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ABSTRACT

PERFORMANCE EVALUATION OF FLEXRAY NETWORKS
FOR
IN-VEHICLE COMMUNICATION

Demirci, Ali
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Asst. Prof. Dr. Senan Ece Schmidt

November 2009, 169 pages

The increasing use of electronic components in today’s automobiles demands more
powerful in-vehicle network communication protocols. FlexRay protocol, which is
expected be the de-facto standard in the near future, is a deterministic, fault tolerant
and fast protocol designed for in vehicle communication. In the near future, safety
critical X-by-Wire applications will be available in the automobiles and FlexRay
networks can be used to provide communication for the Electronic Control Units
(ECUs) that perform related functions of X-by-Wire applications. In this thesis the
performance of the FlexRay networks with various communication scenarios is
evaluated in a real time environment and the results are presented. Communication
scenarios investigate both static and dynamic segment of the FlexRay and allow
evaluating the capabilities of the protocol. Several performance metrics such as

utilization, static slot allocation, jitter are defined for the evaluation of the results.

Keywords: FlexRay, In-Vehicle Communication, X-by-Wire, Performance of the

FlexRay networks.
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FLEXRAY AGLARININ ARAC ICi HABERLESMEDEKI
PERFORMANS DEGERLENDIRMESI.

Demirci, Ali
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Y. Dog. Dr. Senan Ece Schmidt

Kasim 2009, 169 sayfa

Glinlimiiz otomobillerinde artan elektronik birim kullanimi1 daha giiglii araba ici
haberlesme protokollerine olan ihtiyaci dogurmaktadir. FlexRay protokolii ortaya
cikan bu ihtiyaci karsilayabilecek Ozelliklere sahip, gerekirci, hatalara dayanikli ve
hizl1 bir haberlesme protokoliidiir. Yakin bir gelecekte X-by-Wire fonksiyonlar
otomobillerde kullanilmaya baslanacaktir. FlexRay bu fonksiyonlarin islemlerini
yerine getirmek i¢in kullanilacak Elektronik Kontrol Birimlerinin haberlesme
ihtiyaclarim1  karsilayacak yapida bir protokoldiir. Bu tez calismasinda farkh
haberlesme senaryolarinda ve gercek zamanli bir donanim ortaminda FlexRay
aglarinin performansi incelenmis ve sonuglar degerlendirilmistir. Bu haberlesme
senaryolar1 protokoliin hem statik hem de dinamik bdliitiinii kapsamaktadir.

Sonuglarin degerlendirilmesi i¢inde bazi performans metrikleri tanimlanmistir.

Anahtar Kelimeler: FlexRay, Arag ici Haberlesme, X-by-Wire, FlexRay Aglarmin

Performansi
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CHAPTER 1

INTRODUCTION

The number of electronic systems that are used in the automobiles is increasing and
mechanic, hydraulic systems are being replaced by new electronic systems which
are composed of Electronic Control Units (ECU). These systems are exchanging
large amount of data among themselves. This data consist of signals that are
encoded into messages. 2500 different signals can be exchanged among the ECUs
of an automotive system having several subsystems [8]. Furthermore these
messages have different characteristics. There are mainly two types of messages
defined as periodic and sporadic. Periodic messages are generated with fixed time
periods and their generation times are known deterministically. On the other hand
sporadic messages are generated in response to the occurrence of events, and their
timing properties are not known prior to the run time. In this thesis we use the

terms signals and messages interchangeably.

In the early days of the in-vehicle electronic systems, the signal exchange was
realized by point-to-point communication. As the number of messages increased
this approach was replaced by communication networks to decrease the wire
harness and cost as well as increase the maintainability. In-vehicle communication
networks are divided into two groups according to their timing characteristics as
event-triggered and time triggered networks. The type of the network to be used is
decided according to the requirements of the automotive applications and the type
of messages that they are needed to carry. Controller Area Network (CAN) is a
famous example for event triggered networks. For time triggered networks Local

Interconnect Network (LIN), Time Triggered Protocol (TTP), Time Triggered



CAN (TTCAN), Byteflight, and FlexRay can be given as the most important
examples. Each network has advantages and disadvantages over others considering
the cost, complexity, and performance. Apart from these examples several

automobile manufacturers use their own developed networks.

