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1 Introduction

In this section an introduction is given to tatear communication networks and Adaptive Cruise Control
(ACC) and Cooperative-ACC (CACC). Furthermore, a more specific backgrourtddreta the project is
provided, which includes the problem statement and the research questions.

1.1 General Background

Every day, our cars are using more computing technologies, primarily for ssdigbns. As one of the pioneers,
the UCLA Vehicular Network Lab was established to turn cars into wirelega®menodes facing the traffic
problems in LA City [Escu08].

Carto-car communication changes the role of vehicles from mere transportation ta€ansart objects”.
According to [EiSc06]: “Carto-car communication enables many new services for vehicles and creates
numerous opportunities for safety improvemé&ntsor example, it can be used to realize driver support and
active safety services like collision warning, tapdate traffic and weather information or active navigati
systems. With such benefits, researchers are motivated to study the behavigahiclels and vehicular
networks. Cateo-car communication networks are also denoted as vehicular networks. Two typescotar
networks can be distinguished. Vehicle to Vehicle (V2V) and Vehicle to infrastrudt2ie Y21 is related to the
communication between vehicles and a fixed communication infrastructure and V2Vatesd réo the
communication between vehicles. VANET is representing (1) the communication beteldeles Vehicle to
Vehicle (V2V) and (2) the communication between vehicles and road side units (RS&ssjhey are using the
same ad-hoc wireless technology, such as IEEE 802.11p [IEEE802.11p-2010]. An RSU is a fixadtibase
that is located along the side of roads. The vehicle module that is supporting thardcation of a vehicle
with (1) other vehicles, (2) with RSUs and (3) with the infrastructurerietdd as OBU (On Board Unit). Figure

1 shows a scenario, where a car accident occurred in an intersection, and where VANEG #sa V2V
communication network to inform vehicles in the neighbourhood about this accident.



Figure 1. Example of accident in Intersection with VANET, copied from [POSTECH

VANET turns every participating car into a wireless router or nodewigg cars approximately 100 to 300
meters of each other to connect and, in turn, create a network with a wide ranges £al out of the signal
range and drop out of the network, other cars can join in, connecting vehicles to one antithiea snobile
Internet is created.

1.2 Project-specific Background

The traffic density on the roads of most industrialized countries keeps incr@dssacrease in traffic density
is also increasing the traffic congestion on the roads, which will hagmificgint negative effect on travel time,
traffic safety air pollution, and energy consumption. A possible solution to thidepn is to use the Adaptive
Cruise Control (ACC) concept. Initially, ACC was developed to increase usdortpbut research activities
have shown that ACC could indeed have a positive impact on traffic safety and effifwikd07]. By
extending the Cruise Control system with a radar sensor, ACC allows aevEhitlaintain a preset speed, as
well as to adapt its speed to the speed of its predecessor in order to keapnammdistance from its
predecessor. In order to maintain these conditions a vehicle may accelerate when thegpvebtécle is
increasing its speed and it slows down when it is approaching a vehicle that is driving with a lower sgeed than
own. An enhancement on the ACC concept is the Co-operative 8BC), where the OBU in a vehicle is
using a communication medium to communicate with OBUs available in other vehiclBSUWs. The
information that is communicated and received by a vehicle is including vehicimiys information and
general traffic information ahead, such as speed, acceleration, and posititirerof/ehicles. Typically, this
communicated information is denoted@&CC traffic information. TheCACC traffic information can be used
to enhance the performance of the current ACC systems. It is expected thatv@lh{DCrease vehicle traffic
efficiency and traffic stability [WiKI07], [ArTa03]CACC can be applied in traffic applications such as co-
operative following [ArTa03], or vehicle platooning [loan97], [ReMi02].



The most important feature of vehicular networks and in particular, VANEThe high mobility of nodes.
Another parameter that needs to be considered is associated with the location of road side units (R3$lds) and ot
intersection equipment, which has to be determined accurately. Thereferiep@birtant to study and model the
mobility of vehicles, which should be carefully applied when evaluating any suitable network pfojSod8].

With many years of research and design activities in this fieldettmology still poses many challenges in the
network and wireless transmission part, like efficient message disseminatiovgrknetcalability, and
information security mechanisms.

In this assignment, more attention will be paid to the impact of the oamation medium on the vehicular
traffic part.

This assignment is realizen the context of the project “connect&drive” [C&D], which is developing a CACC
solution by enhancing the ACC functionality already available in vehieliéls wireless communicatign
coordination and cooperation between vehicles mutually, and vehicles and infrastructureedoifitisCACC
solution, see [NaVu09], uses radar to measure the distance and relative speed \migken By decreasing
the relative distance, a high throughput can be achieved and for the heavy dugsyétéctrag force can be
decreased to lower the fuel consumption. Moreoc&CC is using the vehicular communication network in
combination with longitudinal control, allowing for anticipation to emerging shegkes, and minimizing the
occurrence and the length of traffic jams. The performance measure that is usudllo wgeantify the
anticipation to shock waves is denoted as traffic flow stability or string stability, see e.g., [RuAr10]

1.3 Problem Statement

As already mentioned, traffic flow stability, or string stability is afgr@nance measure used to quantify the
anticipation to emerging traffic shock waves. In the context of vehicle platoon, sefloaug97], [ReMi02],
string stability is defined as the traffic flow stability measure thatdasuring the propagation of a traffic shock
wave, caused by a disturbance from one vehicle to other following vehicles in the same platoonadfritieden

of this shock wave grows as it propagates from the leading to the folloefmigjes, then the platoon is said to
be unstable (or string-instable) [PuArl0]. Guaranteeing the string stabilitypisrtant. For example, for a
platoon of vehicles of the same sgeif there’s some incident happened to the leading vehicle like deceleration,
with string stability not guaranteed, the following vehicle would deatdemore than necessary (because the
shock wave grows as stated above). This will decrease the speed of the involved vehiclescaugenayraffic
jam and may lower the traffic throughput. Moreover, an incidental and unnecessalgration might cause
accidents, i.e., vehicle crashes. Actually, manual driving and cruise control gaanantee string stability, see
[PUArlo].

Advanced Driver Assistance (ADA) systems are systems that support a driver in his drivdnémaskample of
an ADA system that is commercially available is the Adaptive Cruise Cont@C)Aystem: by extending a
‘regular’ cruise control system with a radar sensor, the vehicle can maintain agpesd{ but also adapt the
speed to a slower predecessor [WiKI07]. However, according to [NaVUi9]ACC system cannot achieve
good string stability, either, while by usi@ACC the string stability can be significantly improved.

Therefore, the main goal of this report is to investigate what wilhéenpact of an ACC and of a CACC that
uses a realistic communication medium, on the string stability performance.

In this report, a combined simulation environment will be considered, This combined mdddes: (1) a
Simulink environment [Matlab_Simulink], used to simulate the vehicle @GA€C behaviour, (2) SUMO
[SUMOQO] traffic environment used to simulate the mobility behaviour of vehiclesh€3MIXIM / OMNET ++
environment, used to simulate the communication networking behaviour.



1.4 Resear ch Questions

The main research question is: What is the impact of an ACC an@ACE that uses a realistic communication
medium, on the string stability performance?

The research questions that have to be answered by this assignment are:

1) How do ACC andCACC operate?
The research approach used to answer this research question is literature study.

2) Which vehicle model that includes ACC a@iACC, traffic mobility model and communication
networking model could be used in this assignment?

The research approach used to answer this research question is to investigateambsimplement the
combined vehicle model, traffic mobility and communication networking models withiSthéO, Simulink
and OMNET++ simulation environments.

3) Which experiments should be performed in order to investigate the impact of aamkiCaf a CACC
that uses a realistic communication medium, on the string stability performance?

This research question is answered by designing, performing and analyzing ttimenxsethat are needed to
guantify and compare the impact of ACC &@®CC on the string stability.

4) How the loss ofCACC traffic influences theCACC performance from the point of view of string
stability?

This research guestion is answered by designing, performing and analyzing expehataniaritify the impact
of the CACC traffic losses, i.e., one or more beacons that are car@A@C traffic are lost, on the CACC
performance from the point of view of string stability.

1.5 Outline of thisreport

This report is organized as follows. In section 2, the control theory usihé BWCC and CACC controllers will
be described. This section is partially used to answer the first research gugstithon 3 describes the used
simulation environments and models used in this assignment. This section is mainlyirgnsneersecond
research question. Section 4 describes the performed experiments and analyses the obtasn€Hisesedtion
is mainly answering the third and the fourth research questions. Finatlypr§& concludes and provides
recommendations for future activities. It is important to note thae tAfgendices accompany this report,
Appendix A, Appendix B and Appendix C. Appendix A is included in this report, while AppendixdA
Appendix B are not. The reason of this is that Appendix B and Appendix C inclu@e chdfidential
information that cannot be made public.



2 Control theory and string stability

In this section, the control theory related to this assignment is introduzedhieve string stability, a specific
control structure is designed which is based on [NaVu09]. First the concept ofssatildy is introduced and
then the ACC an@ACC control structure is briefly described.

2.1 Control Theory

Control theory [Kumal0] is an interdisciplinary branch of engineering and matiecsimwhich deals with the
behaviour of dynamical systems. The desired output of a system is called the reference. Wiremanae
output variables of a system need to follow a certain reference over wwmetraller manipulates the inputs to a
system to obtain the desired effect on the output of the system.

Cruise Control (CC), see e.g., [WiKIO7], can be considered as a control shsteautomatically controls the
speed of a motor vehicle. The system takes over the throttle of the car taimaisteady speed as set by the
driver. It is useful in long drives by reducing driver fatigue and cantasgsed to avoid unconsciously violating
speed limits.

Consider a car's cruise control, which is designed to maintain a constant vehicle gpetn wesired or

reference speed provided by the driver. Furthermore, consider that the system is the vehickemhausput is

then the vehicle speed, and the control variable is the engine's throttle position whihcad engine torque
output.

In ACC orCACC controllers, the references are the desired speed and the desired distance between vehicles. The
system output and control variable are the same as the ones used for the CC controller.

A primitive way of implementing CC is simply to lock the throttle ifos when the driver engages cruise
control. However, on mountain terrain, the vehicle will slow down going lugid accelerate going downhill.

In fact, any parameter different from what was assumed at design tinteangllate into a proportional error in
the output velocity, including exact mass of the vehicle, wind resistance, and tire pressure. This typellef contr
is called an open-loop controller because there is no direct connection betweenptiteof the system (the
vehicle's speed) and the actual conditions encountered. That is to say, the system does caonain
compensate for unexpected forces.

The ACC andCACC controllers can be considered as closed-loop control systems: a sensor monitors the output
(the vehicle's speed) and feeds the data to a computer which continuously adjusts thapan{tbk throttle)

as necessary to keep the control error to a minimum (that is, to maintain the desired speed). Feedback on how the
system is actually performing allows the controller (vehicle's on board compudigm)amically compensate for
disturbances to the system. In ourigssent, the disturbance is caused by other traffic’s behaviour, such as
preceding vehicle’s suddenly deceleration. An ideal feedback control system should be able to cancel out all

errors, effectively mitigating the effects of any forces that mighiaght not arise during operation and
producing a response in the system that perfectly matches the user's wishesy,lthieatiight be difficult to

be achieved taking measurement errors in the sensors, delays in the controller, diedtionzeimn the control

input into consideration.

2.2 String Stability

The term string stability is often used interchangeably with platoonlistahi this area, which means any



nonzero position, speed, and acceleration errors of an individual vehicle in a striog) @oplify when they
propagate upstream, see e.g., see [PuArlQ], [Bolo01]. The movement direction afsyadiiabf a string of
vehicles, is considered to be the downstream direction. This means that the upstre@n dirdo direction
from the leading vehicle towards the last following vehicle within the string.

A simple scenario which can be used to explain string stability is showed in Figure 2 and Figure 3.
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Figure 2: Platoon stability: stable, copied from [PuAri0]
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Figure 3: Platoon stability: instable, copied from [PuAr10]

In Figure 2 and Figure 3, a string of four vehicles moving from left to righhasvn. The leading vehicle is
denoted as®iwhile the last vehicle is denoted d% Zhe direction of the moving (from left to right) is called the
downstream direction, while the opposite direction which is from the leading véhitte last vehicle (from
right to left) is called upstream direction. In each of these figures, lieldshown string of vehicles, a speed vs.
time coordinate graph is shown. As time goes by, the leading vehicle decelerateg lnédawe can see
different response of the following vehicles in the platoon depending omevhbe platoon is string stable or
not.

In Figure 2, the situation is shown where the platoon is string stable: the deceleration of thevégadiags not
amplified through the following vehicles and the deceleration of following vehicles’ is smooth without any
fluctuation of the speed. While in Figure 3, the platoon is considered of l&tirstying stable (string in-stable)
the following vehicles decelerate even more than the leading vehicle. Though timalgpeed of following
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vehicles approach to the leading vehicle’s speed, their speed fluctuate a lot. Actually, during the period of
fluctuation, the distance of neighbouring vebithlso fluctuate, when collisions are more likely to happen, in
other words, safety is worse.

String stability can be guaranteed if the information of the platoon leadethe preceding vehicle is used in the
feedback loop, and the information of the platoon leader and the preceding vehicle caliebted by
communication. CACC, which is different from ACC with the main featdreammunication included, is
treated as a solution to achiewvdesired distance with string stability.

As we have seen in this section, the string stability can be measured using yepimtel. However, also other
measures can be used for this purpose, such as traffic throughput and acceleration.

2.3 Control Structure

Though, many solutions exist to implement @&CC controller, we will focus on the control structure designed
by Naus et al as stated in [NaVu09], due to the fact this structure édoded within the Connect &Drive
[C&D] project.

For a string of vehicles, the primary control objective is to follow the goliag vehicle at a desired
distancefrdi®) | see Eq. 1.

Xpgi(t) = +hai%i @) fori>=1 Eqg.1

WhereTi is the desired distance at standsiid; is the so-called desired time headway, &{® is the velocity
of vehicle i. The time headway is the time it takes for vehicle i to rdalturrent position of its preceding
vehicle i — 1 when continuing to drive with a constant velocity. The above equation Eq.1, is referred to as the
spacing policy dynamics. The available measurement data include the output of the mithars wsed by a
standard ACC controller. Furthermore, the acceleration of the preceding véhicle tised in a feed-forward
setting can be provided by using a wireless communication medium. Suppose we hiageohtsiree vehicles,

the platoon leader is assumed to follow a given time-varying reference)péizuiﬂﬂ' and the resulting control
setup is depicted in Figure 4.

Figure 4. Control structure of a three-vehicle platoon, whenee@esents the dynamics of the i“th vehicle, K
the corresponding ACC feedback controllerttfe feedforward controller,;Bhe communication delay and
1+h_(d,i), s the spacing policy dynamics, for i = 1, 2, 3, copied from [NaVu09]

The acceleration of the preceding vehicle is used as a feedforward cailvia a feedforward filteli (s)
The design of this feedforward filter is based on a zero-error conditf@re the error is defined as in Eq. 2, see
also Figure 4.



E'i(t]: Xi_j_&] —Hixi{t], fori>1 Eq 2
1- HiGiFiDiﬂz
= 1+H,KE;

xi—l {t}

So in order to make the err8i{t) equal to zero and accounting for the fact that the communication delay
cannot be compensated by a causal feedforward filter, yields the optimal dedige feedforward controller
filter, see Eq. 3.

1 m;(T;5+ 1) Eqg. 3

F = HiGiSZ = 1+hy;s

Finally, the wireless communication includes delay, Pals) S , for i > 1. This delay is represented by a

constant time delafi , yielding L&i-1(t—8,)) = D;(s)s* X;_4(s)| where L&-1(t—8,)) represents the
Laplace transform c¥i-1(t — 6,)

Other details of the controller algorithms can be found in [NaVu09].

2.4 Conclusion

In this section, the theoretical information about the ACC@AGC controller is illustrated including the basic
control theory, and the important parameters to be investigated in our experiments.a¥jdhendefinition of
string stability is provide@nd the specific control structure of the CACC controller which indicatesttbeture
of building the CACC controller model stated in Section 3.2.1 is provided. Most @ffdfrmation presented in
this section is based on [NaVu09].



3 Simulation Environment and Models

This section describes the simulation environment and simulation models used in thismessig order to
study the impact of an ACC and o€ACC on the string stability performance.

The used simulation environments and simulation models include: (1) the vehicle behagioding the ACC
and CACC models, which is implemented using the Simulink environment; (2) the mobility loehavi
vehicles, which is modelled using SUMO traffic environment; (3) the communication networking beltlaaiour
is modelled using the MIXIM / OMNET ++ simulation environment.

3.1 Simulation Environments

This section describes the three simulation environments, the Simulinkorement, the SUMO traffic
simulation environment and the MIXIM / OMNET++ simulation environment.

3.1.1 Simulink M odel Environment

As stated in section 2, in this assignment the vehicles’ behaviour is modelled using control theory, with a vehicle
being the system, desired distance (decided by time headway) as the referencendathe, velocity of the
vehicle as system output. Moreover, the control variable is the engine's throttienpakiich influences engine
torque output.

Since the ACC an@ACC controllers we plan to investigate are supplied by TNO, [TNO-safety], ioothigxt
of Connect&Drive [C&D] project, in the form of Matlab Simulink model. TBisnulink model is the starting
point of implementing the ACC and CACC controllers required in this assignnBelow, the Simulink
simulation environment is introduced.

Matlab [Matlab] is a high-level technical computing language and interactive enenbnior algorithm
development, data visualization, data analysis, and numeric computation. Using the Matlat) peagile can
solve technical computing problems faster than with traditional programming l&asyusagh as C, C++, and
Fortran.

