.
Path has a function callephieryAllLeadersOnRoadsif)at called differenueryLeader()
in Road, and one of these were missing an increofemtariable and ended up filling all
gueries with the first found car.

Path — | would consider this to be the most impurtde when working with behavior. It
is not the file that does the behavior, but itis file which lets you work with paths
along the roads.

A few of the most important functions | worked withit was:

gueryAllLeadersOnRoads(@hich checked distance and ID of cars in a certain
direction from you (ahead, behind, lane to left &etind, lane to right and ahead
etc.) The scan starts from an agent that askfiéoguery, so the closest car will
be the first in the list, if it finds any at all.

gapAvailableLaneChanging(yvhich returns true if there is space in the lamre w
want to change to.

computeTargetChangingLane@hich calculates which lane we should change
to.

considerLaneChanging(Jyhich returns which mode (mentioned earlier) okla
changing the agent should use.

computeAdjacentLanes(uhich returns which lanes we have around the agent
Max two lanes and usually only one lane. (By ddfdwdould return no lanes at
all since it did not consider the meeting traffiEdse to be valid, but | changed
this when making the passing agent)
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PerceivableObject — This file is the base of ajeots. Sometimes you have to put some
variables in this file to keep them available tiatygbes of queries.

VehBehav_HCSM - This file was the second most itgmrone. This one included the
state machine for changing lanes (and other tHikgstate machine for passing through
an intersection or turning at it).

Vehicle — This is a subclass of percievableObjedscand has a few more variables than
its parent class.

9.2.3 The implementation of an Overtaking agentin  detail

Path.C
considerLaneChanging()

In this function | started with adding an extradkecase it was a limited road structure
with only two lanes. If there was a lane to the fe&t had the type vehicle lane, but not
to the right, then the left would be our lane obicke. Same goes for the opposite. The
agent would always pick the lane it was not drivimg If these special scenarios did not
happen we simply let the default system select lbmoause we then had an extra lane in
our own direction that we could choose. Of courseuld have been two meeting lanes
and only a single for the agent in question, lagdumed symmetrical roads with either
single lanes or dual lanes.

Example:
i f(leftLane->getlnstanceType() == Lane::VEH CLE LANE &&
ri ght Lane- >get | nstanceType() != Lane:: VEH CLE LANE)

{

near est Lane = | eftLane->lane_id();
near est Rout eConnect i onLane=near est Lane;
| aneDi stance = abs(l eftLane->lane_id()-rpe->lane_id)-1

}

Next there was a check for mandatory mode. Thislwadefault if there was a lane to
change to, but our current lane was ending vern.sbadded the extra condition that if
my own state machine had the statt ANERETURNand an extra limiting variable was
set to zero, then it would also become mandatorgendhis means that every time my
state machine considered the car to be on a meediffig lane, it would try and change
lane back as soon as possible again. Somethingdbatan not see in the code is that
nearestLanes a local variable andearestRouteConnectionLaisea global variable
within the path object, which is why we work witbth.
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Example:
i f( nearestlLane! =0 && aheadRoadDi stance <= 0 || (v1->LIU overtake ==
Vehi cl e: : LANERETURN && v1->LIU limt == 0))

| separate the normal lane changing and my custolindarts in general by different
forms of looking at my state machine.

Example:
i f( vl->LIU node )

LIU_modeis true when an agent discovers a need for ovagakVhen it is true we deal
with some information in a different way than uswar example we do no longer care
aboutflowdirection()function’s value of the selected lane becauseave lalready
determined which lanes we need to use.

checkPassMode()

This function | added myself to check the nearasés. This function determines if we
should start the overtaking state machine or rerottd lane changing state machine,
depending on lane choices.