Today CAN is the most widely used network protocol because of its low cost,
robustness, and bounded communication delay. Its data rate can go up to 1 Mbps.
X-by-Wire systems (such as brake-by-wire, steer-by-wire, and drive-by-wire) will
be introduced in the cars in the near future, and the communication requirements of
these systems are much more demanding than today’s systems. These requirements
are the real-time transmission guarantees, scalability of the network to include new
nodes as required, high level of safety and fault tolerance as well as 5 Mbps of
network bandwidth [5]. 1 Mbps bandwidth of the CAN has become insufficient for
X-by-Wire systems. Furthermore Event-Triggered structure of the CAN is not
appropriate to satisfy the timing and safety requirements for the message
transmissions. For these reasons a new networking protocol is required for the

automobile manufacturers to replace CAN.

Three candidates are developed to be used with the future X-by-Wire systems by
various Development Groups. These candidates are TTCAN which is developed by
Automotive Systems Research Group (ASRG), TTP which is developed by Brite
Euram Project “X-by-Wire” and ESPRIT OMI Project “Time Triggered
Application - TTA” at the Technical University of Vienna , and FlexRay developed
by FlexRay Consortium. TTCAN is using the available CAN structure with an
application layer that satisfies the time-triggered communication. However the
limitations of the CAN such as low bandwidth and lack of fault tolerance makes it
insufficient for the requirements of X-by-Wire systems. TTP fulfills the
requirements and gives enough safety level and bandwidth. However because of its
high cost and inflexible structure, it could not find support from the automobile
manufacturers. The high-bandwidth that is flexibly allocated among the messages
via time slots, support for both periodic and sporadic messages and the fault

tolerance properties of the FlexRay protocol makes it the best candidate for X-by-



Wire applications and it is likely to become the de-facto standard in the near future
[21]. Furthermore the first use of FlexRay technology for adaptive drive suspension
system data exchange in the BMW X5 Sports Activity Vehicle (SAV) is presented
by BMW in 2007 and later in 2008 BMW X6 was introduced with fully utilized
FlexRay network [16].

In this thesis we investigate the performance of the FlexRay network by using
FlexRay nodes implemented in hardware. We define performance metrics that
measure how effectively the bandwidth is used (utilization, used static slot IDs,
static slot allocation) as well as the achieved quality of service by the messages
(deadline misses, delay, jitter). Similar to other in-vehicle networks, the FlexRay
network is configured and the transmission schedule of the messages is determined
before the network starts to operate. We evaluate the real time performance of the
FlexRay protocol under different scheduling and network configurations with
different traffic loads according to our defined performance metrics. Several
experiments are designed to evaluate the transmission of both periodic and sporadic
messages. The purpose, analysis and results of each experiment are presented in the

related sections.

We observe that by applying appropriate message schedules and choosing the right
configuration parameters the performance of the network can be improved. We also
demonstrate the trade offs between the metrics such as utilization and delay, the
amount of allocated slots and jitter. Furthermore the effects of several network
configurations on the performance metrics are explored. Advantages and

disadvantages of each configuration are investigated.

The remainder of the thesis is organized as follows: in Chapter 2 we review the
evolution of in-vehicle communication networks and the functional car domains
and their requirements; then properties of selected network protocols are presented.
Then in Chapter 2 FlexRay protocol details and defined performance metrics are
explained. Then the message scheduling methods that are applied in the

experiments are given. Development tools used in the experiments are presented in



Chapter 4, and in Chapter 5 the process followed for the experiments are given. In
Chapter 6 designed experiments, their analysis and evaluation of the results are
presented. Chapter 7 concludes the thesis work and presents suggestions for future

work.



CHAPTER 2

IN-VEHICLE COMMUNICATION NETWORKS

Today’s automotive systems are complex distributed systems with several in-
vehicle networks and the demands for the capabilities of these networks are
increasing. In this section, the progression of the in-vehicle networks from pure
mechanical systems to today’s cars is given at first. Then the car domain is
explained to understand the requirements of the communication networks which
are needed to be used in different domains of the cars. Finally the most popular in-

vehicle networks in use or ready to use in the automobile systems are presented.