Simulink is an environment for multidomain simulation and Model-Based Design for dymertiiembedded
systems founded on Matlab. It provides an interactive graphical environment andraizalsie set of block
libraries that let one design, simulate, implement, and test a variety efvéiniing systems, including
communications, controls, signal processing, video processing, and image processing [Matlab ]Simulink

The Real-Time workshop supplies an interface for the Simulink model to coufileottier models. It
automatically generates and executes stand-alone C/C++ code for developing andlgesithgns originally
implemented in Simulinkand Embedded MATLAB code. The resulting code can be used for many real-time and
non-real-time applications, including simulation acceleration, rapid prototyping, and anefdwhe-loop
testing. People can tune and monitor the generated code using Simulink blocks and buifsis eaq@abilities,

or run and interact with the code outside the MATLAB and Simulink environment [Matlab_rtw].

Therefore, in our experiment, we are able to convert the Simulink model composedidly $8¢arce code to
C++ code so that this model can be used by simulators that are using C++ lilsaless SUMO, see
[SUMOQO].



3.1.2 Traffic Smulator—SUM O

3.1.2.1 Mobility Models

Vehicular mobility models are usually classified as either microscopic orostagic. When focusing on a
macroscopic point of view, then motion constraints such as roads, streets, crossroddsdfiamidhts are
considered. Furthermore, in this case also the generation of vehicular traffiesstuafiic density, traffic flows,
and initial vehicle distributions are defined.

The microscopic approach, instead, focuses on the movement of each indinabicéd and on the vehicle
behaviour with respect to others [HaFi07]. In Figure 5, the vehicular mobitidel® are in advance classified
from left to right: macroscopic, microscopic, and sub-microscopic (within the cireosaopic).

Figure 5: Mobility Models-Macroscopic, Microscopic, Sub-Microscopic from left to right (witHie tircle:
mesoscopic,. copied from [SUMOQ]

Also according to [HaFi07], several candidates are considered to simulate the \fBMEET issues but they
have clear deficiency: MOVE [KaMo07] could not provide an interaction between tiwerketimulator and
mobility model. The method of FDK [FDK] has the limitation that CORSINDRSIM] as a traffic simulator
has complex calibration and large number of configuration parameters. AutoMesh [Vu®gTdble to
reproduce the non-uniform distribution of positions and speed usually experienced in urban area.

The Simulation of Urban Mobility (SUMO) [SUMQ] is an open source, highly portable roac tsafiiulation
package designed to handle large road networks. It is widely used in research conirhandgcision of using
SUMO in combination with MIXIM / OMNET++ is the fact that this combination is often usele research
community and because it has been used within other research activities accomplishedJTHiDWES
[UT/DACS] group.

The development of modern vehicular mobility models may be classified in four different classesfs@€]{H
synthetic Models wrapping all models based on mathematical models;
o traffic Simulators-based Models, where the vehicular mobility models are extrfagteda detailed
traffic simulator;
survey-based Models extracting mobility patterns from surveys;
e trace-based Models, which generate mobility patterns from real mobility traces.
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Furthermore, according to [HaFi07], synthetic models may be separated in five classes:

stochastic models wrapping all models containing purely random motions;

traffic stream models looking at vehicular mobility as hydrodynamic phenomenon;

Car Following Models, where the behaviour of each driver is modelled according to vehicles ahead;
Queue Models which models roads as FIFO queues and cars as client

behavioural Models where each movement is determined by behavioural rules imposediaby
influences for instance.

The car microscopic movement model in SUMO is a car following model. In SUMO asearfollowing
models have already be implemented can be seen from Table 1 copied from [SWRIG]JMO environment
is a discrete time simulator, meaning that the location of vehicles movingspec#ied road network is
calculated, using among others the mobility model, periodically on predefined distiete The calculation
period can be configured, but a typical value is 10ms.

Table 1: SUMO-implemented car-following models

Element Short Name Description
carFollowing-Krauss SUMOKrauf [The KrauB-model with some modifications which is the default model used in SUMO
carFollowing-KraussOrigl [SKOrig The original KrauB-model
carFollowing-FWagner200% |PW2009 A model by Peter Wagner, using Todosiev's action points

A model by Boris Kerner
carFollowing-BKerner Kemner Caution:
currently under work

The Intelligent Driver Model by Martin Treiber

carFollowing-IDM 1DM Caution:
Problems with lane changing occur

3.1.2.2 History of SUMO

The development of SUMO started in the year 2000 by the German Aerospace Center, im sugpott the
traffic research community with a tool into which own algorithms can be implechand evaluated without the
need to regard all the artefacts needed to obtain a complete traffic @mufaich artefacts are related to the
implementation and/or setting up methods for dealing with road networks, demand, and traffic (adivta)y.|
By supplying such an open source microscopic road traffic simulation ttelGerman Aerospace Center
wanted to (1) make the implemented algorithms more comparable, as a common arelstetimodel base is
used, and (2) gain additional help from other contributors.

SUMO allows high-performance simulations of huge networks with roads consistisioghé and multiple
lanes, as well as of intra-junction traffic on these roads, either using simpi®figay rules or traffic lights.
Vehicle types are freely configurable with each vehicle following staticadlsigned routes, dynamically
generated routes, or driving according to a configured timetable [SoYa08].

Since 2002, one popular use of SUMO is the evaluation of veiislehicle and vehicleée-infrastructure
communication. Two major third-party projects should be mentioned in this contextsth&rfaC| [SUMO], is

an extension of SUMO by the possibility to communicate with external applications, ddwelhtiversity of
Libeck by Axel Wegener. The second project that should be mentioned in this context is""[aNS].

TraNS is a direct coupling between SUMO and the network simulator ns2 [NS&]h wkes TraCl for
communication and that was set up by Michal Piorkowski and Maxim Raya at the EPFL Lausanne.

Different than“TraNS”, in this assignment, we replace the ns2 by OMNeT-++ and use TraClI for the support of
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the bidirectional coupling and communication with SUMO.
3.1.2.3 Smulation Processes

For setting up a simulation for SUMO, first, the road network on which the vehadfec tis moving on, is
needed. This can be either done by a) generating an abstract road network using NEJTS&ENg up an own
description in XML and importing it using the NETCONVERT tool, or byngporting an existing road network
using also the NETCONVERT tool. Second, each vehicle should know its route, whidistiof edges that
have to be passed and can be known. This can be accompgghed by: a) describing explicit routes on the
road network, b) using predefined routes and activating only a percentage ajrilyeir) generating random
routes, d) importing OD-matrices, or e) importing existing routes. Thaeeded, a) compute the dynamic user
assignment, b) calibrate the simulation using given measures. The final step is to perfomltiies.

NETGEN allows building abstract networks. Three types of networks can bevihith are: grid-networks,
spider-networks and random-networks. One always has to supply the name of the reemrate and the

type of network you want to create. However, by using the NETCONVERT tool, one can build a road network of
any topology freely.

NETCONVERT imports digital road networks generated by other sources dhe same time can generate
road networks that can be used by other SUMO tools. It assumes at least one pathmenbination of the
name of the file type to import as parameter name and the name of the file to imparamster value. Of
course, a user can specify the output file name and type. In our experiments, we did @thdatefrsetting up
an own description in XML and importing it using the NETCONVERT tooy¢oerate a road network. This
road network is generated in the form of a grid, where the most-left- andattsta node (vehicle) in the grid
is identified by the coordinate (0,0). For more details, see Appendix C.

3.1.3 Network Simulator —MiXiM/OMNeT ++

Network simulation is commonly used to model computer network configurdtingdefore they are deployed
in the real world. In this assignment, the CACC controller needs to readimenation that is being
disseminated using a VANET. The operation of the VANET is modelled using a nedimmrlator. Network
simulators are able to evaluate the performance of network protocols and of timeirdoated traffic, under
dynamic changes of e.g., the traffic conditions, the communication channel conditions.

In most cases, network protocols are analyzed using discrete event simulatioge Aul@ber of simulation
frameworks are available in this area. Examples of such frameworks are open soursgctoals the network
simulator ns-2 [NS2], [BrEs00], OMNeT++ [Omnetpp], J-SIM [SoH006], and JiST /SWE¥EIa04] and
commercial tools like OPNET [OPNET]. The reason of selecting OMNeT++ in thignasent is due to the

fact that it is often used in research community and due to the fact that is also being used within the DACS group
on some research activities.

NS2 and OMNeT++ are considered as candidates in our assignment to couple with SUMOalbeadys
mentioned the combination of OMNET++ and SUMO is selected to be used in this assignimé@npdttant to
emphasize that SUMO is a discrete time simulator, while OMNET++ is a discretesewerdtor. During the
integration process of these two types of simulators, this fact is can be cetisidean important challenge that
needs to be solved.

3.1.3.1 OMNET++

OMNeT++ (Objective Modular Network Tested in C++), see [Omnetpp], is an extensiblenawdlular
component-based C++ simulation library and framework that is running on differentirggpesstems such as
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Linux, Mac OS X, other Unix-like systems and Windows. Primarily, OMNET++ is develfgebduilding
network simulators. The simulator can be used for traffic modelling ofomi@cinication networks, protocol
modelling, queuing networks modelling, multiprocessors and other distributdd/drar systems modelling,
hardware architectures validating, evaluating performance aspects of complex softveans syst modelling
any other systems where the discrete event approaches are suitable.

system module :
simple modules

—/

compound mod uV /
- I ,

Figure 6: Simple modules, compound module and system module, copied from [Omnetpp_manual]

OMNeT++ provides a component architecture for models. These components programmed in C+edire nest
hierarchically and simpler components can assemble to compound components and models using a high-level
language-NED (Network Description), see Figure 6. NED lets the user declamesimodules, and connect

and assemble them into compound modules. The user can label some compound modules as networks. These
compound models are self-contained simulation models. Communication channels can be defined as another
component type, whose instances can also be used in compound modules. The NED language has several
features which let it scale well. Therefore, it can be used to model large comionnitziologies
[Omnetpp_manual]. These features are:

e Hierarchical: The traditional way to deal with complexity is by introducing hierashAny module
which would be too complex as a single entity can be broken down into smatlates, and used as a
compound module.

e Component-Based: Simple modules and compound modules are inherently reusable, which not only
reduces code copying, but more importantly, allows component libraries (like MiXiM) to be reused.

e |Interfaces. Module and channel interfaces can be used as a placeholder where normally aamodule
channel type would be used, and the concrete module or channel type is determined atsedétywork
time by a parameter.

Inheritance: Modules and channels can be subclassed.

o Packages. The NED language features a Java-like package structure, to redusk thiendme clashes
between different models.

e Inner types: Channel types and module types used locally by a compound module can be defined within
the compound module, in order to reduce namespace pollution.

e Metadata annotations. It is possible to annotate module or channel types, parameters, gates and
submodules by adding properties.

Reusability of models makes building certain models flexible. Also, thih @épnodule nesting is not limited,
which allows the user to reflect the logical structure of the actual systahmeimodel structure. Modules
communicate with message passing. Messages can contain arbitrarily comp#tsudatees. Modules can send
messages either directly to their destination or along a predefined path, through gates aridrcannect
Modules can have parameters which are used for three main purposes: to customize module ltelcester;
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flexible model topologies (where parameters can specify the number of modules, constegtiture etc); and
for module communication, as shared variables.

Modules at the lowest level of the module hierarchy are to be provided by the user, acdniady the
algorithms in the model. During simulation execution, simple modules appear to rumllelpsince they are
implemented as co-routines (sometimes termed lightweight processes). @simpte modules, the user does
not need to learn a new programming language, but he/she is assumed to have some kobwWledge
programming.

Therefore, an OMNeT++ model is combined by simple modules by using the NED languagthevkilaple
modules themselves are programmed in C++. The simulation system provides two companeldsorsi
kernel containing the code that manages the simulation and the simulation clags libedr interfaces.
Graphical, animating user interfaces are highly useful for demonstration, wimifeaswl-line user interfaces are
best for batch execution.

Thus, the way of how OMNeT++ is used is as follows. First, the NED files are leoio C++ source code,
using the NEDC compiler which is part of OMNeT++. Then all C++ sources are ledngpid linked with the
simulation kernel and a user interface to form a simulation executable.

3.1.3.2MiXiM

MiXiM (a MiXed $Mulator) is an OMNeT++ modelling framework created for mobile and fixed wireless
networks, such as wireless sensor networks, body area networks, ad-hoc networks,r vedticolks, etc.
[MiXiM]. MiXiM provides detailed models and protocols, as wellasupporting infrastructure. These can be
divided into five groups [K6SwO08]:

e Environment models: in a simulation, only relevant parts of the real world should be reflected, such as
obstacles that hinder wireless communication.

e Connectivity and mobility: when nodes move, their influence on other nodes in the network varies. The
simulator has to track these changes and provide an adequate graphical representation.

e Reception and collision: For wireless simulations, movements of objects and nodes have an influence
on the reception of a message. The reception handling is responsible for mduadirrgtransmitted
signal changes on its way to the receivers, taking transmissions of other senders into account.

e Experiment support: the experimentation support is necessary to help the researcher to compare the
results with an ideal state, help him to find a suitable template fomplementation and support
different evaluation methods.

e Protocol library: last but not least, a rich protocol library enables researchers to compariddahsir
with already implemented ones.

The base framework of MiXiM provides the general functionality needed fioosalany wireless modelling.

And since every module in OMNeT++ can be replaced, we can easily implement anotherusivgutifferent
protocol.

3.2 Integrated Simulation Model

Our Integrated simulation model is constituted by the Simulink-model-based controll© $dsed models,
and MiXiM/OMNeT++ based models. In this part, we’ll first give an introduction to these models and then
describe how they are combiniedo the whole integrated simulation model.
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3.2.1 Used Smulink M odel

The original Simulink model, developed and provided by TNO, simulates a complete systdntomprises a
platoon of ten vehicles including one leading vehicle and nine following vehicles equippdabtiitACC and
CACC controllers. Besides the control system, see Figure 7 and Figure 8, eacmépllehicle has a Wi-Fi
(i.e., IEEE 802.11p) [IEEE80211p] interface, ideal radar, an HMI block, a madui&l “G_a” mimicking the
response of the output of the control system and sensors which actuallysstoreters.“G_a” is part of the
module “Vehicle” which also calculates the velocity and position with the generated acceleration.

A vehicle, see Figure 7 and Figure 8, would read data from Wi-Fi (antenna 1), &awsor, HMI blocks at the
beginning of a simulation timestep. These parameters are coupled to the Cortdrobdcutate a reference
acceleration “a_ref”. During this process, these parameters are also transmitted by Wi-Fi (antenna 2) so that
information of this host vehicle can be received by following vehicles. With “a ref” coupled to the Vehicle
block, the acceleration “a”, speed (velocity) “v” and position “s” of the vehicle required for the next timestep
are calculated and transmited out by antenna . This is done in order to fake the reflection of aneddarthigt

its following vehicle can calculate the relative speed and relative distarthis host vehicle. These calculated
acceleration, speed and position then are coupled to the Radar and Sensor blocks to be reaexin the
simulation timestep. Furthermore, inside the Radar block, the preceding vehicle’s speed and position can be
gotten from antenna 4 so that this host vehicle can calculate its relativd apd position to its preceding
vehicle.

=
.
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Figure 7: \khicle's Control System

15



Switching

Mechanism

Tracking Controllers

aref‘[ms'l]__: G a afm/s"2] 1/s 1'[mi].| 1/s Is[m]

Controller

Vehicle

Figure 8 “Controller” and “Vehicle "blocks

In Figure 7, Antenna 1 and 2 are the input and output interface of Wi-Fi, witdanan3 couples the host
vehicle’s speed and position to the following vehicle to mimic the function of a radar reflection. Antenna 4 is the
input of preceding vehicle’s speed and position.

Figure 8, showshe modules inside the “Controller” and “Vehicle” blocks. Inside the Controller blocks, the
inputs parameters are coupled to several tracking modules: platoon contrdtabksand target track. The
platoon control module selects the to be used time headway and cruise speed valtless&@pecified by an
user and from those transmitted by the RSU. The tracking module is consistedl @dmponents: (1) host
tracking and (2) target tracking. In the model used in this assignment, the hdagtdaes not implement any
function. The target tracking can be implemented in three modes: direct measusemgémtarget tracking and
multiple tracking. The first one just uses the input of the Controller l@eckput, while the last two would use
Kalman filters to first estimate the received target data for differessisc4l) Wi-Fi data only, (2) Radar data
only and (3) full data set. Which mode to be used is specified by the user. Babedavailable data and the
type of the controller suggested by the user, a controller Switching Mechaee Figure 8, actually decides
which type of controller will be used. If the controller Switching mechanism is able to select allleohtpes,
CACC, ACC and CC, then the mechanism prefers to first select CAGs lis not possible, then it selects
ACC and if this is not possible then the Switching mechanism selects CCubahsuggests a specific type of
controller and the user requirements can be fulfilled, then the Switchisgamiem selects the suggested
controller. The selected controller usaputs to calculate a reference acceleration “a_ref”, see Figure 8, which
will be coupled tohe Vehicle block. First, this reference acceleration “a_ref”, will be used as the input of an LTI
system named “G_a” which mimics the response of a vehicle and the output value is bounded by the vehicle’s
maximal acceleration and minimal deceleration. In this process, a reference dooelsratsed for the
calculation of theacceleration “a”. Using two integration blocks, this acceleratiori‘a” can be used to calculate
the speed “v” and position “s” by using Eq. 4 and Eq.5, respectively. These calculated values are coupled to the
Radar and Sensor modules. Details of this model can be found in Appendix B.

velocity=velocity_lasttime+a*timestep Eq. 4

position=position_lasttime+velocity*timestep Eq.5
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Figure 9: modified vehicle control system

The Simulink model that is used in this assignment and applied in the performedhexpeis shown in Figar
9, which is different than the original model developed by TNO and shown in Figline parameters from Wi-
Fi (IEEE 802.11p), radar, etc., located inside the controller system are directly usad ofstising Kalman
filters. The reason of not using the Kalman filters in this integrated niedelated to fact that the Simulink
model of the Kalman filters could not be successfully converted into C++ code usingathiE & Workshop
tool of Matlab. Note that the CACC/ACC controller module is used instead of the Contnadieule shown in
Figure 8. The main difference between these controller modules is that the CACC/ACC contrdller shown
in Figure 9 is not using the Switching mechanism shown in Figure 8, One of the reasons of nahigsing
mechanism is the fact the Simulink model of this Switching mechanism could natsfutigebe converted into
C++ code using the Real-Time Workshop tool of Matlab. Another reason is thebwle like to measure the
performance of a pure CACC controller and compare it with the performance of a pure ACC controller

The radar block computes the distance from a vehicle to its preceding vehicle, see Eq. 6, and the
relative velocity, see Eq. 7. .