Here is an example of the code for checking lefelgThe code for right lane is similar
but for a few changes like — instead of + on tHeeaif

i f(_path_el enent s[ pat hEl ement ] ->di recti on()==PCSI TI VE_DI R)

roaddr f set = rpe->road_ptr->fi ndLane(rpe->l ane_id)-
>centerlineCfset()
+pat hLocat i on. of f set;
current Lane_i d= rpe->road_ptr->of fset ToLanel d(roadOf f set) ;

ri ght Lane = rpe->road_ptr-
>next Ri ght Lane(current Lane_id);

| ef t Lane = rpe->road_ptr-
>next Left Lane(current Lane_i d);

leftLane_id = |l eftLane->lane_id();

rightLane_id = rightLane->lane_id();

[11f left |ane has opposite traffic

/[linformthe object about it

i f(rightLane->getlnstanceType() == Lane::VEH CLE LANE)
v1l->LI U node = fal se

el se

{
v1l->LI U node = true;
v1l->LIU original Lanel D = currentlLane_id;
v1l->LIU passi ngLanel D = | eftLane_i d;

}

As you can see we first determine which directi@age running. Assuming we have a
right side driving system like in most parts of therld, then this will determine which
lane is to our left and which is to our right. liete is a logical right lane we should never
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attempt to change into the left lane. This is bsedhen it is a better choice to change to
the right lane (even if local laws do not allow giag on the right side). However if there
are no right lane we should consider the left lmmgpassing. Later | noticed that | had
only designed this function to deal with the simgtenario of a world with only one lane
for each direction. A moment | thought | would ergat to cover roads with multiple
lanes in the same direction, but since | had nddnaortest it in | left it as it is. | would

not have known if it worked or not in the end witth@ testing environment.

computeTargetChangingLane()

In this function | added some extra checks to adifigrent problems. The first addition
| did was to make sure you only considered ageritstive same direction ahead of you
to be lead cars. This is to prevent meeting adenis treating an overtaking car as a
slow moving car on their road.

Example:
i f(current AheadVehicles[i].first->facingDir() == obj->facingDir())

Only by passing this test were the agents allowdzktconsidered ahead vehicles. The
same restrictions were not addeattorentBehindVehiclebecause we would not care
what happens behind us currently. For more advaocases it would have been
interesting but in this simple test it was not resed_ater in the code you encounter
another special case | added which treats righiefhdhead traffic queries. A road
segment is usually described with indexes for la@esone end of the center everything
is positive, 1,2,3, on the other negative, -1,-25iBice we are dealing with overtaking we
are certain to be at 1 or -1. So here follows hoywcode looks for dealing with a
mandatory lane change assuming we are on a céaten

Example:
i f(obj->LIU npode && choi ce==nandat oryLC)
{
i f (nearest Rout eConnecti onLane == 1)
{
[11f on lane 1
targetlLane_id = currentlLane_id-2;
rightLane_id = targetlLane_id;
leftLane_id = 0;
qguer yAl | Leader sOnRoads( obj
ri ghtLane_id,
PCSI Tl VE_DI R,
aheadRange* 200,
sear chRange,
ri ght AheadVehi cl es);
cout <<"Movi ng Ri ght <Mandat or y>" <<endl

}

This part also had me thinking about which desmgd for. At first | thought | would do
it in a way that it could handle multiple lanest bince | did not have test environments
for it and had skipped it in other parts of thee&ddnade sense to keep it simple. If we
are performing an overtaking and we recenandatoryLC we should be on the left lane
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during an overtaking. It then checks if you arertaldng on lane 1, and then to reach
lane -1 you have to subtract 2 from the current |&fe also query the oncoming traffic
but do not treat it until later. The reason forrapit later is just because the default lane
changing did it that way. The result of the querpliaced in the last argument variable
which in this case ieghtAheadVehiclesand they are placed in pairs of identity number
and distance.

A bit later in the code | adjusted a line slightbymake it work both in general lane
changing and in overtaking.

Example:
(obj->LIU node || |eftLane->fl owDirection()==rpe->road_ptr-
>f i ndLane(currentLane_id)->flowDirection())

This means the flow of the traffic has to be th@ean both lanes unless we are
performing an overtaking. Later in the queriesh&f bncoming traffic | adjusted the
range value to be 1500 meters. | thought this wassonable distance to assume that a
human driver could see. However we do not consitegting traffic to be an issue unless
they are closer than 500 meters.