2.1 Evolution of In-Vehicle Communication Networks

Starting from 1970s purely mechanical or hydraulic systems are replaced with safe
and efficient electronic systems. Furthermore new features are constantly added to
automobiles in parallel to the technology improvements. These electronic systems
are becoming more reliable and also their maintainability increase and cost reduce
by the help of software technologies. At the beginning each new function or system
was realized with a stand alone Electronic Control Unit (ECU). The data exchange
among ECUs, sensors and actuators was realized by point to point connections.
However this method became insufficient as the number of ECUs increased,
because every new ECU meant more cables, connectors, weight, power demand
and cost. This reduced the performance, reliability and maintainability of the whole
system. For this reason automotive industry started to use networks for data
exchange among ECUs. The computer data networks were the starting point for in-
Vehicle network development. However, instead of only the data transfer, the

applications were driven by control strategies which required real time, safe and



robust operation. Every company was developing its own network structure
therefore there was little interest for common network standards. However as the
standardized networking concept became more important, external suppliers’ role
in the automotive industry became more important. Cost of the integration of new
technologies was reduced and mature standardized protocols came into place [1]

[25].

In the early 1980s Bosch developed an automotive bus protocol, Controller Area
Network (CAN), and it was first used in Mercedes production cars in 1990s. Later
it became an ISO standard in 1994. Now CAN is the most widely used network in
automotive control systems due to its low cost, robustness, and bounded
communication delay. Also additionally several other communications networks
are used in different parts of the vehicles as smaller sub networks within the

vehicle as shown in Figure 2-1 [2].
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Figure 2-1: In-Vehicle Networks [3]



The automotive manufacturers have to continue their improvements to respond to
customer demands that have more features with a low price. As the number of
features increases the number of electronic systems that realize these new features

also has to increase.

An important direction for the vehicles of the future is the X-by-Wire technology
which is gradually replacing the mechanical and hydraulic systems by electronic
ones to provide safer and more comfortable driving experience to the drivers as
well as more efficient operation. An example for X-by wire applications is
“throttle-by wire” which came into use in 1990s and was employed in a number of
cars including BMW 7 and Chevrolet Corvette. Today it exists in a large number of
car models. In the conventional approach the air intake for the combustion process
is regulated by the throttle plate. The accelerator pedal is connected to the throttle
plate via a mechanical linkage. In throttle by wire the throttle plate is controlled by
a motor that is controlled by a microcontroller that determined the correct throttle
position. When the driver steps on the accelerator pedal a sensor on the pedal
transmits the pressure to the microcontroller which computes the correct throttle
position. This information is transmitted to the motor that controls the throttle
plate. Achieving the optimal throttle position at all times cannot be achieved by
human drivers and it improves the fuel economy of the car and the emissions. An
interesting fact to note is that many drivers are not aware of this technology and do
not know that the accelerator pedal does not control the throttle plate anymore.
Starting from applications such as throttle by wire that impacts the vehicle’s
performance, the new goals are steer-by-wire and brake by wire which also impacts
the wvehicle’s safety [27]. X-by-Wire technologies require fast message

transmission with delay and bandwidth guarantees as well as, reliability and safety.

Control messages are continuously exchanged between several ECUs in cars. The
properties of these messages have an important effect on the network topology. By
considering the timing behaviors and transmission constraints, messages can be
classified into two main categories, periodic and sporadic messages. Between two

consecutive messages there is a definite time difference for periodic messages. For



this reason the time instants that the messages generated are known prior to the
transmission. Jitter is an important parameter for periodic messages. From the
control algorithms point of view the best performance can be achieved without any
jitter. The sporadic messages are generated in response to the occurrence of an
event and the time difference between two consecutive messages is not definite.
However the minimum time between message occurrences can be estimated from
the physical and natural constraints. Opening the windows or doors of the car or
pressing on the brakes are examples of this kind of events. The time period
between message generation by sender ECU and reception by receiver ECU is
defined as delay. The delays of the real time messages are restricted to be less then
a maximum value called as deadline. The network bandwidth and transmission

protocol are main parameters that controls the delay.

2.2 Car Domains

In vehicles there are several function domains, with different functionalities and
requirements. While some of them need high safety; timely delivery is the most
important aspect for the other ones. For this reason in today’s cars there are several
networks serving to different parts of the electronic systems as shown in Figure
2-2. Typical functional domains according to their features and constraints can be
classified into 5 categories. These categories are power train, chassis & suspension,
body electronics, infotainment and active and passive safety. Note that FlexRay is
used as the backbone that connects each network to others because of its high

capacity.