Relative velocity= precedingVehicle_velocity-hostVehicle_velocity Eq. 6

Distance= precedingVehicle_position-hostVehicle_position-Vehicle_length Eq. 7

The inputs of the CACController comprise the host vehicle’s acceleration, time headway, cruise speed, relative
positionand speed to preceding vehicle, and preceding vehicle’s acceleration. For the ACC controller the same
inputs are used, excluding the preceding vehicle’s acceleration. The output of the controller is the reference
acceleration “a_f”.

Actually, not all of the functions shown in Figu® are directly realized by converting the modules into C++
code. This is only realized for the CACC, ACC and “G_a” Simulink modules, where C++ shared libraries are
generated for each of these modules. All the other modules shown ie Figne implemented in SUMO using

C++ code. Moreover, the function of sensor is implemented by directly reading parameters stored in SUMO. The
detailed description of the modified Simulink model is given in Appendix B.
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3.22SUMO Modd

The SUMO model used in this assignment is quite simple. The road network idqust straight single-lane
road. This is because at this moment the CACC and ACC controllerseopera single lane, and th&areo lane
changing mechanism implemented in the model.

Though there are several ways of building a road network, for such a simpldcscgetting up an own road
network description in XML and importing it using NETCONVERT can be considered &m lsasy task. In
order to create a road, which contains sections (i.e., edges) and nodes (eadgpaitts), three types of XML
files are created:
e Node based XML: this XML file describes the coordinates of the start/antswé a road section. This
XML file should contain at least three nodes.
o Edge based XML: this file describes the edges (i.e., of each road sectionpshatlde used between
two nodes included in the node based XML file.
e Link type XML: this file describes the properties of the edges included iedbe based XML file.
When the link type XML file is not used, then SUMO considers that the used edges are single lanes.

In this assignment we use a single lane road network, that comprises two raacs $eet, two edges) between
three nodes. Therefore, in this assignment we use a node based XML file that contains thréairnbeaaore,
an edge based XML file is created that contains two edges that are intertmntiexthree nodes specified in
the node based XML file. So by converting the two XML files using the NETERT tool, we constructed a
one-single lane road with two edges and three nodes. In this assignment it is edrisided 0 vehiclesee
Appendix B, will be located on one of the generated edges, i.e., first edge. Therefore, thef ldnegfinst edge
is set to 5000 m. The second edge is not relevant for our experiments and thdreftaegth of the second
edge is setto 1m.

Vehicles can be distributed on a predefined road network using a fourth type X\tdnoted as route XML
file. This route XML file contains the vehicle parameters and the description of tles that each vehicle can
take on the road network. The vehicle parameters can be the car lengthyténdDr, vehicle ID, maximum
speed, and maximum acceleration. In Figure 10 a part of the generated road nettvovkniswhere a platoon
of 10 vehicles is located on the first edge. We mark each vehicle with an ID, where the leading vehicle’s ID is
“veh0”, that of the first following vehicle is “veh1” and the last vehicle’s ID is “veh9”. In the original model, see
Appendix B, the car length is 4.46 meters, the desired distance between neighbouring vabitlssmdstill is
7.7m, and the time headway 0.7s, see Section 2.3. Moreover, in the original model, see Appibedialing
vehicle has an initial velocity of 20m/s and the following vehicles’ an initial velocity of 19m/s. Therefore, by
using Eg. 1 from Section 2.3: the desired distance between neighbouring vehicles wlieg eopnals:
7.7m+20m/s*0.7s=21.7 m. When the car length is taken into consideration, the desmededistween
neighbouring vehicles when moving is equal to: 21.7m+4.46m=26.16m. Therefore, the istiinteiused in
the route XML file is set equal to the distance when the platoon become s&@abR6(16m), which ensures that
the time before the platoon gets stable will not be large.

In SUMO, a following vehicle uses the car-following model to track precedimicke. In SUMO there are
already several car-following models implemented, see Section 3.1.2. Note thaxpealinents performed in
this assignment anging the “carFollowing-IDM” model, see [SUMO].

What we want to do is to change the way of calawdatehicle’s speed and position resulted from the existing
SUMO car-following models. We can specify any car-following model in the route Hi|lbecause it will not
change the way of calculating speed and position.

We let the leading vehicle move on a straight single-lane road frono ldfiht. When the platoon gets stable
(the speed and relative position of vehicles do not change any more), we would specify the leading vehicle’s

behaviour including acceleration and deceleration to observe the dekawaf following vehicles. In the
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following experiments accomplished in this assignment, the downstream direetms mhe direction from the
last vehicle to the leading vehicle (from left to right in the model)Jenmfie upstream direction means the
direction from the leading vehicle to the last vehicle (from right to the left in tiuein

veho veh8 vehO{leading vehicle)

downstream

F 3

upstream

Figure 10: SUMO road network

3.2.3MiXiM / OMNET++ Mod€

The used MiXiM/OMNET++ model in this assignment has been developed within the UT/RAZBACS]
group. This model is implementing a cooperative awareness mechanism using beaconing, see. [HeKal0]
beaconing procedure is using a Simple Timer, see EeKal0],which means that a node trdmesods when a

timerT expires. Afterwards, this timer is reset. By tuning the valué& of the beacon sending rate/frequency
can be varied.

In this assignment it is considered that each beacon packet needs to ceachfeehicle, the acceleration and
vehicle ID. Ths is because only preceding vehicle’s acceleration is necessary to be sent by communication
means. After each vehicle receives one beacon, it will decide whethbeduisn has been sent by its preceding
vehicle, which has a certain know vehicle ID. As has been already mentioned, 10 weéielesed, meaning
that the used vehicle IDs vary from 0 to 9 through the platoon. Therefore, if the receiving beacon’s vehicle ID is
larger than the receiving vehicle’s ID by 1, it is considered that this beacon is sent by the preceding vehicle and
is fed to the controller. Otherwise, this beacon will not be used and will be dropped.

The MAC and Physical layers used in the MiXiFOMNET model are based on the IEEE 86xhhplogy,

see [IEEE802.11p-20]10 IEEE 802.11p is an approved amendment to the IEEE 802.11 standard to add wireless
access in vehicular environments. It is important to note that currentE&EB8D2.11p model is included in the
MiXIM version 1.2 environment, see [MiXiM]. The model used in this assignwestrealized by modifying

the currently available IEEE 802.11 MiXiM example, i.e., Mac80211, such that it cpatdte as an 802.11p
model. In particular, just the “Host.ned”” module is used, which describe the individual vehicle’s communication
architecture. The modified MAC layer module and Physical layer source code, plus the |higer
mechanisms’ source code are developed in activities accomplished outside the context of this assignment.

In addition to that, in order to take advantage of a model that successfulaiatethe SUMO and MiXiM
environments, a modified version of MiXiM environment is used, see [MiXiM_sommer]ndasied MiXiM
environments is created by Christoph Sommer. In particular, in this assignment the “Highway.ned” module
provided inthe example “traci_lauchd”, see [MiXiM_sommer], is used.

Below, a short introduction is given of the parameter values used in the 8HE11p model. The carrier

frequency of this model is set to 5.87 GHz which is in the frequenogadéd by European Commission in
August, 2008 for or priority road safety applications and inter-vehicle, infciste communications. In this

model, the header length in each layer is different from the “Mac80211” example used in [MiXiM]. In particular,

the header length associated with the in Physical layer is set to 6Higdder length associated with the MAC
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layer is set to 160bit, the header length associated with the Networlslagéto 3200bit and the header length
associated with the Application layer is set to 512bit.

The model transmits the beacons using the IEEE 802.11p broadcast channel. MoredhweMMALt queue
length is set to 14 frames, and the MAC bit rate is set to 3 Mbps, (RtsksThreshold is set t01400, (3) the
beacon length is 3200bit with a duration of 0.001175, (4) the burst sizedgusdtto 3. For other parameters,
please refer to the used source code, which can be accessed using the guidelines given in Appendix C.

3.2.4 Complete Simulation M odel

The MiXiM/OMNET++ model is used to simulate the wireless communication medium betveddcles. In
Figure 11, the communication medium is represented by the Wi-Fi module, which is among othets used
disseminate the dynamic traffic parameters of vehicles, such as speed, locatioratamtelére controller used

in each vehicle uses these parameters and influence the movement of the gars.12=gives an abstract view
of the integrated/complete simulation model used in this assignment, where (1) the iodé simulates the
operation of the wireless communication medium, (2) SUMO simulates the mobilityidnahaf a “vehicle”,
whose traffic mobility-related parameters were supplied by its contraofteided by the (3) Simulink Model,
which simulates a series of functions including the ACC and CACC controliegiidngs. Note that the Simulink
model is integrated into the SUMO simulation environment.

Wi-Fi
Car Car
N

Figurell: experiment structure in reality

Mixim

.

SUMO

i

Simulink
Model

Figure 12: experiment structure in simulation
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3.2.4.1 Coupling between SUM O and the Simulink M odel

The coupling between the Simulink and SUMO models is used to simulate the mobitiydoedt vehicles.

Since SUMO is C++ based, it is required to convert the Simulink motelC++ code or available C++
libraries. This conversion is realized by using the Real-Time Workshop tool iligigrwhere the Simulink
model is converted into a C++ shared library. After this, the SUMO source codeatesogith the car
following model on how speed and position is modified. The detailed descriptionsom#éthod and the
associated Source code can be found (or found via) in Appendix C.

It is important to mention that SUMO is a discrete tismaulator; MiXIM is an event based simulator. This
means that SUMO will calculate the location of all vehicles during periodic distne¢s. We denote these
discrete times as timesteps. The duration of each time step used in thimassig set to 10ms. The converted
Simulink model (the C++ libraries) is using parameters received from Mixild parameters provided by
SUMO, e.g., position, velocity, and acceleration during one timestep. Moreover, the convertéokSimodel

is generatinghe host vehicle’s position and velocity for the coming timestep. These calculated parameters are

used by the SUMO model to move the vehicle on a road network. It is important thatatieetinformation
provided by MiXIM is only used when the CACC model is used. In the situation that ACC is used, and then only
the parameters provided by SUMO are used by the converted Simulink model for the oalcidildte velocity

and position for the coming timestep.

In particular, for the situation that the CACC model is used, at the liegioheach simulation step, the SUMO
model associated with one vehicle gets the preceding vehicle’s acceleration from MiXiM. The SUMO model
has already stored for each vehicle, the speed, position, and acceleratioredeheragy the previous timestep.
The time headway and desired cruise speed is preconfigured in the SUMO source code.

The preceding vehicle’s information can also be fetched directly in SUMO, without using the information
communicated by MiXIM. The relative velocity and distance are calculated using Eq. 6 anddspectively.
Moreover, the acceleration can be directly fed from the SUMO model, insteattie¥ing it via the MiXiM
model, see Section 4.2Vhen pure ACC is used then all controller inputs are retrieved from the Soddie!.

All these parameters are passed to the ACC/CACC controller as stpthat updated speed and position of a
vehicle is generated and provided to SUMO, which updates the position of each vehicle.

These operations are repeated during each timestep.

3.2.4.2 Bidirectional Coupling between OMNeT++/MiXiM and SUMO

In this assignment the method described in [SoYa08], [SoGell] is used for bidilectapbng between
OMNeT++/MiXiM (similar to OMNeT++/INET in [SoYa08], [SoGellphnd SUMO.As already mentioned
OMNeT++ is an event-based simulator, being able to handle mobility by scheduling node movenegularat r
intervals. This suits the approach followed by SUMO, which is a discrete time simulator.

Figure 13 shows the control modules and used state machines that are integrated with ©EiieESEYMO,
see [SoGell]. Using these state machines it can be seen that any commandsiratratween timesteps can
be buffered to guarantee synchronous execution at defined intervals, see Figure 14. In patiduedr-©O
would then send at each timestep all buffered commands to SUMO. At the same tierethiegeprresponding
timestep of the road traffic simulation. Subsequently, when the road traffic sonulatiestep is completed,
SUMO sends a series of commands and the position of all the instantiatelds/ehck to OMNET++ module.
By receiving this information, the OMNET++ module can react to this moliiige by changing the status of
the vehicles involved in the trace. This could mean that new vehicles can be introdinelés that reached
their destinations can be removed and vehicles can be moved according to theiraffaadimulation
counterpart. When all the received commands are processed and all the vehicles are madied &zdbe
mobility trace, then OMNET++ advance the simulation until the next scheduled timestdps way the
vehicles are allowed to react to the altered environmental conditions.
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3 Coupled Simulation
Foad Traffic Simulator {SUMO)

Change Vehicle State
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Change Vehicle State
&3 5end Commands Next Timestep

& Trigger SUMO Timestep @ advance Simulation W Buffer Command
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Figure 13: Overview of the coupled simulation framework. State macbimead traffic and network simulator
communication modules, copied from [SoGe11]

Figure 14 shows the sequence diagram of messages exchanged between network and roaduledfiic sim
communication modules. By using a simple request/response protocol, the road tr&fitMi@ can be
influenced by OMNeT++ in different ways. It is important to see tina¢dteps are generated to advance the
simulation in SUMO. The two alternating phases show that the OMNET++ and SUMO modules are
bidirectionally coupled to each other. In the first phase, OMNET++ commands ate Siv1O, while in the
second phase the execution of these commands in SUMO is triggered by OMNET ++ asdItimg mobility
trace generated by SUMO is sent to OMNET++. In this way, both simulators arg tigitiled. Furthermore,

it can be seen that SUMO is only able to perform a simulation step after al awtdnih a time step have been
processed in the OMNET++ network simulation. It is important to see thaetiverk simulator advances the
road traffic microsimulation only at fixed intervals, meaning that the gratularithese intervals needs to be
sufficiently fine-grained to obtain realistic results. This can be realizade sthe SUMO road traffic
microsimulatrion can be processed much faster compared to the simulation of OMNET++ wireless networks.
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Figure 14: Sequence diagram of messages exchanged between network and fadsirmabtor
communication modules. Command execution is delayed until the next rafid simulation timestep is
triggered, copied from [SoGe11]
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Figure 15: coupling between OMNeT+ +/MiXiM and SUMO

Figure 15 shows also the coupling between OMNET++/MiXiM and SUMO. The functionality blocks shown
Figure 15 are:

o TraCl: is a traffic control interface, which is a TCP based client/server ectlnié and it provides
access to run a road traffic simulation. During simulation runs, both SUMO and OMNesE+their
communication modules to exchange commands by using TCP connections. As a TraCl client,
OMNeT++/MiXiM uses TraClScenarioManager to communicate with the TraCl seS6MO.
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o TraClMobility: is a OMNeT++/MiXiM function that is able to move corresponding communication
nodes. The communication between interacting modules in OMNeT++ is accomplished by iagchang
internal messages. The mobility of communication nodes in MiXiM is realized r&gINobility
function once vehicles in traffic simulation environment update their position and speed.

e TraClScenarioManager: TraClScenarioManager connects OMNeT++ to a TraCl server (SUMO)
running road traffic simulations. It sets up and controls the simulation mqrés, moving nodes with
the help of a TraClMobility module. It makes the initialization of theestag the simulation as well as
controls the connection to the TraCl server (SUMO). The communication between OMNeXivt/Mi
and SUMO is based omxchanging TraCl messages. The TraClScenarioManager as being the
“Manager” can ask SUMO for all the parameters such as vehicle speed, position and to execute all the
commands such as creating an object. This can however be accomplishédiwdg parameters and
commands are defined in the “TraCIConstants.h” header file.“TraCIConstants.h” is a header file that
defines all parameters allowed to be transmitted between SUMO and OMNET++/MIXiM), e..g.,
acceleration, position, velocity). Moreover, this header file contains all theeallprogram commands
that can be executed and can use on these parameters, e.g., “get”, “set”. The function “queryTraCI”
specifies exactly which parameters (and commands) will be exchanged between SUMO andIMiXi
this assignment the exchanged parameters are acceleration, position, and velocitye drehdvway.
The “queryTraCI” command is send in a message that is buffered mihki“TraCIBuffer” module until
the beginning of each time stePuring the simulation, SUMO would execute as “queryTraCI”,
executing commands and sending back information through TraCl back to OMNeT++/MiXiM.