Example:
if( vi->facingDir() != obj->facingbDir())
{

i f(leftAheadVehicles[i].second < 500)
{

cout <<"Less than 500 neters to
col l'i si on" <<endl
| eft Lane_i d=0;

/11f we found a nmeeting car, end check
cout <<"Di stance to meeting car
"<<| ef t AheadVehi cl es[i] . second<<endl
i = static_cast<int>(leftAheadVehicles.size());
}

As you can see here | weed out the approachiniictiaf checking which in my left lane
has the opposite direction to the agent who wantwértake. And if this distance (stored
as .second) is less than 500 meters weeieéane idto zero, which translates into there
being no acceptable lane to change to. We also pnmessage for debugging and stop
the query of oncoming traffic because we have weckihe information we were looking
for. The variables may be a bit hard to tell apathis caseObj is the overtaking agent
andvlis in this case the closest meeting agent. Thidintig a bit confusing since in
CheckPassMode@ur v1 actually was the agent doing the check. Since
CheckPassMode(yas written by me and this part was changed origiode | guessl
should always be another agent (not the current one

You might have noticed thabmputeTargetChangingLana$)a rather large function

that determines if our desired lane is acceptabl®b The next change | did to the
function was to only check if our leader’s speed st@wer than our own by about 5
km/h. If it was not slower then the agent would desire to overtake because the speed
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is just about right. A normal lane change also &bkt the cars behind in the desired lane
to change to but | thought this was not particylageded now. It could be useful to
insert a version of this to control that you do tigtand overtake if the car behind you is
already overtaking, but because of how hard i isréate traffic with varying speeds in
Hank | considered it to not happen in my test envment. In the end this function

returns which lane we should change to in relativerdinates. If it returns zero it means
we should stay on our own lane.

gapAvailableLaneChanging()

| did not change anything in this function actuallyhile looking through the code it
feels like | should have needed to edit it to fgaps in different ways than a normal lane
change find gaps. But since it is working | wilhiee it as it is.

Veh_BehavHCSM.C

Let us start with describing the state machinénefdriginal lane changer. In a function
calledpreActivity()it checks if lane changing is turned on. If ibigit runs the
considerLaneChanging() function from Path and themending on if it receives
mandatory or no lane change it either sets the stachine tc. CWAITFORGARr
LCSTART After this it switches over into a different mogkere it as long as it has not
reached the CMOVEOVERstate keeps runningpnsiderLaneChanging(®oking for
mandatory or no lane change again. If mandatorindgens up it changes state to
LCWAITFORGARgain, and if no lane change it returns to thet fitode. It is a bit hard
to explain but it pretty much just makes sure thatandatory or no lane change appears
we react to it, while if we have the other two meaé limited or discretionary it does not
react. In this little cycle obpreActivity()l added a piece of code myself.

i f(_v->LIU overtake == Vehicle:: LANECHANGE &% v->lcState ==
Vehi cl e: : LCMOVEOVER)

{

cout <<" Passed" <<endl ;
_v->LIU overtake = Vehicl e: : LANERETURN;

}

el se if(_v->LIU overtake == Vehicle:: LANERETURN && v->lcState
== Vehi cl e: : LCMOVEOVER)

{

cout <<"Back at starting |ane"<<endl;
_v->LIU overtake = Vehicle::FIN SH,

}

What this part does is that it looks at my ownestatichine (which | will get more into
later) and if we have a certain state calédNECHANGEt means we actually have
changed lane to the oncoming traffic, and becatif@owe change state to
LANERETURNHowever if we would have the stdatANERETURNvhen we reach this
it would mean we were back at our original lane hade finished the overtaking and we
switch over taFINISH state. There is also a defaNIDPASState that stands for not
performing an overtaking and is the default stéthe state machine.
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A problem with this is that it does not seem tgdar instantly but take a while which
means that cars take unnecessary long time to plassis mostly visible if you are static
in their path and less obvious if you are movinglevthey pass.

Later a function calledctivity() implements the actual state machine for overtaleng
placed. Normally in this function there is a simfalaction call to
laneChangingStateMachine()

laneChangingStateMachine()

This is the original lane changing state machir thried to expand on to make my own
overtaking agents. Depending on a vehicle enunalhiit goes into different modes.
The enum variables, who are the different statescalledLCSTARTLCWAITFORGAP
andLCMOVEOVER

During LCSTARThe state machine calls a functioomputeAdjacentLanes() Path. It
stores whicHane IDis to the agents left and rightlaftlaneandrightlane After that it
calls the functioromputeTargetChangingLaneghich represent which lane was best. If
we found one, we move on ElCWAITFORGAReIse we keep looking at the lanes.