Power train is the collection of functions that are responsible for the control of
engine. Since the speed of the engine is very high, to control the engine complex
control functions and very short periods for the message transmissions are needed.
For this reason high processing power for the controllers and multitasking with fast
delivery of messages is important. Strict time constraints for the messages have to
be satisfied. Furthermore power train functions perform frequent data exchange

with other domains.
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Figure 2-2: In-Vehicle Networks for functional domains at BMW [23]

The systems that control the interaction of the car with the road and chassis
components (wheel, suspension) are the building blocks of chassis domain. The
main inputs to these systems are the driver’s actions and environmental conditions
such as wind, temperature, road profile. ABS (Antilock Braking System), ESP
(Electronic Stability Program), ASC (Automatic Stability Control) and 4WD (4
Wheel Drive) are some examples of functions that belong to chassis domain.
Communication requirements of this domain are very similar to Power Train. Since
these functions are directly related to vehicle’s stability and dynamics, safety is the
most important requirement for the chassis domain. Furthermore x-by-wire
applications such as steer-by-wire, brake-by-wire, will be implemented in the cars
in the near future. The electronic systems employed in these applications will be
very intelligent devices, networks, and software components that implement
filtering, control, and diagnosis functionalities. This increases the safety
requirements of the chassis domain. Apart from the safety, x-by-wire applications
demand for much more bandwidth from present chassis domain functions. Power
train and chassis functions operate mainly as closed-loop control systems and their

implementation is moving towards a time triggered approach.



Body electronics such as wipers, doors, windows, seats, lights, mirrors and climate
control are controlled almost entirely with software based systems. They do not
have strict performance constraints however they are subject to so many
communications among them and this leads to a complex distributed system
architecture. Since these nodes do not require large bandwidth and do not have
strict timing requirements, low cost networks, such as LIN (Local Interconnect
Network), are used for message exchange. The body domain integrates a central
subsystem called “central body electronics” which is implemented with a higher
bandwidth network such as CAN and serves as a backbone for other low-cost
networks. High computation power, fault tolerance and reliability properties are the
requirements of the body electronics. The body functions are activated by the

driver or passengers, so that event triggered networks are suitable for this domain.

Telematic functions are becoming more important for the customers and also new
functions are coming into vehicle domain. Some examples of Telematic functions
are car radio, CD, DVD, navigation systems, hands-free phones. They enable
communication with systems inside the vehicle and also information exchange with
the outside world. These functions need high network bandwidth because a very
large amount of data exchange is required within the vehicle and with outside
world. Since outside world is also a node for the system, wireless communication
has to be supported. Different than other domains strict deadline constraints for
multimedia messages, bandwidth sharing and information security are very

important for these applications.

The domain of active and passive safety includes the electronic based systems to
ensure the safety of driver and passengers. Impact and rollover sensors, deployment
of airbags and belt pretensioners, Tire Pressure Monitoring and Adaptive Cruise

Control (ACC) are some examples of this domain [1].

The performance requirements such as maximum delay, fault tolerance, reliability
of the networks to be used in these vehicle domains are different. Performance,

cost, safety, and bandwidth requirements lead to different kinds of networks used
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in different domains of vehicles. In 1994, the Society of Automotive Engineers
(SAE) classified the vehicle networks into 4 categories based on their bit transfer
rates. Specific standards exist for Class A, Class B and Class C networks. For Class

D networks SAE has not defined a standard yet.
Class A networks:

Class A networks have a data rate of less than 10 Kbit/s. Their costs are low
compared to others and mainly used for transmitting simple control messages.
Considering body electronic requirements, this kind of networks are well suitable
for this applications. Examples of class A networks are Local Interconnect

Network (LIN) and Time Triggered Protocol/A (TTP/A).
Class B networks:

Networks with a data rate between 10 and 125 Kbit/s are classified as Class B.
They are used for general information transfer such as instruments and power

window. Low-Speed CAN and J1850 belong to this class.
Class C networks:

Class C networks have data rate between 125 and 1000 Kbit/s. Functions that need
high bandwidth require this class of networks. High-Speed CAN is the main

representative of this class and used mainly in power train and chassis applications.
Class D networks:

Networks with a data rate higher than 1 Mbit/s belongs to this class. Since
telematic applications need high bandwidth and low message latency, they use
Class D networks such as Media Oriented Systems Transport (MOST). The future
x-by-wire applications also need high bandwidth and different then Telematics
domain fault tolerance and reliability are additional constraints. TTP/C and
FlexRay are suitable for x-by-wire applications. However automotive industry is

adopting FlexRay as the de-facto standard for use in new development projects.
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In today’s vehicles one can see all these kind of networks together, integrated by
gateways. For example the Volvo XC90 contains up to 40 ECUs interconnected by
a LIN bus, a MOST bus, a low-speed CAN, and a high-speed CAN [1].