At the beginning of each timestep, OMNeT++ would send buffered commands to SUMO by hesing t
TraClScenarioManager (step 1&2 in Figure 15). SUMO uses this information as desaorithed grevious
subsection. Once the received information is used, then SUMO sends a traceNb(Mef 3 in Figure 15),
which includes the traffic information such as position, speed and acceleration of sretnicMiXiM, the
communication nodes can also move discretely according to the positions received frorMter&te. This
movement of the communication nodes is implemented by the MiXiM mobility medid@CIMobility (step 4

in Figure 15. Then the communication nodes’ state of each vehicle is changed followed by the procedure of
transmitting a beacon (step 5 in Figure 15). Note that the received informatioreiztiudféfore the start of next
simulation timestep.

3.3 Conclusion

In this section, first the original model environmer@imulink is introduced. Then the traffic simulation
environment—-SUMO and the network simulation environmerf®MNeT++/MiXiM are described. The SUMO
and OMNeT++/MiXiM models are used in the experiments described in Section 4.
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4 Experiments, Results and Analysis
This section describes the accomplished experiments used to investigate the irA@aCtamd CACC on the
string stability performance.

4.1 Experiment Setup

The main goal of this assignment is to investigate the impact of an ACGf a@dACC on the string stability

performance. In order to achieve this goal a set of experiments are performexhthate the ACC and CACC
performance, using as performance measure the string stability, see Section 4.3. dhlitityg ste Section

3.2.2, is important and should be guaranteed to stabilize the movement of the platobee®ing the speed
and acceleration of following vehicles it can be investigated whether the diseirtlatie leading vehicle is
amplified upstream through the platoon.

As described in Section 3.1.1 the ACC and CACC controllers are available in SUMCiomthef shared C++
libraries, which are generated by converting the Simulink models of these contritbe@s+i+ code. Due to the
fact that small modifications have been brought to these converted C++ shamekl|ilaraet of experiments is
performed to verify whether the modified and integrated model is satishacquivalent with the original
Simulink model provided by TNO. This set of experiments is described in Section 4.2.

The topology that is used in all experiments is shown in Figure 10 and explained in S&f0A platoon of
ten vehicles is placed in a straight single lane road that has a length of 5000 meters. Tétensanaed for the
ACC and CACC controllers, vehicle IDs, starting vehicle positions and departure spdesl same as the ones
described in Section 3.2.2, which are also used by the original Simulink model provided by TNO.

These parameters are specified in the road based network XML file and routdilXMis stated in Section
3.2.2. Similar to the value used by the original Simulink model provided by, TiNCdefault time headway is
specified to be 0.7s and the default desired cruise speed is specified to be SE@ndlso Appendix B and
Appendix C Furthermore, the upper limit of the vehicle’s acceleration is specified to be 2m/s? and the minimal
deceleration is specified to be -9fAshich are also implemented in source code. These parameters apply to all
experiments accomplished in this assignment. Note however, that in SectiovadoBis values for the
acceleration and time headway are used.

4.2 Simulink Model Verification and ACC vs. CACC performance when
using an ideal communication medium

4.2.1 Experiment Description

4.2.1.1Experiment goal, topology, measures and par ameters:

The first goal of this set of experiments is to compare the combined SUMO-Simlinkedadiddel with the
original Simulink model provided by TNO and described in Section 3.2.1.

The second goal of this set of experiments is to compare the CACC and ACC perfornmateceideal
communication medium circumstances. This means that in this set of experimentoitsidered that all
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information that needs to be received by the ACC and CACC controlleaslinvehicle is indeed received with
a probability of 100%. In other words, it is considered that the communicatidiumm between vehicles is an
ideal communication line, with no delays and no losses.

This set of experiments is achieved by using the same topology, the samdoratlnesised static and variable
parameters for both models. In particular, the dynamicity of the leading vehitiariged and the velocity and
acceleration of the following vehicles is observed. If the observed welmett acceleration for the following
vehicles, are the same (under certain bounds) for both models then it cannbedatst these two models are
satisfactorily equivalent. It is important to emphasize that the results dedawsith the original Simulink model
provided by TNO are obtained using the Simulink monitoring facilities, vih#eresults associated with the
modified model, are obtained using the SUMO monitoring facilities. They are plotted using the Gidblplot

In this set of experiments two scenarios have been observed. In the firgirsitivaieading vehicle decelerates,
while in the second situation the leading vehicle accelerates. Note that éxpafiments the value of the
timestep is set to 10 ms.

Decelerating scenario: In the decelerating situation it is assumed that the leading vehicléyinitiaves with a
speed (velocity) of 20m/s. For the original Simulink model it is consiti¢hat at time t=500timestep, the
leading vehicle starts to decelerate with an acceleration of 29umsl the leading vehicle reaches the speed
(velocity) of 15 m/s. This is acceleration is kept constant for another ®&téps. For the last timestep
(t=555timestep), before the leading vehicle reaches the speed (velocity) sf tdcceleration of the leading
vehicle is set to -5mfsThe acceleration of the leading vehicle faB00timesteps and t > 555timesteps is set
to 0. For the modified model it is considered that the leading vehicle starts to aecefén an acceleration of -
9m/$ at t=8000 timestep. This acceleration is kept constant for another 54 timestefieeustding vehicle
reaches a speed (velocity) of 15 m/s. This is accomplished in order to give the possibiigynfiovement of all
vehicles in the platoon to become stable and to move with a speed (velocity) of Qiémisly, to the original
model, for the last timestep, before the leading vehicle reaches the speeityjvet 15m/s, the acceleration of
the leading vehicle is set to -5M/sNote that the acceleration of the leading vehicle for t: 8000Emes t >
8055timesteps is set to 0.

Accelerating scenario: For completeness of the comparison between ACC and CACC, we also accomplished
the experiments for the situation that the leading vehicle is accelerasibgrd of decelerating. In this scenario

the initial speed (velocity) of the leading vehicle is 20m/s that eeteks with an acceleration 2mistil the

speed (velocity) of the leading vehicle reaches the value of 25 m/s. This accelsragiphdonstant for another
249timesteps.

For the original model, provided by TNO, at t=500timestep, the leading vehicle &tamtcelerate with an
acceleration of 2mfsuntil it reaches the speed (velocity) of 25m/s. Note that the accelerattbe ading
vehicle for t:t<500timesteps and t > 749timesteps is set to 0. For the modified model, the leddag starts
to accelerate with the same acceleration as in the original model at t= 80G}ins#stilar to the deceleration
scenario, this is accomplished in order to give the possibility for the movemalhtvehicles in the platoon to
become stable and all vehicles move with a speed (velocity) of 20m/s. Note thateleration of the leading
vehicle for t: 8000timesteps >t > 8249 timesteps is set to 0.
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4.2.2 Experiment Result & Analys
4.2.2.1 Decelerating scenario

The CACC and ACC results associated with the decelerating scenario can e Bigeine 16 and Figure 17
respectively
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The result showed in parts (a) and (c) of FiglBeand Figure 17are obtained from the experiments performed
using the original Simulink model, while the result showed in parts (b)dnof (Figure 16 and Figure 17 are
obtained from the experiments performed using the combined SUBIGwlink modified model. The parts (a)
and (b) of Figure 16 and Figure 17, show the curve velocities of the used vehictdsavendrawn from left to
right, staring from the velocity of the leading vehicle towards the lastigneveh9. The parts (c) and (d) of
Figure 16 and Figure 17, are representing the acceleration of the 9 vehicles follogvilegading vehicle.
Starting from left to right, the first curve is associated withfifg following vehicle, while the last cue is
associated with the last following vehicle, i.e., veh9. The vehicle acéetewtt the leading vehicle is ho
shown, but is realized in the way as in Section 4.2.1.1. From Figure 16 and Figure 1beitse@m that for the
string stability from the point of view of velocity and for both G3G&Gnd ACC controllers there are no
significant differences between the original Simulink model and the modified model.

For CACC, see Figure 16, the maximum difference of velocity between the originginRimodel and the
modified model is 0.02m/s and the maximum difference of acceleration between these two model¢ss 0.03m
For ACC; see Figure 17, the maximum difference of velocity between the orjmalink model and the
modified model is 0.1m/s and the maximum difference of acceleration between these two models i,0.08m/s

The reasons of observing these (relative small) differences can be the following:
o Kalman filters are not used because of converting problem
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o Complexity of the original model is much larger, which might introduce larger processing.delay

4.2.2.2 Accelerating scenario

The CACC and ACC results associated with the accelerating scenario can be Kgeneiri8 and Figure 19
respectively.
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Figure 18 velocity and acceleration of 10 vehicles in Original Simulink Made modifie(
model for CACC (accelerating scenario)
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Figure 19 velocity and acceleration of 10 vehicles in Original Simulink Model andifred mode
for ACC(accelerating scenario)

Parts (a) and (b) of Figure 18 and Figure 19 , show the vehicle velocity. Startingfreoright, the first curve

is related to the velocity of the leading vehicle and the last curvesesgs the velocity of the last following
vehicle, i.e., veh9. Parts (c) and (d) of Figure 18 and Figure 19 show the vehicteatiorel Starting from left

to right, the first curve represents the acceleration of the firsifwify vehicle and the last curve represents the
acceleration of the last following vehicle, i.e. veh9. The vehicle acceleration eftfiad vehicle is not shown,
but is realized in the way specified in Section 4.2.1.1.

From Figure 18 and Figure 19, it can be seen that for the string stability frgeoithieof view of velocity and
for both CACC and ACC controllers there are no significant differences betiveariginal Simulink model
and the modified model.

For CACC, see Figure 18, the maximum difference of velocity between the orignalirtsi model and the
modified model is 0.01m/s and the maximum difference of acceleration between these two modelsss 0.01m/
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For ACC; see Figure 19, the maximum difference of velocity between thaabrigimulink model and the
modified model is 0.09m/s and the maximum difference of acceleration betweenvtbesiodels is 0.07nf/s
For CACC, in case of deceleration (first scenario), following vehicles de=r®mothly as the leading vehicle
decelerates, but not decele more than the leading vehicle and in the case of acceleration, they don’t accelerate
more the leading vehicle does. From parts (c) and (d) of Figure 18, it can be sdbr thakimum absolute
value of acceleration of following vehicles are smaller than the leading vehicldeangiases in upstream
direction.

Similar, to the decelerating situation, the reasons of observing these (relatiVe difigaences can be the
following:

o Kalman filters are not used because of converting problem

e Complexity of the original model is much larger, which might introduce larger processing delays.

In general it can be concluded that:

o For CACC:
e in case of the deceleration scenario, the following vehicles deceleratengmaben the leading
vehicle decelerates, but do not decelerate more than the leading vehicle does.
¢ In case of the acceleration scenario, the following vehicles do not aceeteret than the leading
vehicle does. In particular, the maximum values of acceleration of the followingashre smaller
than the acceleration of the leading vehicle and their values are decreasing in thenugistin.

e ForACC:

e for both decelerating and accelerating scenarios, the following vehicleslagiflerate or accelerate
more than the leading vehicle does, until their velocities become stable (do not fluctuateeganymor

e In case of the accelerating scenario, the maximum absolute value of acceleirdtilbowing vehicles
can be larger than the leading vehicle and increases in upstream direction exdegt thibowing
vehicle. From parts (c) and (d) of Figure 19, it can be seen that the maximum exbsbdle of
acceleration for the last following vehicle is limited by the maximum aat@erof 2m/4. Different
from the case of CACC where acceleration of following vehicle go back t stepothly, here
acceleration for the case of ACC would fluctuate around the 0 for a while liefdie approaching to
zero.

By comparing the obtained results it can be observed that for both atinglend decelerating scenarios, the
disturbance on the velocity and acceleration caused by the leading vehicleb&ngoamplified through the
platoon upstream when the CACC controller is used. This conclusion dbéslddor the situation that the
ACC controller is applied.

Since the differences between the original Simulink model and the combined S\3ilink modified model
are quite small, we can assume that the behaviour of the two models, fromnthef piéw of string stability,
are satisfactorily equivalent. Therefore, the following set of experimeiitenly use the combined SUMO

Simulink modified model.
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4.3 Evaluating the impact of wireless communication medium on CACC
string stability performance

4.3.1 Experiment Description

4.3.1.1 Experiment goal, topology, measures and parameters

The main goal of this set of experiments is to observe and analyse the CACstibility performance,
assuming that the wireless communication medium is a realistic IEEE 802.11p winetissn. In particular,
the performance of the CACC controller is observed, when the beacon sendinigergicket loss probability
of beacons and the time headway between vehicles are varied.

In this set of experiments the same topology and parameters are used as the ones deSeghted #4.2.2 for
the first set of experiments. The main differences are related to the tlee ©OMNET++/MiXiM simulation
model, described in Section 3.2.3, as the wireless communication medium thapbmmects the 10 vehicles.
Moreover, only the CACC controller is used, that is incorporated in the com8ldMD -Simlink modified
model. Note that the new combined SUMO-Simulb@MNET++/MiXiM model is denoted in this section (and
the folowing sections as “modified model”.

In this set of experiments tipeeceding vehicle’s velocity and acceleration is received by a host vehicle via the
OMNET++/MiXiM model as described in Section 3.2, instead of receiiidgectly via SUMO. So, it is not
guaranteed that a host vehicle receives the velocity and acceleration of the preebdilegat each SUMO
simulation timestep.

The different packet loss ratios are realized in the following &vayodule used to compute the packet loss ratio
isused and located at the point where the received information by a vehicle neegsdpagated to the CACC
controller.  This module is used to drop the received beacons by using a lbabiljyowith uniform
distribution. The module generates a random value between 0 and 1 with uniform pyobabily time a
beacon received. If a packet loss ratio of a% is needed, then this module cohpaaesiom generated value
with the preconfigured packet loss ratio a%. If the random value is larger thaheapthe received beacon is
kept and propagated towards the CACC controller. If this generated random vetuglior smaller than a%
then the beacon is dropped.

The different beacon sending rates (R) are realized by using different beacon sendialg ifftgrwhere R=1/T,
For example, in order to computdbeacon sending rate for a vehicle equal to 10Hz, the vehicle should send a
beacon every 100ms (i.e., 10 SUMO simulation timesteps) in the MiXiM model.

The different used time headways:dts, 1.5s, 1s, 0.9s, 0.8s, 0.7s, 0.6s, and 0.5s.

In order to provide statistically accurate results we calculate the 90%leocdi intervals, see e.g., [Jain91], of
the obtained experimental results. Every experiment was run ten times (usirgntiff@rdom seeds for each
run). The 90% confidence intervals of the obtained results are discussed in Appendix fAeqicitis

In these experiments we are not observing the string stability for alldviioy vehicles, but we are only
observing the string stability for the last following vehicle (veh9). [alse following vehicle is chosen for this
purpose, due to the fact that when the platoon is not string stable thesttinkadice on a leading vehicle would
be amplified through the platoon in the upstream direction, and the last followirddevedould experience the
most significant disturbance effect.

Similar to Section 4.2.2, two types of scenarios are used, (1) the decelerating sedmaagdhe acceleration of
the leading vehicle decelerates from a velocity of 20m/s to a velocity of 15 m/shean(@)taccelerating
scenario, where the leading vehicle is accelerating from 20m/s to a velocity of 25m/s.

Furthermore, for each type of scenario (i.e., decelerating or accelerating) we performed divexgeEsments.
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In the first set of experiments the string stability, i.e., velocity and exat&ln, is observed when the time
headway is set constant to 0.7 s and varied the packet loss ratio and the beacon serdiegvedte of 0.7 s is
chosen, since this value has been specified in the original Simulink parametesgefiléed by TNO. The
chosen values of packet loss ratio are 10%, 20%, 30%, 40%, 50% and bleacoh sending rates are 25Hz,
20Hz, 15Hz, 10Hz, 5Hz.

In the second set of experiments the string stability, i.e., velocity and acoelemsitbbserved when the packet
loss rate and beacon sending rate are set constant and the time headway; isorar@e8s to 2s. In particular,

the beacon sending rate is set to be 15Hz and the packet loss ratio ibese€208b, since this combination
provides a good reference to observe the influence of time headway on string stability..

4.3.2 Experiment Result & Analysis

This section describes the experiment results and their analysis thata@amgpkshed in order to observe the
impact of a wireless communication medium on the CACC string stability performance.

Two scenarios are used, i.e., (decelerating and accelerating), and for etheseofscenarios two sets of
experiments are performed. In the first set of experiments the packet loss ratie deddcon sending rate are
varied, while the time headway is kept constant. In the second set of expetimeetitse headway is varied,

while the packet loss ration and beacon sending rate are kept constant.

4.3.2.1 Decelerating scenario

This section describes the two sets of experiments that have been accomplished iexhefche decelerating
scenario.

4.3.2.1.1 Varying packet loss ratio and beacon sending rate

In this set if experiments the time headway is set to be 0.7s and the packet loss ratio and beacoatesradtiag r
varied In this part, with a constant time headway of 0.7s, The chosen vaphakef loss ratio are 10%, 20%,
30%, 40%, 50% and that of beacon sending rate are 25Hz, 20Hz, 15Hz, 10Hz, 5Hz.

In particular, Figure 20 and Figure 21 show the curves associated with velocity and theraticoel
respectively, of the last following vehicle, i.e., veh9. Starting fromtdefight, the first curve is associated with
the packet loss (PL) ratio of 10%, while the last curve is associdgtedhe packet loss (PL) ratio of 50%. Note
that for the captions used in this section, “h” denotes time headway and PL denotes packet loss ratio.
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Velocity of veh 8 with beacon sending frequency=15Hz h=0.7s
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Figure 20: velocity of veh 9 in modified model for CACC with MiXiM (deceliémng scenario)

And the results of acceleration can be seen from Figure 21:
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Acceleration of veh 9 with beacon sending frequency=5Hz h=0.7s
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Figure 21: acceleration of veh 9 in modified model for CACC with MiXiM (deegirg scenario)

From each part (a) until (e) of Figure 20 it can be seen that for a covdtsnbf beacon sending rate and time
headway (0.7s), as the packet loss ratio increases, the velocity fluctuations afe/élt@easing, which means
that the disturbance of the leading vehicle is amplified more through therplgtstream. Furthermore, for a
constant value of packet loss ratio and time headway (0.7s), as the beacng smedilecreases, the velocity
fluctuations of veh9 are increasing. Thus for a given value of time headwhg, @acket loss ratio is increased
or the beacon sending rate is decreased, the platoon becomes to be, from the pminobivelocity, more
string-instable.