During LCWAITFORGARve again rurtomputeAdjacentLanesghd
computeTargetChangingLaneBollowing this it then rungapAvailableLaneChanging()
to determine if there is a gap available. If tlegirns true then depending on if there
either is no leader or if the leader is closer thh@nwould want them to be, we switch
over toLCMOVEOVER Several values are at this moment set to makkatigechange
smooth but | will not go into details about them.

LCMOVEOVERSs more or less a PD controller that adjusts #té o move depending
on distance left to move. With an offset checketeddmines when the state is over.

i f( fabs(_v->path->| ookAheadOf f set-_v->pat h-
>| aneChangi ngTar get Pat hOf f set ) <0. 09)

Now that we have an idea about how the origina letmange state machine works we are
going to look into the overtaking state machinee Tdne changing state machine was not
changed at all but kept as it was from the begmnifowever as | have mentioned before
many of the functions it calls had to be changedifierent ways.
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The first thing that | do before my state machmeun is to check to see if we should run
overtaking or normal lane change.

i f(_v->LIU overtake == Vehi cl e: : NOPASS)

{
_v->pat h- >checkPassMode( _v);
i f(_v->LIU node)
{
_v->LIU overtake = Vehi cl e: : LANECHANGE;
}
}

The default state in my state machin®l@PASSwhich means that we are not planning
on doing a passing maneuver or overtaking. Whikhis state we call the function
checkPassMode(p see if we need to change into overtaking mageedding on what

the road looks like. If we want to overtake becaigee are no lanes in our own direction
available to change to, then we changeltlie overtakestate intd ANECHANGE

/1LI'U overtaking state nmachi ne
swi tch(_v->LI U overt ake)

{
case Vehi cl e: : NOPASS:
/11f normal |ane changes all owed, change | ane
i f(_v->l aneChangi ngBehavi or ==1)
| aneChangi ngSt at eMachi ne(); //using nornal
functions
_v->LIU node = fal se;
br eak;
/11f overtaking is to be considered, run these steps
case Vehi cl e: : LANECHANGE:
/I Change Lane
/] cout<<"Step 1"<<endl;
_v->LIUlimt = 0;
_v->desiredSpeed = (_v->fixedSpeed + 5) * MPH2MPS;
| aneChangi ngSt at eMachi ne(); //using edited functions
br eak;
case Vehicl e:: LANERETURN:
/] cout<<"Step 3"<<endl;
//Return to starting | ane (works both ways al one)
| aneChangi ngSt at eMachi ne(); //using edited functions
br eak;
case Vehicle::FI N SH
/] cout<<"Step 4"<<endl;
/I Restore speed val ue
_v->desiredSpeed = _v->fixedSpeed * MPH2MPS;
/1 Clear all values
_v->|cState = Vehicl e:: LCSTART;
_v->LIU node = fal se;
_v->LI U overtake = Vehi cl e: : NOPASS;
br eak;
defaul t:
_v->LIU node = fal se;
_v->LIU overtake = Vehicl e:: NOPASS;
br eak;
}
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As you can see duritgOPASSwve simply run the normal state machine for lane
changing if it is allowedléneChangingBehavior =)1 WhenLANECHANGES the
current state we increase the desired speed tdasies and adjust a limiting value so
that we avoid errors. It simply limits certain bethelp functions from running parts
more than once each pass through the state matiihNERETURNIoes not do much in
the actual state machine but it effects behavidhénhelp functions in
laneChangingStateMachine{Jhe FINISH state clears up all used variables and sets
them to their initial values to be ready to be again.

It is a bit odd that in ST Software | wanted touestjacceleration but had to change speed,
and in Hank there is no such restriction but | stided up with using the method of
changing speed since | was familiar with it. Loaklmack at what percievableobject.h
offers there seem to bedauble desired_acceiariable.

9.2.4 The end result

After having implemented the agent and testedatfopmance a few things remained to
be dealt with. One thing was the clipping. Curngiailjents only keep track of the agent
closest ahead of them. This means that while ayeaih see a stationary car in the way
and adjust to change lane, agent B behind thermwilkee this stationary car until too
late when A has started to change lane. The risstilat agents can end up clipping
through each other’s cars. Another thing was hawg lib took agents to actually change
lane back. | inform the agents that it is mandatorghange lane back as soon as they
have changed lane once to the meeting traffic’s,lant they still act like agents and take
their time. With act like agents | mean that theynat instantly follow orders but
consider them to be suggestions on what to do. &tangwould mean that there is a
very good idea to change lane but it does nothielin to change lane instantly but allow
for some extra checks first.