2.3 In-Vehicle Networks

Transmission protocols are classified into two main categories according to their
bus access control properties. In Time-Triggered networks Time Division Multiple
Access (TDMA) based medium access control mechanisms are used. Time is
divided into equal parts which are called cycles and these identical cycles are
repeated continuously. Cycles are also divided into slots where individual
transmissions take place. Prior to the transmission each ECU knows which slot it
has permission to send. If the ECU, that possesses the particular slot, does not send
any message no transmission takes place in that slot and cycle. This may lead to
bandwidth loss. However, since scheduling is done prior to run time, delay is
constant and predictable. Furthermore these networks can be realized with simple
bus access algorithms. Time-triggered networks are highly suitable for periodic
message transmission. In the case of Event-Triggered networks, messages are
transmitted in response to occurrence of events. Opposed to time-triggered
networks, there is no bandwidth allocation for ECUs. This leads to a flexible and
efficient network bandwidth usage. High network utilization can be achieved.
However in this case timing behavior of the messages is not predictable, and also
delays are not constant. Furthermore complex bus access protocols are needed for
fair and efficient usage of bandwidth. Event-triggered networks are suitable for

sporadic messages [1] [3] [25].

2.3.1 Event Triggered Protocols
2.3.1.1 Controller Area Network (CAN)

A Controller Area Network (CAN) is an asynchronous serial bus network that
connects devices, sensors and actuators in a system or subsystem for control
applications. It was developed by Bosch GmbH in the middle of 1980s and later in

1993 it has been adopted as an international standard by International Organization
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for Standardization (ISO) as ISO11898-1. Today it is the most commonly used
automobile communication protocol around the world. More than 100 million CAN
ECUs was sold in 2000. Although its data rate can go up to 1 Mbps, because of
high EMC shielding cost for data rates exceeding 500 kbps, the higher speeds are
not effective for automobile applications. Multiple CAN networks with different
transmission rates are used in different domains of the vehicles. For example while
in telematics domain a low-speed CAN network with 125 kbps data rate is used,
higher speed CAN with 500 kbps can be used in power train functional domain.
The choice depends upon the requirements of that domain. Low cost and low
power consumption properties of low speed CAN and its help to reduce the wire
harness makes it very suitable for telematics. On the other hand higher bandwidth

requirement of power train domain leads to use of high speed CAN [2] [3] [6].

As an event triggered message transmission network, CAN uses Carrier Sense
Multiple Access with Collision Detection (CSMA/CD) for the Medium Access
Control (MAC) protocol. In addition to the CSMA/CD CAN also includes various
methods for error detection and handling. It uses nonreturn-to-zero (NRZ) bit
representation with a bit stuffing of five. If the network is idle any ECU can start a
transmission. If there is a collision, the ECU with lower priority stops transmission
to leave the network free for the higher priority message. Collision detection is
realized by bitwise arbitration using the identifier of each message. The ECU that
sends a recessive bit, but detects a dominant bit concludes that another ECU with
higher priority also wants to send a message and then stops. Since the dominant bit

is logical zero, the messages with smaller identification number has higher priority

[4].

CAN Message Format:

CAN has four different frame types, Data Frame, Remote Frame, Error Frame and
Overload Frame. A data frame is composed of seven different bit fields. Standard
CAN 2.0A Data Frame Format is shown in Figure 2-3. Data frame begins with
Start of Frame (SOF) bit. It is followed by eleven bits Frame Identifier and the
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Remote Transmission Request (RTR) bit. Identifier and RTR bit form the
arbitration field. The Control Field consists of six bits, four bits to indicate data
length and two bits reserved for future expansions. Application data has variable
length according to the message and can be zero to eight bytes. CRC field follows
the application data and it enables the receiver to check if there is error in the
incoming message sequence. Acknowledgement (ACK) field is used by transmitter
to see if any receiver gets a valid frame. The message frame ends with End of
Frame. In the extended format (CAN 2.0B) arbitration field consist of 29 bit
identifier [1].