From each part (a) until (e) of Figure 21, it can also be seen that fostabvalue of beacon sending rate and
time headway (0.7s), as the packet loss ratio increases the acceleratiatifinstof veh9 are also increasing.
Furthermore, the absolute value of the maximum acceleration and minimum altaelgets larger as the
packet loss ratio increases. Furthermore, for a constant value of packet loss ratio and time headvesti@.7s),
beacon sending rate decreases, the acceleration fluctuations of veh9 are indve@asioger, in this case the
absolute value of the maximum acceleration and minimum deceleration becdmeeléoger. Thus, also for
acceleration, it can be concluded that for a given value of time headway, as thdqssckatio is increased or
the beacon sending rate is decreased, the platoon becomes to be, from the point of ieleratian, more
string-instable.

Therefore, it can be concluded that foconstant time headway value, as packet loss ratio increases and/or
beacon sending rate decreases, the platoon becomes to be more string-instablenesns that the
disturbances oé leading vehicle are being amplified. The cause of this effect that occurs hehpadket loss

ratio is increased and/or when the beacon sending rate decreased, can be relatédctalttat the CACC
controller is not always using up to date acceleration values. Note that duritignesep, when the CACC
controller does not receive an acceleration value in time, then it uses araamelalue that was used by this
controller during the previous timestep. The causes of not receiving the agoelease in time can be due to

one or more lost beacons, or due the fact that beacons are not sent (and reegjwed)ly enough. In other
words, when the difference between the used acceleration value of the preceding amdicipto-date
acceleration value of the preceding vehicle increases, then the platoon becomes to benmarstabiie.
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Figure 22: velocity and acceleration of veh 9 in modified model for CAQE MiXIM with different time
headway (decelerating scenario)

4.3.2.1.2 Varying the time headway

In this set of experiments the packet loss ratio and beacon sending rates aoa$@pit and the time headway
is varied. In particular, the packet loss ratio is set to 20% (PL=0.2), and the beacog §engiency (rate) is
set to 15Hz. The time headway is varied from 0.5s to 2s.

In particula, parts (a) and (b) of Figure 22 show the curves associated with velocity andrattmgl
respectively, of the last following vehicle, i.e., veh9. Starting fromtdefight, the first curve is associated with
the time headway of 0.5s, while the last curve is associated with the time headway of 2s.

Note that for the captions used in this section, “h” denotes time headway and PL denotes packet loss ratio.

From Figure 22, it can be seen that when the packet loss ratio and beacog ssedare kept constant, as the
time headway increases the platoon becomes to be more string-stable. The wéltduitylast vehicle can
decelerate with less fluctuations and its acceleration becomes to be more stable, se¥al8}.[Na
Furthermore, with larger time headways, the relative distance between vehieleger and when a disturbance
occurs on a leading vehicle, the following vehicles do not react as sharp as whamsntatladways are used.
However this will decrease the road throughput and capacity. Therefore, fthdirsgnallest time headway to
guarantee string stability and keeping the road capacity high can be considered as an impltetayg.cha

4.3.2.2 Accelerating scenario

This section describes the two sets of experiments that have been accomplished in thef¢betaxtelerating
scenario.

4.3.2.2.1 Varying packet loss ratio and beacon sending rate
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The way of how the time headway, packet loss ratio and beacon sending rate areschitseaarne as in the
experiments described in Section 4.3.2.1.1.

Figure 23 and Figure 24 show the curves associated with velocity and the accelerspiectjwely, of the last
following vehicle, i.e., veh9. Starting from left to right, the first curvadsociated with the packet loss (PL)
ratio of 10%, while the last curve is associated with the packet loss (PL) ratio of 50%.
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Similar conclusions are derived as the ones derived in Section 4.3.2.1.1. In particukarconstant time
headway value, as packet loss ratio increases and/or beacon sending ratesgdécespsgoon becomes to be
more string-instable, which means that the disturbances of a leading vehicle are being amplified.

4.3.2.2.2 Varying time headway

The way of how the time headway, packet loss ratio and beacon sending rate areschi@ssarne as in the
experiments described in Section 4.3.2.1.2.

Parts (a) and (b) of Figure 25 show the curves associated with velocity and docelespectively, of the last
following vehicle, i.e., veh9. Starting from left to right, the first cuiwvessociated with the time headway of
0.5s, while the last curve is associated with the time headway of 2s.

Similar conclusions are derived as the ones derived in Section 4.3.Mlparticular, when the packet s
ration and beacon sending rate are kept constant, as the time headway incrgdatothbecomes to be more
string-stable.
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Figure 25 velocity and acceleration of veh 9 in modified model for CAC@ WiliXiM with different time
headway (accelerating scenario)

4.4 Combining CACC and ACC

Experiment Goal: Just as stated above, when the input acceleration is not updated in d¢isteinthstability
performance of the vehicle will decrease. In worst cases also accidents (vietsbksy might happen, because
the CACC controller will base its decision on outdated acceleration information.
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The goal of this experiment is to study whether the CACC and ACC corgroda be combined in such a way
that the ACC controller gets the control responsibility of the vehicle uatgins where the CACC controller is
not anymore able to successfully provide this responsibility. In particular, thisiragpe studies whether a
CACC - ACC controller Switching mechanism is able to switch from CACC t&CAQ situation that the
received acceleration information is too much outdated, and back fromt&d@ACC when this situation is
corrected. Note that due to time constraints, only some preliminary experimentbdeaveaccomplished.
Therefore, this section includes only some preliminary conclusions associatetiesithexperiments, without
showing the obtained results.

4.4.1 Experiment parameters and analysis

In this set of preliminary experiments, the same topology as described in Section 4.3.1 is used.

Regarding the CAC@CC controller switching mechanism, it is important to emphasize that it ispesating

in the same way as the CACQZE controller switching mechanisms provided by TNO. The main reason of this
is related to the fact that tli&ACC-ACC controller switching mechanism and the Kalman filters available in the
original Simulink model provided by TNO could not be converted into C++ shdmextiés. Moreover, the
CACC-ACC controller switching mechanism used in the original Simulink model doesnention how to
calculate the necessary inputs for the switching mechanism by using realatiameeters measured from the
field.

The original Simulink model provided by TNO supports a requirement with respgueteding vehicle(s)
timing: information, which should not be older than 200 ms. If this timingrinétion is older than 200 ms, then
the host vehicle will not use tl@ACC controller, but will instead switch back to tA€C controller. For this
reason th&€ACC controller requires an effective beaconing rate of at least 5 Hz in order to lge activ

This experiment studies what happens if the above mentioned timing requirement is dreppeldat happens
when the CACC controller keeps using the received preceding vehicle(s) tinfmgnation, even when this
information is older than the required 200ms.

In particular, in this experiment we have set the time headway to 0.7s, the paclkaiddssQ.5, and beaconing
rate to 1Hz. Furthermore, tHeACC-ACC controller switching mechanism used in this set of experiments is
triggered based on the value of the measured time headway value. In particular, twodhfeshiohe headway
are specified. If the time headway is below 99.85% of the required time headwashitie chooses to use the
ACC controller. When the time headway is equal to 100% of the required time headwighear then the
controller switching mechanism returns back to the CACC controller mode.

Two sets of experiments are accomplished. In both sets of experiments a deceleratingiseesgatjovhere the
values of the velocity and acceleration are set in an identical way as the experimeriisaigs&ection 4.3.2.1.

In the first set of experiments, the proposed CACC-ACC controller switcheatpamism described above is not
used. In this set of experiments 10 simulation runs, (using the same parameters, lolit fion @aing different
random seedsare performed. During all these simulation runs, the leading vehicle isddo® in the same
way as described in the experiments described in Section 4.3.2.1. During thisegpemients it has been
observed during 4 simulation runs that due to the deceleration of the leading wehigteber of vehicles
accidents (vehicle crashes) occur.

In the second set of experiments, the proposed CACC-ACC controller switcaalgnism described above is
used. All the other parameters and number of simulation runs are the same as tisedresthe first set of
experiments. During this set of experiments it has been observed during &isimuins (instead of the 4 runs)
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that due to the deceleration of the leading vehicle a number of vehicles accidents (vehie® ocasin.

Furthermore, using a CACC-ACC controller switching mechanism could help solvengrtblem. However,
for the studied CACC-ACC controller switching mechanism in these experimes¢gnits to help solving the
string instability, but for the chosen parameter values for time headway, packet loss ratio and beauprase
this controller switching mechanism is not operating satisfactorily. More ardséxt experiments are needed
to optimize the operation of such a CACC-ACC controller switching mechanism.

In addition to the time headway a CACC-ACC controller switching mechanism cabeatsiggered by other
parameters. For example, the beacon receiving rate could be used for this purpose. Thevebalrgan set
a beacon receiving rate threshold and maintain a counter that counts the number of le=eved every
second. If this measured beacon receiving rate is lower than the set threshold tbemtrtiker switching
mechanism could select the ACC mode. Another beacon receiving rate could be uggeértaot switch from
the ACC controller mode to the CACC mode.

Another solution that could be used to optimize the operation of such a CACC-ACC leorgwatching
mechanism is to trigger the switching operation based on a combination of parameters,eetgadiway and
beacon receiving rate. Moreover, similar to the original Simulink modeidad\wby TNO, Kalman filters and
the freshness of the received preceding’s vehicle timing information could be included and used by such
switching mechanisms. In addition to the switching operation between CACC-ACC laatsoich a controller
switching mechanism could increase/decrease the desired time headway dependietess @@mmunication
conditions.

From these preliminary experiments it can be observed that when the beaconingo@atevisand the packet
loss is too high then a CACC controller cannot guarantee string-stability and abladb prevent accidents
(vehicle crashes) from occurring. Note that the original Simulink model probid@®lO, uses the value of 200
ms to define whether the received preceding’s vehicle timing information is either fresh or outdated. If this
timing information is older than 200 ms, then the host vehicle will not use th&€@Agtroller, but will instead
switch back to the ACC controller. For this reason the CACC controller requires arveffasiconing rate of at
least 5 Hz in order to be active. The above experiments justify that the bea@taisgould not be lower that a
certain value. More extensive experiments are needed to find the optimum beacomadueatgplied under
certain packet loss percentages.

More work and experiments are needed to develop and evaluate such a CACC-ACC canwtitdleng
mechanism.

4.5 Conclusion

In this section, the accomplished experiments are described and analyzed. It canuzeddhat the original
Simulink model provided by TNO and the modified model developed in this assignment@echented as an
integrated simulation med are from the point of view of string stability, reasonaddpivalent on how they
operate. The main differences between these models are that (1) another CACE&#€ller switching
mechanism is used in the modified model, (2) the Kalman filters used in theabiEjnulink model are not
used in the modified model used in this assignment. Another conclusion that has beenigi¢énaedhen a
CACC controller is used instead of an ACC controller then the string stgidifprmance is significantly
increased.

Furthermore, based on the experiments wlanlg the integrated modified model (built on SUMO and
OMNeT++/MiXiM) was used, the following conclusions are derived. When the timéwagavalue is kept
constant, as packet loss ratio increases and/or beacon sending rate debheepts®on becomes to be more
string-instable, which means that the disturbances of a leading vehicle are bgiifigdinvioreover, when the
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packet loss ration and beacon sending rate are kept constant, as the time hezrdasegsi the platoon becomes
to be more string-stable. Furthermore, it can also be concluded that theambg &@fCACC controller can be
dangerous in some situations, which could become a cause of vehicle crashes. Thereforeyatiaromba
CACC and ACC controller operation is required. This can only be accomplisheity a CACC-ACC
controller switching mechanism that would operate in such a way to guarantee tHataraives caused by the
imperfections of the wireless communication link are avoided.
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5. Conclusions and Future Work

5.1 Conclusions

In this assignment the impact of ACC and CACC that uses a realstimunication medium on the string
stability performance has been investigated. This has been realized by ansiweeregearch questions that are
listed in Section 1.4. In particular, the needed control theory used by the AGCA&@ controllers has been
briefly described in Section 2. Subsequently, the used simulation environments and modeis tse
assignment have been described in Section 3. A simulation model has been teatizetbgrates different
simulation models that were originally implemented in the SUMO, Simulink and OMNET +#MsKnulation
environments. In particular, an original Simulink model of the ACC and CACC atlenr that has been
provided by TNO has been successfully converted into a shared C++ library scohid ibe simulated with

the traffic simulator SUMO. Moreover, using an existing IEEE 802.11p communication modéeaor by
UT/DACS, implemented in the OMNET++/MiXiM simulation environment it was possible téd kthie
integrated simulation model and to test the performance of the CAC@Ilamthfter realizing this integrated
simulation model, several sets of simulation experimemets performed and analyzed based on this simulation
model, see Section 4. In particular, the first set of experiments comparegyihal Gimulink model and the
modified and integrated simulation model. In another set of experiments the ACC & §€Ang stability
performance was compared assuming that the CACC controller was able to refoeiaation using an ideal
communication link, i.e., no packet losses and no delays. Subsequent sets of experimentstaadB&xEC
string stability performance, considering that the CACC was using an8BEE1p communication medium. In
the last set of experiments a combined ACC and CACC controller model has beeigdteegdsind some
preliminary conclusions were derived.

The main conclusions derived within this assignment are:

e The original Simulink model provided by TNO and the modified model developed in tigerasst
and implemented as an integrated simulation model are from the point of viewngf stability,
reasonably equivalent on how they operate. The main differences betwesmtaeds are that (1)
another CACC-ACC controller switching mechanism is used in the modified m@jahe Kalman
filters used in the original Simulink model are not used in the modified model used in this assignm

o When a CACC controller is used instead of an ACC controller than theg stability performance is
significantly increased.

Based on the experiments where only the integrated modified model (built on @B#OMNeT++/MiXiM)
was used, the following conclusions are derived:

e When the time headway value is kept constant, as packet loss ratio increasebesmutorsending rate
decreases, the platoon becomes to be more string-instable, which means thstutbandes of a
leading vehicle are being ampéti
o When the packet loss ration and beacon sending rate are kept constant, as the time headway increases the
platoon becomes to be more string-stable.
e The use of only a CACC controller can be dangerous in some situations, whidibeooine a cause of
vehicle crashes. Therefore, a combination of a CACC and ACC controlleriopasatequired. This can
only be accomplished by using a CACC-ACC controller switching mechanism that wmerdalte in
such a way to guarantee that vehicle crashes caused by the imperfections ml#ss wommunication
link are avoided.
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5.2 FutureWork

Based on the conclusions derived in this assignment several recommendations for fvities dave been
identified see below:

More work and extensive experiments are needed to develop and evaluate an optGGaACE
controller switching mechanism that will guarantee that the imperfectionsahmunication medium
will not become a cause for vehicle crashes.

Some features that were available in the CACC/ACC Simulink model dadvby TNO, including
Kalman filters, are not implemented in this assignment. It is recommendeg@ltrient these features
in the modified model developed in this assignment and investigate whether the condesigtsin
this assignment regarding the CACC string stability performance still hold.

In this assignment the packet loss ratio has been emulated at each receivirg betdither dropping

or accepting a received beacon depending on a predefined packet loss probabitggotnimended to
use IEEE 802.11p background traffic in such a way that the packet loss ratio and beacomardelay
obtained by varying the network conditions (via this background traffic).

Improving the communication part should be able to increase the beacon receiving raitigproled
beacon generating schemes stated in [EeKal0] which aimed at decreasing beacon toliisjosye
beacon throughput should be tested in future. Of course, other improvement in the network protocols can
be tested.

At this moment, the CACC/ACC controllers just support the case of ke dange road. In the future it
will be needed to investigate also network topologies where multilane asadsther complex traffic
conditions are used.

More complex communication infrastructures could be used, e.g., including Road Side dyrtite, f
dissemination of the beacons.
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Appendix A: Confidence intervals associated with Section 4.3
experiments

This appendix describes the two-sided 90% confidence intervals calculated favetfage results of the

experiments provided in Section 4.3. In order to calculate these confidence intehalaplation runs (where

each of them uses a different random seed) have been accomplished for each exgesicribed in Section

4.3. This means that for each point in each curve presented in the figures gBemtiam 4.3, 10 samples are
found, where their average value is used to calculate the two-sided 90% confidence interval.

According to [Jain91], since the collected number of samples is lower than @@ler to find the two-sided
90% confidence intervals, the t-student distribution is used for the calculatitves#f tonfidence intervals.

According to [Jain91], the 100E-)% confidence interval is given by:
s A o

@ T )

L . . . .
Here, [--2-1] s the (1 /2)-quantile of a t-variate with n-1 degrees of freedom, where n represents the
number of samples. These quantiles are listed in Table A.4 in [Jain91]. With n ed@Qadamples, n-1=9, and

two-sided 90% confidence interval, we fouitess:31 =1.833.

In order to be able to plot these confidence intervals in such a waylgbatha relation to their associated
average value is shown, we decided to calculate and plot the ratios between each confieteatearad its
associated average value. This is accomplished instead of just plotting the cenfiden@l and its average
value in the same figure, which will make such a figure severely unclear.

For the velocity related experiments, we calculated the ratio of half oflthen@e and its associated average
value.