There were a few other things that |1 would havéegured to have solved but | did not
manage to. For example the lack of a world editadenme restricted to a rather simple
world consisting of nothing else than a long segnoénoad. If you had a several-road-
segment world with intersections the overtakingagtops working. This is not a huge
problem because we do not want people to overtakeigh intersections.

In the end the overtaking agent was able to deteobming traffic and if there was less
than 500 meters to them (a number | got from tgsaimd not from any special rules) they
avoided to change lane and overtake. It seemeatk well together with their speed of
25 mph (40 km/h, set on creation), but would mik&ly need adjustments if it were to
be able to handle other speeds. In theory we amaltnilate an expected needed time
through the values 40 km/h and 500 meters. | antiggthat it might not be linear in
how the agents handle the mandatory command whtleei meeting traffic lane so it
would probably require further testing.
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It is worth observing that 500 meters was what wdriwith the test environment, but that
from Table 1 it would seem like 350 meters woulghbeen enough. However the road
was set to max speed 35 mph (56 km/h) which coale lextended it to closer to 400
meters. It still felt like a real overtaking wout@ using a shorter distance to overtake

than the Hank agents ended up needing.
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10 Future Work

There is much work left to do in order to reachdlesired level of function of agents in a
traffic simulation environment. Among other thingglid not manage to try many of the
more advanced equations. | did use the simpla$tenh but did not find the need or time
to implement the more advanced equations and skee)ifwere better or not. Because of
this it felt like the first chapter lost a bit d§ipurpose. | guess you could say that
functionality went ahead of finesse. In the futaraybe one could try the more advanced
equations and see if they give any noticeable ingreents.

10.1Overtaking Agent

There are a few additional things that should bgl@mented to make the agent more
useful in ST Software. The most important one wqutzbably be a lane check that
checks for the direction of the lane to the lefieTcurrent version assumes there is a
single lane in each direction and would not worknautiple lane roads. The second most
important addition would be to make the agent hawtilvious traffic obstacles like road
markings and signs which also remains to be impiteete Nothing prevented me from
adding this in ST Software, but the road | wasingst had received from ST Software
during one of our many e-mail discussions and Inditthave the actual files to change it.
So without any road markings | left it for the fteuln Hank | never got that far as to
deal with road markings until it became too late.

Simulator specific improvements would be in ST $afie’s case to improve the forward
checking during overtaking. As | have mentionedabvforced to turn it off to avoid basic
safety routines to kick in during overtaking andcthe agent back into its old lane.

In Hanks case the most interesting improvemenbtaght now would probably be to
adjust the vehicle model so it feels more reali€iarrently it is a very simplified version
that allows different speeds, but does not feel fdal car behavior.

Additional functions that could be useful to cadseastating scenarios could be for
example the possibility that an agent decides &rtake on the right lane instead of left.
It could also be very interesting to try and desagsystem that emulates sight for cars. A
real driver would not overtake if there were treethe way of their view of the road
structure while the current agents would know tiee tdistance and cheat.

10.2Traffic Light Agent

| consider the traffic light agent system to becioning as expected. It does have a few
problems that | am unsure if it would be possibladjust for. One of these problems is
when you have two drivers coming to the same trdifjht. If you recall the design of the
traffic light agent was to reconfigure the timeaofycle of colors and each color’s
duration when the human driver is at a certairadist to the intersection. To make it
certain we knew what color was displayed and fav hauch longer, a color was set at
the same time. So naturally you are forced to adguthe first driver getting within
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range, because adjusting to the other driver wmaHle the closest driver see the light
change in peculiar ways.