SOF IDENTIFIER RTR CONTROL APPLICATIN DATA CRC FIELD ACK EOF

¢ —> T<—>4—>4—>4—>4—>
1 bit 11 bits 1 bit 6 bits 0-8 Bytes 15 bits 3 bits 7 bits

RTR: Remote Transmission Request
SOF: Start of Frame

EOF: End of Frame

ACK: Acknowledgement

Figure 2-3: Standard CAN 2.0A Data Frame Format

Considering the nondestructive arbitration process, CAN is able to resolve
collisions in a deterministic way. By this way message delays can be considered as
bounded. However if nodes are allowed to produce asynchronous messages on
their own, it is not possible to know when the message will be sent. This is because
one can not now how many times a message will experience collisions. This
behavior leads to unexpected jitter and some messages may miss their deadlines.
Varying jitter can decrease the performance of control algorithms. For safety
critical applications this may lead to dangerous results. This conclusion is valid for

almost all event triggered protocols [5].

Another drawback of CAN, when it is used in safety critical applications, is the

problem of babbling idiot. That means, one of the ECUs can repeatedly transmit
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high priority messages because of an internal error and block the whole network.
Since this faulty transmission is not the result of physical fault, it can not be

detected by CAN [5].

Because of its limited data rate, CAN also suffers from the performance
limitations. The maximum allowed data rate is 1 Mbps and over 500 kbps is very
costly. Furthermore this limitation is because of physical media and can not be
solved easily. In the near future automotive applications such as X-by-Wire
systems will demand much more bandwidth than a CAN network can supply. In
particular several car companies consider a net data rate of at least 5 Mbps is
needed for X-by-Wire applications. Moreover the medium access technique
adopted by the network has to be somehow scalable, that is it should be possible to

increase the bit rate as it is required by the control applications [5].

2.3.2 Time Triggered Protocols

2.3.2.1 Local Interconnect Network (LIN)

LIN is a cost-competitive, time triggered, serial communication system designed
for localized vehicle electrical networks. It is an inexpensive network based on
common UART/SCI interface hardware, providing network speeds up to 20 kbps
on a single wire. It was initiated in 1998 by a consortium of automotive companies
together with Motorola and was standardized in 2000 (LIN 1.1) and 2003 (LIN
2.0). It was first introduced in production car series in 2001. As SAE Class A
network, LIN is typically used in body electronics and comfort subsystems to
control devices such as seat control, light sensors, climate control, rain sensors,
sunroofs and doors. These subsystems are later interconnected using relatively
higher speed networks. Commonly CAN is used as high speed network, with a

gateway. It is suitable for non safety related subsystems [7] [8].

A LIN cluster consists of one “master” ECU and several (up to 16) “slave” ECUs
connected to a common bus. The master is typically a moderately powerful
microcontroller, whereas the slaves can be less powerful and cheaper

microcontrollers. Maximum of eight byte of data can be sent in a message. The
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master decides when and which frame will be transmitted according to the schedule
table, so there is no need for arbitration. Since it is time triggered, message delays

are predictable.

2.3.2.2 Time Triggered Protocol (TTP)

There are two versions defined for TTP as TTP/C and TTP/A. TTP/C is a
deterministic protocol intended for SAE Class C applications. It was developed by
the Brite Euram Project “X-by-Wire” and ESPRIT OMI Project “Time Triggered
Application - TTA” at the Technical University of Vienna [4]. The TTP integrates
all the services necessary for fault tolerant real time systems, providing network
speeds up to 25 Mbps on two replicated channels. Bus access is realized with
TDMA and each ECU connected to the network can send message in a
predetermined TDMA slot. This ensures predicted message delay for delivery just
like other time triggered protocols. TTP/C implements several fault tolerant
mechanisms such as atomic broadcast using membership service, distributed clock
synchronization and bus guardians. The known “babbling idiot” problem is solved
with bus guardians. At a specific time instant, the network can be seen as peer-to-
peer that means only two ECUs, transmitter and receiver, can use the bus. By this
way single point failures do not affect the whole network, but related ECU. A
message frame can carry data up to 240 bytes. Each ECU keeps its own scheduling
information in a Message Descriptor List (MEDL). Furthermore MEDL also
includes all scheduling information of the cluster. Scheduling is done statically
prior to the run time. When the schedule of an ECU is changed all the remaining

ECUs’ MEDL table also has to be changed [1] [9] [14].

There are two types of frames in TTP/C protocol. These are Initialization Frames
(I-Frames) and Normal Frames (N-Frames). I-Frames are used for initialization
purpose and also for the membership service. An ECU can be included to
membership service and start communication after receiving an I-Frame. N-Frames
used in normal operation and contains the data. TTP/C frames do not include

destination addresses because every ECU knows when it will send or receive data
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by MEDL table. This structure decreases the framing over head and also increases

the channel utilization [11].