For the acceleration related experiments, it was not possible to calculate thisinzisome average values
equal to zero. Therefore, we just calculated and plotted only the absolute values of confiderale int

For the decelerating scenario, see Section 4.3.2.1, the confidence intervals correspomfdiuget 20 are
showed in Figure 26 and Table 2. The confidence intervals corresponding to Figure 21 are showed 2YFig
and Table 3. Furthermore, the confidence intervals corresponding to Figure 22 aré ishBigare28, Table 4
and Table 5

Note that in thebelow figures and tables, “h” denotes the time headway; “BSF” denotes the beacon sending
frequency (rate)“PL” denotes the packet loss ratio and“CI” is denotes a confidence interval, which means the
p-Sn-a]®

value of (2* +n ).
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Cl(Velocity) of veh 9 with beacon sending frequency=5Hz h=0.75
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Figure 26: confidence interval corresponding to (a), (b), (c), (d), (e) of Figure 20

Table 2 half of maximum Cl/average of veh 9 on velocity in decelerating scenario (%), h=0.7s

PL

BSF (Hz) 50% 40% 30% 20% 10%
25 0.2261 | 0.2273 | 0.133 | 0.1078 0
20 0.4891 | 0.4805 | 0.3237 | 0.2564 | 0.1454
15 0.8523 | 0.7275 | 0.2996 | 0.2659 | 0.2027
10 2.3387 | 1.5087 | 0.8689 | 0.8674 | 0.2099
5 31052 | 3.284 | 1.7768 | 0.6812 | 0.1286
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Figure 27 confidence interval corresponding to (a), (b), (c), (d), (e) of Figure 21

Table 3: maximum CI of veh 9 on acceleration in decelerating scenario (m/s”2), h=0.7s

PL
BSF (Hz) 50% 40% 30% 20% 10%
25 0.0449 0.0419 0.0263 0.0208 0
20 0.0946 0.0897 0.0597 0.0497 0.0265
15 0.1641 0.1407 0.0581 0.0524 0.0399
10 0.3693 0.2771 0.1616 0.1685 0.0395
5 0.5293 0.614 0.3234 0.1274 0.0342
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Figure 28 confidence interval corresponding to (a), (b) of Figze

Table 4: half of maximum Cl/average of veh 9 on velocity in decelerating scengriBIFe 15Hz, PL=20%

h (s)

2

1.5

1

0.9

0.8

0.7

0.6

0.5

0.2383

0.2735

0.2005

0.3242

0.4523

0.2659

0.3266

0.3436

Table 5: maximum CI of veh 9 on acceleration in decelerating scenario (m/s”2), BSE#15t20%

h (s)

2

1.5

1

0.9

0.8

0.7

0.6

0.5

0.0214

0.0323

0.0334

0.0527

0.08

0.0524

0.067

0.0703

For the accelerating scenario, see Section 4.3.2.2, the confidence intervals comgsfmrgure 23 are
showed in Figure 29 and Table 6. The confidence intervals corresponding to Figure 24 are showed30 Figure
and Table 7. Furthermore, the confidence intervals corresponding to Figure 25 are showed i81Fignce
Table 8 and Table 9.
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Figure 29 confidence interval corresponding to (a), (b), (c), (d), (e) of Figure 23

Table 6 half of maximum Cl/average of veh 9 on velocity in accelerating scenario (%), h=0.7s

PL
BSF (Hz) 50% 40% 30% 20% 10%
25 0.0694 | 0.0531 0.0422 0.0361 0
20 0.0949 0.0461 0.0416 0.0435 0.0229
15 0.135 0.1138 | 0.0548 0.055 0.0421
10 0.3267 0.2049 0.1497 0.1441 0.0321
5 0.6398 0.4346 | 0.2918 0.2563 0.1108
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Cl(Velocity) of veh 9 with beacon sending frequency=5Hz h=0.75
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Figure 30 confidence interval corresponding to (a), (b), (c), (d), (e) of Figure 24
Table 7: maximum CI of veh 9 on acceleration in accelerating scenario (m/s"2), h=0.7s
PL
BSF (Hz) 50% 40% 30% 20% 10%
25 0.0197 0.0159 0.0125 0.0099 0
20 0.0263 0.0175 0.014 0.0132 0.0075
15 0.0363 0.0397 0.0188 0.0157 0.0123
10 0.1187 0.0647 0.0526 0.0436 0.0146
5 0.2861 0.1455 0.0997 0.0906 0.0344
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Figure 31 confidence interval corresponding to (a), (b) of Figzie

Table 8: half of maximum Cl/average of veh 9 on velocity in accelerating sce®@riBgF=15Hz, PL=20%

h (s)

1.5

0.9

0.8

0.7

0.6

0.5

0.1833

0.4663

0.0331

0.0484

0.0455

0.055

0.0887

0.0658

Table 9: maximum CI of veh 9 on acceleration in accelerating scenario (m/s"2), BSEFP15120%

h (s)

1.5

0.9

0.8

0.7

0.6

0.5

0.0203

0.0703

0.0093

0.0106

0.0123

0.0157

0.0223

0.0239

Conclusions:

This appendix shows that the statistical accuracy of the results associatédendgtkperiments performed in
Section 4.3 is good enough, since the ratio of Cl and its average value is in rasdtelas/ 1%. Only in one
case this ration is equal to 3.1%.
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Appendix B: The Simulink Model

Appendix C: Guidelines for realizing experiments on SUMO-
Simulink-OMNET++/MiXiM combined model
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Appendix C: Guidelines for realizing experiments on SUM O-Simulink-
OMNET++/MiXiM combined model

This appendix describes the guidelines for realizing thergmpets given in the main report and
are accomplished using the SUMO-Simulink-OMNET++/MiXiM combineabdel. This
guideline is spliinto two parts: controller library generated part (procedufé®w to generate
a shared library by existent Simulink model) and bidirectionapling part (procedure to couple
SUMO and OMNeT++/MiXiM)

Note tha:
e We will try to make it as clear as we can, however, ifehare any questions, please
contact Chenxi Lei (current email addressei@student.utwente)nl
e Also, here we will just explain the procedures exactly ey twere done during the
experiments so it is possible that there are alternative ways to readiame sub
procedures, such as the way of calling a shared library.

1. Controller library generated part:
Thanks to the Real-Time Workshop tool, we can generatentgael built into the Simulink
environment into C and/or#3 source code.

1.1 Background

A Linux version of Matlab is used to convert the origiSahulink model into C++ source code.
In particular, the Real-Time Workshop tool is used for timisversion. The converted C++ code
is structured in C++ shared libraries that can be usdtidyinux-based simulaterSUMO. A
Linux version of Matlab is used, sindeis difficult to build a shared library in the Linux-based
simulator SUMO, using the source code generated from Resd-Workshop tool embedded in
aWindows version of Matlab.

1.2 Softwar e specification

Because the latest version of the controller (oag®imulink model) provided by TNO can only
be used without any bug in Matlab 2010b and the current xL@®penSUSE (version 10.3)
distribution installed on the UT/DACS lab computers dasssnpport the Matlab 2010b versjon
we had to use other operating systems or a higher versioiLioiux kernel. Using the support of
the UT/EWI ICT helpdesk we installed on a computer the opgratystem:Ubuntu 10.04.
Using this operating system, we could install and use limeix verson of Matlab 2010b
(which can be found dtttp://www.mathworks.com/support/sysreg/current_release/linuX.html

1.3 C++ Code generation

First, onehas to open Simulink model to be used (see Section 2 of AppBhdThen in order to
convert this Simulink model into C++ code by using the RéaeTWorkshop toglone has to
configure the Real-Time Workshop parameters according@ne can get access to the
configuration parameters Isdecting “tools->Real-Time Workshop-®ptions” . Figure 1 gives
a screenshot of the dialog window used during the Real-TiowdNop configuration.
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Figure 1: Real-Time Workshop Configuration

1.3.1 Realfime Workshop configuration: “system target file”

In the “system target file” option in Figure 1 you can select which kind of coder you would like
to use to generate the coble clicking the “Browse” button. Since we have to use the code in
Linux environment (here we used Ubuntu 10.04), available optier®fopiling in Linux are

e -ert.tlc (Real-Time Workshop Embedded Coder)

e -grt.tlc (Generic Real-Time Target)

Moreover, because wéo not have the license of “ert.tlc”, the only choice for us is to use
“grt.tlc”.

1.3.2 Realfime Workshop configuration: “Language”
The “Languag@ (see Figure Jlof the generated code is chosen as “C++”, because the simulator
(SUMO) we are going to apply is using (in calls) C++ sharedriibs.

For other parameteria the tab “Real-Time Workshop”, see Figure 1, we just use the default
values. Of course, onean customize other parameters such as “compiler optimization level”, see
Figure 1, in order to make the compilation faster.



1.3.3 Real-Time WorkshepSolve configuration
In addition to the “Language”, also the parameters associated with the “Solver” have to be
configured, see Figure 2.

£ @ cConfiguration Parameters: caccrt/Configuration (Active)

|select:

Data Import/Export

E'-OpT.i mization
' Diagnostics

i~Hardware Implemen,.

Sample Time

—Data Validity

i~ Type Conversion
Connectivity

= Compatibility

L-Model Referencing

-~ Saving

- Stateflow

Model Referencing
= Simulation Target

=Symbols
—Custom Code

1 Real-Time Workshop

[4]

Report
—Comments
- Symbaols
‘Custom Code
i~Debug
~interface

Simulation time

Start time: | 0.0 Stop time: | 0.005

Salver options
Type: Fxed-stap * Spolver: odeS {Dormand-Prince)

Fixed-step size (fundamental sample time) 0.01

Tasking and sample time oplions
Penodic sample ime constraint: Unconstrained

Tasking mode for periodic sample times: Auto
Automatically handle rate transition for data transfer

Higher prionty value indicates higher task pnonty

oK Cancel

Figure 2: Solver Configuration

Help

[4]e

Apply

In the“Solver” tab (see Figure 2)type” is chosen to be “Fixed-step” and “solver” is chosen to
be “ode5”.
Since all sample times in the model must be aeger multiple of the fixed-step size

(specified by Real-Time Workshop) and the sample time gbagntimestep) of the model is
0.01s, we just set the same valuetfar “fixed-step size”. We set the stop time to 0.005s, since
this stop time must be smaller than one sample timé$igp ”’s). Soevery time we call the C++
shared library (built using the generated code), it will Higesame effect as when the Simulink
model would execute one run.



If you specify the stop time equal or higher tH&n01”’s, then every time the C++ shared
library is called, it will have the effect as when then@ink model executes more than two runs
This will mean that for CACC, at the beginning of each the, C++ shared library would use
the same value for preceding vehicle’s acceleration (one input of the controller). Thus every time
the C++ shared library is called, the valioe preceding vehicle’s acceleration for all the runs
after the first run will be out-dated.

In our experiments, we would like to evaluate the perfoomasf CACC controller used in
ideal communication circumstances, where the controdleralways getfresh” and up to date
input every time it runs. So in each SUMO timestep, weipthat the CACC controller runs
once by calling the C++ shared library once. In this waycan timely assign the fresh (and up
to date)value of preceding vehicle’s acceleration to the CACC controller. Therefore, we have to
specify the value of stop time less than one sampilingstep. For other parameters, we just use
the default values.

1.3.4 Other Considerations

After that, one can convert the whole Simulink model byedelg “tools->Real-Time
Workshop> Build Model”. It is important to note that we encountered several probtkmag
the process of converting the original Simulink model pravidg TNO, into the C++ source
code.

In the original Simulink model provided by TNO, two stateflow (chadre used, which could
not be converted. One stateflow (chart) is used in“thelt detection, isolation&recovery”
module in the RT system, the other is usethe “from HMI” module, see Appendix B. The
following error message was generatkaing the conversion process: “To build RTW with
Stateflow blocks requires a valid Stateflow Coder license”. It’s still not clear whether a real
license is needed or it might only be a bug. A similar prololecurred when we tried to convert
the Kalman filters.

Therefore, we have just taken the pure ACC and CACC dmgdrom the RT control system
and the“G a” module that is used to revise the value generated by the &@CCACC
controlers from the “vehicle” module. Due to the converting problems with the Kalman filters,
we were not able to use the “single target tracking” or “multiple target tracking” functions
incorporated in the “target-tracking” block. This is because these functions are using the Kalman
filters. The ony “target-tracking” function that we could use is the “direct measurement”
function. All details about the original Simulink model daafound in Section 1, Appendix B,
and the modified Simulink model used in the experiment®padd in this assignment can be
found in Section 2, Appendix B.

Finally, we were able to generate the C++ code of thefraddsimulink model, which does not
include fault detection and host tracking functions. Nb&fpre one converts the model, the
parameters of the model can be loaded by running the prarfiee. The original parameter file
is named “caccrt p.m” which was used together with the original Simulink model named
“caccrt.mdl”. The modified parameter file is named “testpartofcacc p.m” used for modified
Simulink models for controllers which supplied by this apperdote that the CACC controller
models’ names start with “trysome” while the ACC controller models’ names start with
“accwithout”.



1.4 Code M odification and Share library generation

Though the C++ code could be successfully generated by RealWorkshop tool using parts
of the original Simulink model provided by TNO,igiC++ code cannot be applied within the
SUMO environment directly without modifications.

1.4.1 short introduction of the generated code

As example, we use the Simulink CACC controller model ihatcluded in a file denoted as
“trysome”. S0 a folder containing the generated code would be created wathname
“trysome_grt_rtw”. Figure 3 is a screenshot of the files contained infolater.

& chenxi | CACC  trysome_grt rtw

' e *Re ‘R * B . Re * Re . Be * e
rtGetinf.h rtGetNaN.h rtmodel.h rt_nonfinite.h rtwtypes.h trysome.h trysome_private.h trysome_types.h
[ TR Y " GO
" ‘rt ra e L
¥ . 5 [ . "
|+ 5 S A | |5 B v h |
nGetinf.cpp nGetNaN.cpp rt_nonfinite.cpp trysome.cpp trysome_data.cpp grt_main.o nGetinf.o nGetNaN.o

MOEL
ST

L | i l | -

rt_logging.o t_nonfinite.o rn_sim.o trysome.o trysome_data.o defines.txt modelsources.txt rtvi_proj.tmw

3
4

FET

trysome.mk trysome_ref.rsp buildinfo.mat rtwtypeschksum

Figure 3: folder of generated code

As seen from Figure, 3he folder of the generated code comprises five souress(fdpp) while
the most important two of them are “trysomecpp” (whose content is related to Simulink model's
algorithm), “trysome data.cpp” (comprising the values for parameters of the model inlgerite
from the file “testpartofcacg.m”.

Other files are the corresponding headiles of the above source files, the corresponding
objective files and the most importdmhake’ file that isnamed “ trysome.mk” (at lower left of
Figure 3) The “ trysome.mk” file can be used to compile the modified code and to generate a
executable file in th@arent folder named “ trysome” (here isthe folder “CACC”).

1.4.2 Modifying procedures

Commonly, to change values for the parameters in the model can just modify the
corresponihg values in “trysome.cpp”. For the purpose of coupling the source file to our traffic
simulator (SUMO), we have to modify thHerysome.cpp” in the following way:

1) Because these machine-generated code are hard to read bylbeings, in order to know
which functions inside “trysome.cpp” would be called and their sequence to be called, we
just simply add one sentence to every function defined in “trysome.cpp” so that once some
function is called, it will print out the correspondingdi Figure 4 shows such an example.



extern "L void Tt UDECTeatelntegrationatalRIWSOLVErinio *51)

{ cout<<"extern c void rt ODECreateIntegrationData is called"<<endl;
UNUSED PARAMETER(s1i);
return;

1 /* do nothing */

Figure 4: example for adding sentence

In Figure 4 once the function “rt ODECreatelntegrationData” is called, the sentence
“extern ¢ void rt_ ODECreatelntegrationData is called” will be displayed in the “terminal”
window of Ubuntu. Then onean run the “trysome mk” in the command line to compile
the code adhthen also run the executable file named “trysome” available in the parent
folder as stated in 1.4.1. After that, the exact funsticadled during one run of the model
will be displayed in the “terminal” in time sequence.

2) by doing the first step, we know that four functions aeeessarily to be called and their
names are:

void trysome_initialize(bool firstTime);

extern "C" void MdlInitialize(void);

extern "C" void MdIOutputs(int tid,float data[],float *q1);
extern "C" void MdlUpdate(int tid,float data[],float *q1);

The names of the above four functions are exacttii@se in the machine-generated code
while the parameters and data types of above four fuischiave already been changed to
make sure they can be called by the SUMO traffic simuldtois is because the original
data types are only defined in Matlab.

The previous two functions are used to initialize the cdetrohnd MdIOutputs is the
function which performs the control algorithm. Every dithe controlleris called, the
MdIUpdate is used to update information of the controllee @tray“data[]’ is used to
assign values to the inputs of the controller and gl esl s fetch the output of the
controller (the acceleration). In function MdIOutpute tinput parameters are named in
the form of trysome_U.In1, trysome_U.In2,... and the outpuésnamed in the form of
trysome_Y.Outl, trysome_Y.Out2

The sequence numbers of inputs and outputs are exactathe as those used in the
Simulink model. In other words, trysome_U.In1, trysome_U.InAd..tysome_U.In7
exactly correspond to Inl, In2, ...In7, associated with the modified Simulink model
described in section 2 of Appendix B. Furthermore, trysom@uil and
trysome Y.Out2 correspond to Outl (reference acceleration after the “G_a” block™ and
Out2 (reference acceleration before the “G_a” block), see Section 2 of Appendix B.
Therefore, we assigned parameters as shown in Figure Setoidd the reference
acceleratiorby “G_a” as shown in Figure 6:



/* Model output function */
void trysome output(int tid,float data2[], float *gl,float *g2)
{
//cout<<"trysome output is called"<<endl;
trysome U.Inl=data2[@];//leading position
trysome U.In2=data2[1];//leading speed
trysome U.In3=data2[2];//host position
trysome U.Ind4=data2[3];//cruise speed
trysome U.In5=data2[4];//time headway
[
[

trysome U.In6=data2[5];//preceding vehicle's acceleration
trysome U.In7=data2[6];//host velocity

Figure 5: inputs assignment

*gl=trysome Y.Outl;//reference acceleration after G a
*g2=trysome Y.0ut2;//reference acceleration before G a

Figure 6: outputs fetched

In Figure 5, onean see an array named “data2” that is used to assign values to the inputs of
controller. Here fetching the value of the accelerationbéiG a” (the second output:
trysome_Y.Outl) is done only for test purpose.