The current design is using a 150 meters activadoge, which means that anything
affecting your driving speed after that point itenfiering with the result. So it could be
interesting to see if it is possible to extenddlgent to handle slow moving vehicles
between the driver and the traffic light. | woulthgest this check is done at perhaps 155
meters and if there are slower agents in fronhefdriver, their speed will be used to
measure time of arrival. In a similar way intergats between the driver and the traffic
light during those 150 meters can interfere as.Wélese would be very hard to adapt to
since unless it is also adjusted by a traffic ligi@ time the agent will have to stop at the
intersection is unknown. The traffic light had arceptable function when the human
driver kept a steady speed of 50 km/h or 70 kmit doiving faster could be another
issue. While I do not think that too many roadsag®0 km/h or higher and include a
traffic light, it could still be possible to expatite agent to handle these cases as well.
The trick would be to observe the higher speed,iastéad trigger the traffic light
change at a longer distance than 150 meters. Anoéise would be going in 30 km/h,
which won’t cause any problems with the color but make each color phase
unexpectedly long.

It might be a possible to handle this traffic ligiggent differently. You could maybe
continuously adapt the durations of the cycle ®dhiver's speed. However | never got
around checking if changing cycle time resets tatfi¢ light to red or resets to zero
seconds passed on current active color or mayheiéitgust keeps counting from
where it was. What | mean with the last part ig tfvas could have had 5 seconds
duration of green and 3 seconds had already pafked.you adapt the cycle to only 4
seconds duration but that it kept going from thga8sed seconds and would only stay
green for 1 second longer after change.

Of course it would also be desirable to implemért in Hank to get Hank compared at
more areas than just lane changes.

10.3Meeting Agent

The meeting agent could be improved in similar wag/she overtaking agent. That is to
say that it could be improved to deal with signd esad markings and deal with
obstacles in the path. A traffic light intersectiom example would give a really bad
effect on a meeting. But it might also be diffictdtknow how to adjust for these things
in the code.

Another interesting thing to expand on could be maany cars that should be meeting. |
think it could be possible to activate two agehigu want to have a meeting between
three cars (assuming one of the vehicles is dibyea human driver), but | have not tried
this. Finally, it would be a good idea to convelt basic code into a more flexible one
where you are able to tell from which direction yweant a meeting car to come from.
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And as with the traffic lights it would be interggg to get this agent to run in Hank and
compare them both.

Just at the end of my thesis work | was askedwbitild not have been more interesting
to make an agent type that finds their way throagvorld to a certain point. It sounded
interesting to implement but | could not think afime when you would have any use
from it except for making a competition between &gents or an agent and a human to
reach a certain place first. Normally you do nohtw@mpetitions in traffic so | am still
unsure of the benefits of implementing one. Itasgble that you could replace a human
driver with one of these agents to run scenarissamrmed and record agent behavior.

10.4Hank

Because Hank has a lot less functions implemergethgre are many things that would
be interesting to improve. We would want a progthat could create worlds as easily as
STRoadDesign, but that might be very far into tteife. A bit more realistic would be to
expect to be able to design a more accurate caystém with believable acceleration
and breaking and gear shifts. Adding a secondawport as a mirror would also be
helpful, and maybe even expand the simulator vee® monitors, which could cover a
180 degree field of view. A viewport is a camerspthy that in general does not cover
the full screen. This is why it would also be filias a mirror.

One could also look into if it is possible to haeveral humans in the same test
environment interacting or if it is restricted t@iagle human driver. | have no experience
at network programming so | can not say if this {ddee something that could be added
or not.

The most important future work for Hank would beoteercome a few important
problems. One problem | could not solve was changie starting lane. If | told my
driver to start on the left lane, it started faeg@inst traffic direction and not along it.
This meant that | could not test the meeting tcafibilities to overtake, but since | used
the same code for both, just adjusting to thefed#nt lanes, it should work. But it was
not possible to confirm that it works for both lan&he other enormous problem was that
it seemed like the human driver’'s camera and tbgical representation were not bound.
This meant that the logical information that agergs was that the human driver was
standing still at the starting position. They con&Ver see you move, so they could not
interact with an active human driver. My problemswiiaen that Hank had a lot of files
and | didn’t know which way they had designedfiit ivere just a camera position
available and a way to position the logical repnéston it would be fixed fast, but it
seemed like nobody knew anything about it and mlvdave been like finding a needle
in a haystack to solve it on my own.

The function that should be worked on first to engbéhe overtaking agent in Hank
would be myCheckPassModegunction to check for the actual lane flows andwlfor
more than one lane in each direction. Currentiyst assumes the lane the agent is not
driving on is a lane to do an overtaking on, untbesagent has lanes on both sides of
their own lane.
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