Because of its limited flexibility and high cost TTP/C might not be used for X-by-

Wire systems by automotive industry in the future.

TTP/A is a lower cost version of TTP/C, for SAE Class A applications. This

version is also TDMA based and has master/slave architecture like LIN.

2.3.2.3 Time Triggered Controller Area Network (TTCAN)

TTCAN was introduced in 1999 as a time triggered session layer on top of the
existing data link and physical layers of CAN. It is standardized by ISO and
intended for X-by-Wire applications. It allows CAN to be used for time triggered
messages, so increasing determinism, reliability, synchronization. Since it is on top

of CAN, transition from CAN to TTCAN will be easy for car manufacturers [3].

In TTCAN a specific node, called time master, transmits a reference message
indicating the start of a time cycle. A time cycle is divided into a number of slots
each of which can be assigned statically to a specific node for deterministic
transmission or group of nodes that compete for it by CAN arbitration for event
triggered messages. If a time master fails, another potential node, any of other

nodes, may be the time master [4].

However TTCAN does not provide the same level of fault tolerance as TTP and

FlexRay, which are other two candidates for future X-by-Wire systems.

2.3.2.4 Byteflight

Byteflight is a high speed communication network developed for safety critical
applications. It has net data rate of 5 Mbps and gross data rate of 10 Mbps. Optical
fiber is used in physical layer for 10 Mbps data rate to avoid electromechanical
interference problems. Protocol is structured in a way that it has the advantages of
both time-triggered and event-triggered communication schemes. A flexible

TDMA type medium access control scheme is used for transmission scheduling.
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Transmission of data is organized in cycles, and each cycle starts with a
Synchronization Pulse (SYNC). SYNC is sent by a node called as SYNC master.
Any node in the network can be a SYNC master. These pulses make the time base
common for all ECUs. The time interval between SYNC pulses is 250
microseconds. The protocol combines time and priority controlled bus access.
Every message in the cluster has a unique identifier (ID) based on its priority. High
priority messages have low IDs. The time between two SYNC:s is divided into slots
and every ECU keeps a slot counter. Value of this counter can be at most 255.
Following a SYNC, ECUs start incrementing their counters with a predefined rate.
When the counter value equals to the ECUs message ID, it transmits related
message. While message transmission takes place all the ECUs pauses their
counters. When transmission is completed counters return to incrementing their
counters from where they left. Counters are reset when they reach 255 or a SYNC
is transmitted. By this way no messages miss their transmission slot. This
guarantees deterministic latencies for specific number of high priority messages.

The number depends on the length of messages.

Byteflight serves as a highly flexible network protocol. FTDMA scheme allows
efficient use of bandwidth especially for low priority messages. When no
transmission takes place only a small portion of time is wasted. This time is shorter
then any message duration. Deterministic behavior of high priority messages makes
Byteflight suitable for safety critical applications. One message is allowed to be
sent once in one cycle. This prevents the network from babbling idiot problem.
However in case of large number of high priority messages, low priority ones may
not use the bus. This may lead to message missing failures. Hence Flexible TDMA
is not as good as time triggered schemes from the point of view of determinism.
Another drawback of the Byteflight is that correct network operation depends on
one SYNC master. In case of a failure of SYNC master, whole network can be

malfunctioned. This can be prevented by one or more backup masters [4] [5] [15].
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2.3.2.5 FlexRay

FlexRay consortium was founded by BMW, DaimlerChrysler, Motorola and
Philips Semiconductor in 2000, and the first version of the Protocol Specifications
(V.2.0) was released in 2004. The current version of the specifications is V.2.1
which was released in 2005. FlexRay is a high data rate, fault tolerant network
protocol designed for the needs for future embedded in-vehicle electronic systems.
Current trend shows that FlexRay will be de-facto standard for the future in-vehicle

networking applications, and CAN networks will be replaced by FlexRay networks

[3][13].

FlexRay protocol combines both time-triggered and event-triggered message
transmission. While time triggered part is realized by TDMA protocol, a flexible
TDMA protocol is used for event triggered part. FlexRay has a scalable data rate
options as 2.5, 5 and 10 Mbps that is suitable for X-by-Wire applications. To
increase the fault tolerance it supports two redundant communication channels,
which increases the reliability of the protocol that is required by x-by-wire
applications, called Channel A and Channel B, each having a bandwidth of 10
Mbps. These redundant channels also can be used independently and net data rate
of the network can be increased to 20 Mbps. Detailed protocol specifications are

presented in Section 3.1.