3) Subsequently, in the sourfie “trysome.cpp”, parameters of the above four functions should
be modified (to make these parameters and data type theasattmese in the source file) in the
function declarations in the corresponding legdie “trysome.h”.

Furthermore, also the data types“trysome.h” are needed to be modified from those
specific for Matlab to general data types. In particulae data type “int T” is changed
into “int”, the data typ€bool T is changed to “bool” and the data typéTeal T” is
changed to “float” or “double”.

4) After modifying the code, a shared library is necessabgetcreated to make use of this code.
Here only the target files (all the files with th&ffix “.0”) in the folder shown in Figure 3 are

needed. The shared library can be put anywhere if ondnitoe linked to. Below the commands
we used to generate the shared library are shown:

>>make -f trysome.mk //compile the generated code
>>g++ -g -shared -WI,-soname, libtrysome.so0.0 \

-0 libtrysome.s0.0.0 trysome.o grt_main.o rtGetinf.o m&&.0 rt logging.o
rt_nonfinite.o

rt_sim.o trysome_data-dc //using target file to create shared library
>>/shin/ldconfig -n .
>>|n -sf libtrysome.so.0 libtrysome.so //link differex@mes of the shared library

For more details about creating a shared library, youefanto the following URL
http://www.fags.org/docs/Linux-HOWTO/Program-Library-HOWTO.html



http://www.faqs.org/docs/Linux-HOWTO/Program-Library-HOWTO.html

5) Since we have 9 following vehicles and two kinds of colett®CACC and ACC), we need
to create 18 shared libraries for each possible combination.

Therefore, the above procedures have to be repeated fonds8 th addition to this note
that the names for the four functions (stated in gbeond procedure of this section)
should be different in different shared libraries. Tisisneeded in order to prevent
confusion in SUMO when calling the same function belonging fferdnt libraries.

These names can be modified manually after the cagenisrated for each combination.

An easier way to do that is modify these names inlat@tw/c/grt/grt_main.c before
generating the code with Real-Time Workshop. As showngdnrEi7, we modified the
function name “MdIOutputs” to “MdlOutputs3” and “MdlUpdate” to “MdlUpdates3”
manually in /matlab/rtw/c/grt/grt_main.c so that in the gendratale, the corresponding
function names in source file “trysome3.cpp” (the name of the different Simulink model
should also be different. Moreover, for a differenh@ink model, e.g.;trysome3”, the
names of thee functionswould be “MdlUpdates3” and “MdlOutputs3”. In this way, one
can assign different names for same functions usddferent libraries.

extern void MdlOutputs3(int T tid);
extern void MdlUpdate3(int T tid);

Figure 7: example of modifying function name

6) In order to use this shared libraries, we have to link SuwdMtBem, which is accomplished by
specifying hese libraries’ address in: “sumo/src/Makefilé’.

Because we move all the generated shared library to the address ‘“‘sumo/src/microsim”,
we specify these libraries’ address in two different places of the file “sumo/src/Makefile”

as shown in Figure 8:

sumo DEPENDENCIES = ./netload/libnetload.a ./microsim/libmicrosim.a \
./microsim/cfmodels/libmicrosimcfmodels.a \
./microsim/devices/libmicrosimdevs.a \
./microsim/output/libmicrosimoutput.a \
./microsim/MSMoveReminder.o \
./microsim/trigger/libmicrosimtrigger.a \
./microsim/actions/libmsactions.a \
./microsim/traffic lights/libmicrosimtls.a $({MESO_LIBS) \
./utils/geom/libgeom.a ./utils/shapes/libshapes.a \
./microsim/libtrysome.so \
./microsim/libtrysomel.so
./microsim/1libtrysome2.so
./microsim/libtrysome3.so
./microsim/libtrysome4.so
./microsim/libtrysemes.so
./microsim/libtrysome6.so
./microsim/libtryseme7.so
./microsim/libtrysome8.so
./microsim/libaccwithout.so \
./microsim/libaccwithoutl.so \
./microsim/libaccwithout2.so \
./microsim/libaccwithout3.so \
./microsim/libaccwithout4.s0 \
./microsim/libaccwithout5.50 %
./microsim/libaccwithout6.so \
./microsim/libaccwithout7.s50 \
./microsim/libaccwithout8.so \

i

am_ DEPENDENCIES 3 = ./netload/libnetload.a ./microsim/libmicrosim.a \
./microsim/cfmodels/libmicrosimcfmodels.a \
./microsim/devices/libmicrosimdevs.a \
./microsim/output/libmicrosimoutput.a \
. /microsim/MSMoveReminder.o \
./microsim/trigger/libmicrosimtrigger.a \
./microsim/actions/libmsactions.a \
.fmicrosim/traffic lights/libmicrosimtls.a $(MESO_LIBS) \
./utils/geom/libgeom.a ./utils/shapes/libshapes.a \
./microsim/libtrysome.so \
./microsim/libtrysomel.so \
./microsim/libtrysome2.so
./microsim/libtrysome3.so
./microsim/libtrysome4.so
./microsim/libtrysome5.so
./microsim/libtrysome6.so
./microsim/libtrysome?.so
./microsim/libtrysome8.so
./microsim/libaccwithout.so \
./microsim/libaccwithoutl.so \
./microsim/libaccwithout2.so \
./microsim/libaccwithout3.so \
./microsim/libaccwithout4.so \|
./microsim/libaccwithout5.s0 \
.fmicrosim/1libaccwithout6.s0 \
./microsim/libaccwithout7.50 \
./microsim/libaccwithout8.so \

i R e

Figure 8: libraries address specification



In Figure 8, we can see the generated libraries with thae rfdibtrysome.sd,
“libtrysomel.sd,..., “libtrysome8.s8 (for CACC) and “libaccwithout.sd,
“libaccwithoutl.sd,.., “libaccwithout8.s8 (for ACC) that are used as dependendigs
the SUMO environmentBy running the file “sumo/src/Makefile” (“make” command
under this directory), SUMO will be linked to these libraries.

So far, shared libraries of the controller have beeated and can be used by the SUMO
environment

Note: our way of just calling these four functions wondkenthe executable file “trysome”

work (with segmentation fault) after modification, ibé controller works well if it is just used
in the form ofashared library

1.5 Using the shared librariesin SUMO

The SUMO installation can be found via the following URL:
http://sourceforge.net/apps/mediawiki/sumo/index.php?title>tBuould

The version we used is the subversion of SUMQ; please refer to “subversion checkout” at
above URL.

In SUMO, the essential source file used to calculate ¢hécle speed (by car-following models,
see section 3.1.2 of the report) is “MSVehicle.cpp” under the directory/sumo/src/microsim/.
Figure 9 is a section we wrote in this file to call the stidibrary for a specific vehicle.

if Emyfakelégﬁ==0]ffit's the beginning timestep of the simulation
{trysome initialize(1);
MdlInitialize3();//initialize CACC library for this vehicle

}
datap[0]=(*pred).getPositionOnLane();
datap[l]=(*pred).myState.mySpeed;
datap[2]=myState.myPos;

datap[3]=v c;

datap([4]=h;

datap[5]=predacc;

datap[6]=myState.mySpeed;//assign values to a array to pass

if (myfakelead=08)//After the beginning timestep of the simulation
{MdlUpdate3(0,datap,&ql,&qg2) ;}//update the input
MdlOutputs3(@,datap,&ql,&g2);//calculate the reference acceleration

if (gl=2)

{01=2;}

else if (gl<-9)

{ql=-9;}//1imit the acceleration with max value 2 and minimu value -9
myState.mySpeed=myState.mySpeed+gl*0.01;//calculate the speed by reference acceleration
myState.myPos=myState.myPos+myState.mySpeed*0.081;//calculate the position

Figure 9: calling shared library in SUMO

As seen in Figure 9, at the beginning of the simulation,nitmlize the shared CACC library
and then waise an array “datap” to store the values for the input parameters of the controller.


http://sourceforge.net/apps/mediawiki/sumo/index.php?title=LinuxBuild

These parameters stored in sequence are: preceding vehicle’s position, speed, host vehicle’s
position, cruise speed, time headway, preceding vehicle’s acceleration and host vehicle’s speed.

Then this array would be used by the function “MdlOutputs3” to calculate the reference
acceleration.However, the inputs have to be updated by calling “MdlUpdate3” before
“MdlOutputs3” is being called at each time step after the first tiegesthen the reference
accelerationfetched by “ql” (revised by “G_a”) should be limited by the maximum value
2m/s”2 and minimum value of -9m/s”2. Finally this accelenatan be used to calculate the
speed and position.

In this way, we successfully couple the controller moael 8UMO. For other details, please
refer to the source code.

2. Bidirectional coupling between MiXiM and SUM O part:

In this part, procedures to bidirectional couple the tradfraulator SUMO and the network
simulator OMNeT++/MiXiM are explained. A similar bidirectial coupling example can be
found at the following URL:

http://veins.car2x.org/tutoriglivhere Christoph Sommer gives an example of coupling SUMO
and OMNeT++/INeT.

2.1 Softwar e Specification

In MiXiM, which is modified by Christoph Sommean example named “traci launchd” is
given. In this example, vehicles in SUMO are using the OMN&MiXiM to communicate by
exchanging messages and move from a starting point toiaadiest point. This make it possible
for us to implement our SUMO model (see Section 3.2.2 ennthin report) and the network
model (provided by UT/DACS) by modifying such example. The exact softwanarenments
that we used:

OMNeT++ 4.1

DACS-MiXiM.1.2 (supplied by UT/DACS) packet
MiXiM-sommer (git://github.com/sommer/mixim-sommer.gicket
SUMO-0.12 subversion (stated in section 1.5)

For installation of OMNeT++4.1, please refer to:
www.omnetpp.org/doc/omnetpp4l/installGuide. pdf

For installation of MiXiM packets, please refer to:
http://veins.car2x.org/tutorial/

For installation of SUMO, please refer to:
http://sourceforge.net/apps/mediawiki/sumo/index.php?title>tBould

The following sections describe how to implement theitrafhd network models used in this
assignment.
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2.1 Building the traffic model

As stated in Section 3.2.2 of the report, our traffic maglglite simple, which is different from
Christoph Sommer’s model in “traci launched” (after installation, its directory is “omnetpp-
4.1/samples/miximommer/examples/traci_launchd”). So we have to replace the corresponding
“net.net.xml” and’routes.rou.xml” files in the folder of “omnetpp-4.1/samples/mixim-
sommer/examples/traci_launc¢hdiere the “net.net.xml” file specifies the road network, and the
“routes.rou.xml” file specifies the route of vehicle.

The “net.net.xml” file is created by two xml files: “hello.nod.xml” and “hello.edgxml” which
can be seen in Figure 10 and Figureréspectively.

Enodes=
=node id="1" x="0.8" y="0.8" /=
=node id="2" x="+5000.8" y="0.8" /=
<node id="3" x="+5001.8" y="0.8" /=
</nodes>
Figure 10: hello.nod.xml
cedges=

<edge fromnode="1" id="rl1" tonode="2" />
<edge fromnode="2" id="r2" tonode="3" />

- /edges=
Figure 11: hello.edg.xml

Since in SUMO, a road network with only one section @ nllowed, we defined in
“hello.nodxml” three nodes in a horizontal line as seen in Figure 10 with the coordinates (0.0,
0.0), (5000.0, 0.0) and (5001.0, 0.0). In Figure 11, we show thategetwe edges to connect
thesethree nodes. In order to build such a “net.net.xml” file, the following command should be
executed under the directory “sumo/bin/”. Moreover, both of the “hello.nod.xml” file and
“hello.edg.xml” file should be put under this directory, because “netconvert” tool is installed
here by default.

>> /netconvert --xml-node-files=hello.nod.xml --xml-edge-files=hello.edg.xml --output-
>>file=net.net.xml

Furthermorethe “net.net.xml” file (see source code) is also generated here and should be moved
to “omnetpp-4.1/samples/miximsommer/examples/traci launchd” and replace the “net.net.xml”
created by Christoph Sommer.

Furthermorethe “routes.rou.xml” used for our experiment can be seen in Figure 12, which is
also moved to “omnetpp-4.1/samples/mixim-sommer/examples/traci_lauhfider to replace

the “routes..rou.xml” created by Christoph Sommer.
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kroutes>
<yiype accel="2.5" decel="18" id="vl" length="4.46" maxspeed="108.0" sigma="0.0" /=
<vtype id="vf" length="4.46" maxspeed="58.8" sigma="0.8"=>
<carFollowing-IDM accel="2" decel="9" sigma="0.8"/>
</vtype>
lkroute id="route®" edges="rl r2"/>
<vehicle depart="1" id="veh®" route="route®@" type="v1l" departpos="235.44" departspeed="20" /=
<vehicle depart="1" id="vehl" route="route@" type="vf" departpos="289.28" departspeed="19" />
=<vehicle depart="1" id="veh2" route="route@" type="vf" departpos="183.12" departspeed="19" />
<vehicle depart="1" id="veh3" route="route@" type="vf" departpos="156.96" departspeed="19" />
<vehicle depart="1" id="wveh4" route="route@" type="vf" departpos="130.88" departspeed="139" />
<vehicle depart="1" id="wveh5" route="route®" type="vf" departpos="184.64" departspeed="19" />
<vehicle depart="1" id="veh6" route="route®" type="vf" departpos="78.48" departspeed="19" />
<vehicle depart="1" id="veh7" route="route®" type="vf" departpos="52.32" departspeesd="19" /=
<vehicle depart="1" id="veh8" route="route@" type="vf" departpos="26.16" departspeed="19" /=
<vehicle depart="1" id="veh2" route="route®" type="vf" departpos="0.08" departspeed="19" /=
</routes>

Figure 12: routes.rou.xml

As Figure 12 shows, we definechicle’s length, maximum speed sigma (humarnnfluence
index) and even car-following model. However, since thereeice acceleration calculation is
calculated in our model using the controller library we ¢eeel in Section 1, the following
SUMO parameters: “accel”, “decel”, “maxspeed”, “sigma” and “carFollowing-IDM” will not be
used in our SUMO model. Nevertheless, the SUMO parametets faseeach vehicle on
departureposition (“departpos”) and departure speed (“departspeed”) are still applied in our
SUMO model.

So far, we are able to provide the traffic model for our expnt.
Note: speed of the 9 following vehicles in Figure 12 is ingha&f the shared libraries generated

in Section 1, while the behaviour of the leading vehicle Iso aspecified also in
/sumo/src/microsim/MSVehicle.cpp, which can be seen in FigBr@and Figure 14:

mytake (ead>=B000&EmyTake (ead<8250)
{
myState.mySpeed=myState.mySpeed+0.82;

myState.myPos=myState.myPos+0.81*myState.mySpeed;

Figure 13: accelerating scenario
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if (myfakelead>=8800&&myTakelead<B8855)
{myState.mySpeed=myState.mySpeed-8.09;
myState.myPos=myState.myPos+0.01*myState.mySpeed;
myTarget=0;

myacclex=-9;

myfakelead++;

}

else if (myfakelead==8855)
i
myState.mySpeed=myState.mySpeed-8.085;
myState.myPos=myState.myPos+8.01*myState.mySpeed;
myTarget=0;

myacclcx=-5;

myfakelead++;

}

Figure 14: decelerating scenario

Figure 13 and Figure 14 describe the edesting vehicle’s behaviour in accelerating scenario
and decelerating scenario given in Section 4.2 of the report.

In Figure 13, the leading vehicle accelerates with the eaten 2m/s”2 from timestep=8000 to
timestep=8250 and its speed accelerates from 20m/s to 25m/s whiigune 14, the leading
vehicle decelerate with the acceleration -9m/s”"2 frome$tep=8000 to timestep=8054 and with
the acceleration -5m/s”2 at timestep=8055, so its speaiedates from 20m/s to 15m/s. During
other time, the acceleration of the leading vehicketdo zero.

So far, the traffic model has been built completely.

2.2 Implementing the Networ k model

To install the network model supplied by UT/DACS, we modifitd “car.ned” file and
substitued the application layer, network layer, Mac layer, ghgsical layer modules supplied
by UT/DACS. The “car.ned” file can be found under thelder: “omnetpp-4.1/samples/mixim-
sommer/examples/traci_launc¢hdlhe modules contained in the “car.ned” file can be seen in
Figure 15:

D Car E]BaseNLc

utility ]
x|
| —
t 4
m
mobility
G__l Pty
arp
Figure 15: car.ned
Figure 16: nic
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What we changed are the “appl”, “net”, “nic” (comprising “mac” and“phy” modules, see Figure
16) modules in Figure 15. llAthe other moduleScar.ned” file are left unchanged. This part
comprised two procedures:

First, we put the necessary files to specific direcsorie

For the physical layer, we had to moue following files from the directory “omnetpp-
4.1/samples/DACS_MiXiMt.2/modules/phy/” to the directory “omnetpp-4.1/samples/mixim-
sommer/modules/phy/”.

“Decider80211p.cc”
“Decider80211p.h”
“PhyLayerp.cc”
“PhyLayerp.h”

“ PhyLayerp.ned”

For Mac layer, we have to move the following fildBom the directory “omnetpp-
4.1/samples/DACS_MiXiMt.2/modules/mac/” to the directory “omnetpp-4.1/samples/mixim-
sommer/modules/mac/”.

“Mac80211p.cc”
“Mac80211p.h”
“Mac80211p.ned’

Since themodules corresponding to physical layer and Mac layer (“mac” and “phy” in Error!
Reference source not foumeke comprised in “nic” module as seen in Error! Reference

source not found.we also have to movehe file “Nic80211p.ned” from the directory
“omnetpp-4.1/samples/DACS_MiXiMt.2/modules/nic/” to  the  directory  “omnetpp-
4.1/samples/miximommer/modules/nic/”.

For the network layer, we have to move the following fifesm the directory “omnetpp-
4.1/samples/DACS_MiXiMt.2/modules/netw/” to the directory “omnetpp-4.1/samples/mixim-
sommer/modules/netw/”.

“BeaconNetwLayer.cc”

“BeaconNetwLayer.h”

“BeaconNetwLayer.ned”

(Note that the following six files are not use in our ekpent but might be used in future):
“JitterBeaconNetwLayer.cc”

“JitterBeaconNetwLayer.h”

“JitterBeaconNetwLayer.ned”
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“ReactiveBeaconNetwlayer.cc”
“ReactiveBeaconNetwlayer.h”
“ReactiveBeaconNetwlayer.ned”

For the application layer, we have to move the follgwiiles from the directory‘omnetpp-
4.1/samples/DACS_MiXiMt.2/modules/application/”  to  the  directory  “/omnetpp-
4.1/samples/miximommer/modules/application/”.

“BeaconApplLayer.cc”
“BeaconApplLayer.h”
“BeaconApplLayer.ned”

Second, after moving the files as stated in first proeedue have to specify the directories of
the “BeaconNetwLayer.ned”, “BeaconApplLayer.ned”, “Nic80211p.ned” as shown in Figure 17
to the beginning of the “car.ned” source file.

package org.mixim.examples.traci launchd;

import org.mixim.modules.mobility.traci.TraCIMobility;
import org.mixim.base.modules.*;

fimport org.mixim.modules.application.BeaconApplLayer;
import org.mixim.modules.netw.BeaconNetwlayer;

import org.mixim.modules.nic.Nic8e211p;

Figure 17: beginning part of "car.ned" source file

The first line in Figure 1gives the directory of “traci launchd”; the second line is empty; the
third line gives the directory of “mobility” module in Figure 15 the forth line gives the
directories of “utility” module and “arp” module in Figure 15; the other lines (in shadow) give
the directories of modules supplied by DACS (the directories of “BeaconNetwLayer.ned”,
“BeaconApplLayer.ned”, “Nic80211p.ned”—corresponding to thénet”, “appl”, “nic” modules

in Figure 195.

In addition to the abovewe have to specify the directories of the ‘“PhyLayerp.ned” and
“Mac80211p.ned” as shown in the beginning of the “Nic80211pned” source file.

package org.mixim.examples.traci launchd;

import org.mixim.modules.phy.PhylLayerp;
import org.mixim.modules.mac.Mac80211p;

Figure 18: beginning part of "nic.ned" source file

Again the first line in Figure 18ives the directory of “traci_launchd”; the second line is empty;
the other lines (in shadow) give the directories of madsilgoplied by DACS (the directories of
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9 ¢C

the “PhyLayerp.ned” and “Mac80211p.ned”—corresponding to the “phy”, “mac” modules in
Figure 19.

Using the other files contained in the following directay successfully could built our network
model:

omnetpp-4.1/samples/mixim-sommer/examples/traci_launchd

2.3 Bidirectional coupling of the traffic model and networ k model

Since our whole model is based on the existent “traci launchd” model created by Christopher
Sommer, we can already run the simulation after builthegraffic model and network model
as stated in section 2.1 and 2.2 of this Appendix. Howewelar, the CACC controller cannot
work, because we have not implemented what parameters toripeunicated using the
OMNeT++/MiXiM model. The only parameter to be transmittedédread using the wireless
channel for CACC in our experiment is theceding vehicle’s acceleration. So here we just
specify vehicle’s acceleration as the only parameters transmitted by the OMNeT++/MiXiM
model.

2.3.1 Parameter definition

In order to transmit vehicle’s acceleration between OMNeT++/MiXiM and SUMO, we have to
define thesgrarameters in two files with the same name “TraCIConstants.h” and same content.
Their directories are “omnetpp-4.1l/samples/mixinsommer/modules/mobility/traci/” and
“sumo/src/traci-server”. The same lines showed in Figure 19 should be added to the two files

// acceleration of preceding vehicle
#deTine VAR PREDACC Bx94

Figure 19: parameter definition

Here, the parameter “VAR PREDACC”, shown in Figure 19 should be hex number, which is
not used by other parameters defined in those two files. thateVAR_PREDACC represents
the acceleration of preceding vehicle. This name is just imsexchanging parameters between
OMNeT++/MiXiM and SUMO environments. In the network model souileeand the traffic
model source file, a different name may be used.

2.3.2 OMNeT++/MiXiM modification

In the OMNeT++/MiXiM, we have to modify three main filéghese are:
omnetpp-4.1/samples/mixim-sommer/modules/mobility/traci/TkédRlility. h
omnetpp-4.1/samples/mixim-sommer/modules/mobility/traci/ Te@€harioManager.cc

omnetpp-4.1/samples/mixim-sommer/modules/application/Beacdbéysy.cc
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1) In “TraCIScenarioManager.cc”, we defined a function named “commandSetPredacc” shown
in Figure 20:

//command set predacc

void TraCIScenarioManager::commandSetPredacc(std::string objectId, double acclcx) {
double wocao=acclcx;
uint8 t variableId =VAR PREDACC;
uint8 t variableType =TYPE DOUBLE;

if (objectId[3]>=48&EobjectId[3]<=57)
{queryTraCI(CMD SET VEHICLE VARIABLE, TraCIBuffer() << variableld << objectId << variableType << wocao);
¥

Figure 20: "commandSetPredacc" definition

In Figure 2Q we can see that this function uses tbigjectld” (vehicle’s id: from “veh0”,
“vehl”...to “veh9”) and “acclcx” (preceding vehicle’s acceleration) as parameters.
Moreover, we use the “variableld” (VAR PREDACC as defined in section 2.3.1) and
“objectld” as the parameters of “queryTraCI” to pass the command
“CMD_SET VEHICLE VARIABLE” to SUMO through TraCl.

2) In order to call this function by the application layérthe network model, we can define
another function in “TraCIMobility.h” to call “commandSetPredacc” as shown in Figure 21.:

//command to set preceding vehicle's acceleration
void commandSetPredacc(std::string objectId,float accloxl) {
getManager( ) ->commandSetPredacc(objectId, acclcxl);

Figure 21: "commandSetPredacc" definition in "TraClMobility.h"

In Figure 21, only the name of parameters are different those shown in Figure 20

and we use “getManager()” to call the “commandSetPredacc” defined in
“TraCIScenarioManager.cc”.

3) In the “BeaconApplLayer.cc”, we modify the function of “handleLowerMsg”. The modified
part can be seen in Figure 22:

float lcxp=uniform(®,1};//define a random value between 8 and 1
if (lcxp<(1-fakepl)}//fake packet loss

if (myApplAddr()}==m->getSrcAddr{)+1)//message received from & vehicle has id larger than that of hest vehicle byl
{EV<<"vehicle "<<m->getSrcAddr{)<<" is vehicle "<< myApplAddr()<<"'s predecessor!"<<endl;
//bcounter++;//for test purpose
//EV<<"the bcounter is "<<bcounter<<endl;
std::string nodeId="vehx";
nodeId[3]=myApplAddr(}+48;//specify the host vehicle's id
myMobility->commandSetPredacc(nodeld,m->getAcceleration());//pass preceding vehicle's acceleration
Figure 22: modified part of "handleLowerMsg" in "BeaconApplLayer.cc"

As shown in Figure 22, we first generate a random value betveed 1 so that when
the packet loss is specified to “fakepl”, the application layer has a probability of (1-
“fakepl”) to deal with the received message. It would first check whether this message
comes from a preceding vehicle. If it is, théike message’s source address should be
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larger than the application layer’s address by 1 or we can say that the id of the vehicle
sending the message should be larger than the host vehicle’s id by 1. If this message
comes from a preceding vehicle, this application lay@nsiates its address to
corresponding vehicle’s (e.g. translate “1” to “vehl”). The last line calls the function
defined in “TraCIMobility.h” —“commandSetPredacc” so that the acceleration of
preceding vehicle stored in the message (“m->getAcceleration( )”) can be passed to
SUMO.

2.3.2 SUMO modification
In SUMO, two main files have to be modified. These are:

sumo/src/traci-server/TraClServerAPI_Vehicle.cpp
sumo/src/microsim/MSVehicle

1) In “TraCIServerAPI Vehicle.cpp”, first we have to add “VAR PREDACC” (see Section
2.3.1 of this Appendix) to the list of parameters that lsaraccepted by SUMO, as shown in
Figure 23:

&&variable!=VAR ACCEL&S\
&ivariable!=VAR TAU
&&variable!=VAR SPEED&E

&&variable!=VAR PREDACC!
Figure 23: adding "VAR_PREDACC" to those parameters accepted by SUMO

As shown (in the shadowed part) in Fig28, “VAR PREDACC” is put in the list of
parameters which SUMO can deal with. Once SUMO recesvatssage to set value for the
preceding vehicle’s acceleration (sent by the function “queryTraCI” in Figure 20), it would
execute the lines shown in Figure 24:

case"bAélﬁﬁEDACC:
if (valueDataType!=TYPE DOUBLE) {
server.writeStatusCmd(CMD SET VEHICLE VARIABLE, RTYPE ERR, "Setting predacceleration reguires a double.", outputStorage);
return false;
v-»setPredacc(inputStorage. readDouble());

break;
Figure 24: setting “VAR_PREDACC” value in “TraClServerAPI_Vehicle.cpp”

In Figure 24, we can see théthe type of the value for “VAR PREDACC” is
“TYPE _DOUBLE”, a function named “setPredacc” will be called to set this value to the vehicle.
This function is defined in “MSVehicle.h” as shown in Figure 25:

void setPredacc(double predaccl) {
predacc=predaccl;

}

Figure 25: "setPredacc" definition

As seen in Figure 25, in this function we just pass the valfieinput parameter
(“inputStorage.readDouble(), see Figure 24 to the parameter “predacc”.
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In this way, the value of pteding vehicle’s acceleration is passed to the parameter defined in
MSVehicle (“predacc”) and it contributes to the calculation of reference aaegien as shown in
Figure 9.

2.3.3 Iterating vehicles

Since in our experiment, each vehicle uses an independaetblé library, which is not
available in the existingarfollowing models in SUMO, we have to manually “tell” each vehicle
to use its own controller library. SUMO uses‘@erator’ in “sumo/src/microsim/MSLane.cpp”
to perform vehicle’s mobility starting from the last following vehicle towards the legd
vehicle. Therefore, we use  the counter named = “curr”  defined in

“sumo/src/microsim/MSLane.cpp” as shown in Figure 26:

bool
MSLane: :setCritical (SUMOTime t, std::vector<MSLane*> &into) {

int first2pop = -1;

int curr = 0;

bool hadProblem = false;
VehCont::iterator i;
std::vector<MSVehicle*> vaporized;

for (i=myVehicles.begin(); il!=myVehicles.end(); ++1i, ++curr) {
VehCont::const iterator pred(i + 1);
cout<<curr<<"\n";

bool removed;

removed = (*i)->moveFirstChecked(*pred,curr);

if (removed) {
vaporized.push back(*i);

MSLane *target = (*i)->getTargetlLane();
if ((removed||target!=0)&&first2pop<d) {

first2pop = lcurr;
}

Figure 26: counter "curr" in "MSLane.cpp"

In Figure 26 it is shown what we modified We use the function
“moveFirstChecked(*pred,curr)” to pass the value of “curr” and the pointer *pred) to
“sumo/src/microsim/MSVehicle.cpp”. This function is defined in
“sumo/src/microsim/MSVehicle.cpp”.

Note that“*pred” is a pointer defined in SUMO which can be used to refer to preceding vehicle
while “curr” is used in the following way. It uses an initial valud 0, and increases every time
by one when the vehicle is iterated in SUMO. In otherdspBUMO begins to move a different
vehicle in the direction from the kamllowing vehicle to the leading vehicle. After iterating al
the vehiclesn the road, “curr’ will be set to the value to 0 again. Since the originalse code
is quite large, we will give the simplified pseudo cadehow the counter “curr” is used in
“sumo/src/microsim/MSVehicle.cpp™:

>>switch (curr) {

>>case 0

>>ysing the library for veh9 (last vehicle);
>>preak;
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>>case 1
>>ysing the library for veh8;
>>preak;

>>case 8
>>using the library for vehl;
>>preak;

>>case 9
>>moving leading vehicle as stated in Figure 13/Figure 14;
>>preak;

>>default:
>>preak;
>>}

The details about definition of the functiomoveFirstChecked(*pred,curr)” can be found in the
source code of “sumo/src/microsim/MSVehicle.cpp”.

In addition to the above, the “omnetpp-4.1/samples/DACS_MiXiM-
1.2/examples/Mac802Btaconing/omnetpp.ini” should be used taeplace the “omnetpp-
4.1/samples/miximommer/examples/traci launchd/ omnetpp.ini”. Because this omnetpp.ini file
is easy to read, but is too large get the details of modification of this file, you aafer to its
source code. Note thaturing the implementation procedure, the “lambda g” defined in
“/omnetpp-4.1/samples/mixinsommer/modules/netw/ BeaconNetwLayer.h” is not used. Instead
we definedanother variable named “ritama” denoting the beacon sending frequency in the same
file. Moreover, in /omnetpp-4.1/samples/mixim-somme/dules/netw/BeaconNetwLayer.cc”
we use the following statement to make the network model th gmatific number(the value of
“ritama’) of beacons every seconds:

“schedule At(simTime() + (1.0/(ritama/100)), tauTimer);

So far, we have already described how to bidirectional eo@WNeT++ and SUMO by
modifying the code. To get more details, one can refer tecsamade of files listed below. These
files were modified or created by us. Some files arenmeitioned in the descriptions given
above because they were modified just for grammaonsa%.g. function declaration in head
files for the function defined in the source file:

/sumo/bin/hello.nod.xml

/sumo/bin/hello.edg.xml
/omnetpp-4.1/samples/mixim-sommer/examples/traci_launchd/netnhet.x
/lomnetpp-4.1/samples/mixim-sommer/examples/traci_launchd/car.ned
/omnetpp-4.1/samples/mixim-sommer/modules/nic/Nic80211p.ned
/lomnetpp-4.1/samples/mixim-sommer/modules/netw/BeaconNetwLayer.c
/omnetpp-4.1/samples/mixim-sommer/modules/netw/BeaconNetwLayer.h
/lomnetpp-4.1/samples/mixim-sommer/modules/application/Beaconapgilcc
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/omnetpp-4.1/samples/mixim-sommer/modules/application/BeaconApgilh
/omnetpp-4.1/samples/mixim-sommer/modules/mobility/traci/ TraClNtgthl
/omnetpp-4.1/samples/mixim-sommer/modules/mobility/traci/TraCINtg bt
/omnetpp-4.1/samples/mixim-sommer/modules/mobility/traci/TraGi&seManager.h
/omnetpp-4.1/samples/mixim-sommer/modules/mobility/traci/ TraGi&seManager.cc
/omnetpp-4.1/samples/mixisvmmer/modules/mobility/traci/TraCIConstants.h”
/sumo/src/traci-server/TraClConstants.h
/sumol/src/traci-server/TraClServerAPl_Vehicle.cpp
/sumol/src/traci-server/TraClServerAPl_Vehicle.cpp
/sumo/src/microsim/MSVehicle.h

/sumo/src/microsim/MSVehicle.cpp

/sumo/src/microsim/MSLane.h

/sumo/src/microsim/MSLane.cpp

Finally, the whole model is built.

In order to make the whole model to work, a script (~/omnétffsamples/mixim-
sommer/base/

sumo-launchd.py) should be runstirand wherethe shared libraries’ directory should be
mentioned. The command used for running SUMO in commanakline

LD LIBRARY PATH="/home/.../sumo/src/microsim" ~/omnetpp-4.1/samples/mixim-sommer/
base/sumo-launchd.py -vv -c ~/sumo/bin/sumo

One can 1un the simulation, either by running “omnetpp-4.1l/samples/mixim-
sommer/examples/traci launchd/ omnetpp.ini” graphical way, or a command line. For example,
if one wantgo run the configuration “configl” specified in “omnetpp.ini”, this command can be
used to run the simulation in command line underdih&tory “omnetpp-4.1/samples/mixim-
sommer/examples/traci launchd/”:

>>./run -c configl _c -u Cmdenv

For other details about SUMO, please refer to:
http://sourceforge.net/apps/mediawiki/sumo/index.php?titleaM2age

For other details about OMNeT++, please refer to:
http://www.omnetpp.org/

Please note that:
e the source code of the modified SUMO model can be suppligdther with this
Appendix;
e the source code of the modified MiXiM model can be sugptiegether with this
Appendix.
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