First use of FlexRay technology in standard car production was introduced by
BMW in 2007. FlexRay is used for adaptive drive suspension system data
exchange in the BMW X5 Sports Activity Vehicle (SAV). Later in 2008 BMW X6
was introduced with fully utilized FlexRay network. It is the first mass produced

car using only FlexRay network for in-vehicle communication [16].
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CHAPTER 33

FLEXRAY PROTOCOL BASICS: SPECIFICATION,

PERFORMANCE METRICS AND SCHEDULING

3.1 FlexRay Protocol Specifications

3.1.1 Media Access Control

In the FlexRay protocol, Medium Access Control (MAC) is based on recurring,
identical communication cycles. Each node in the network keeps a cycle counter
and the values for this counter are between 0 and 63. Every communication cycle,
according to the application specific configuration, can be composed of four
different segments. These are static segment, dynamic segment, symbol window and
network idle time (NIT). Every ECU that is in the same cluster has a common sense

of time. This is realized with cluster wide synchronization.

t—-
communication | | | | |
cycle level | 7 i 7 i
static segment / dynamic segment /| symbol window | _|'|etw_ork .
i | idle time
arbitration |" — | | — | | ] ' !
grid level i 1 7 7 7 \
statl{: slot | statlc: slot | minislot minislot b
f | actlon point .-' | action point | ¥ action point
macrotick : /
Imll]l:ljlil O~ O-r-rf - o
macratick .-"
microtick
level l;l Ij
microtick

Figure 3-1: FlexRay Communication Cycle Timing Hierarchy [13]
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There are four timing hierarchy levels that define the communication cycle. These

levels are shown in Figure 3-1.

3.1.1.1 Static Segment

The highest level is communication cycle level and it consists of previously
mentioned four segments. The communication cycle always contains a static
segment and in static segment a TDMA based Medium Access Control (MAC)
scheme is used. Static segment consist of a given number of static slots. Number of
static slots may change between 2 and 1023, and their durations are all identical for
every ECU on the same cluster. The duration and number of static slots are
configured prior to the run time. In a specific static slot only one ECU is allowed to
send data. However in contrast to TTP/C, FlexRay allows that one ECU can use
more than one slot (actually up to 1023) in a communication cycle. This increases
the flexibility of the FlexRay. Because of time triggered transmission, delay and
jitter characteristics of the messages are deterministic in this segment. Static slot
duration is determined by the number of macroticks which is a third level
parameter in the timing hierarchy. Allowed values for static slot duration are
between 4 and 661 MacroTicks (MT). Macrotick is the common time parameter to
all nodes in a cluster and composed of ECU specific microticks, which is in the
fourth level on the timing hierarchy. The number of microticks that constitutes
macrotick may change from ECU to ECU. It entirely depends on the local
microcontroller oscillator of the ECU. Allocation of static slots to the ECUs is done
prior to the execution. So that all ECUs know in which slot(s) it is allowed or not
allowed to send data, collisions are avoided by this way. In order to schedule
transmissions each ECU has to have a slot counter variable for both channels. Bus
guardians are allowed to use in ECUs’ communication controllers to increase the
fault tolerance of the network. Also “babbling idiot” problem and single point
failures do not affect the whole cluster, but only the related ECU. The use of two
redundant communication channels is not mandatory. According to the
requirements of applications one or two channels can be used by ECUs. However if

two are used their cycle parameters have to be same. Some of these parameters are
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cycle length, communication cycle level segment durations, static slot and mini slot
durations, and macrotick duration. However, these channels can be configured
different then each others according to the message scheduling point of view. For
example while safety critical applications such as X-by-Wire systems can send the
same data in the same slots at each channel, non-safety critical systems can be
connected and/or use only one channel. Furthermore one ECU may use third static
slot of channel A and fifth static slot of channel B. This flexibility allows the
efficient usage of the bandwidth. Figure 3-2 shows the possible static segment

message transmission configurations if two channels are used [13].

Slot Counter for Channel A

1 2 3
Channel A
Frame ID 1 Frame ID 2
Channel B Frame ID 1
1 2 3
Static Slot 1 Static Slot 2 Static Slot 3

Slot Counter for Channel B

Figure 3-2: Static Segment Message Transmission on Redundant Channels [13]

3.1.1.2 Dynamic Segment

The communication cycle may contain a dynamic segment and this segment is the
one where event-triggered message transmission takes place. In the dynamic
segment, dynamic minislotting based Flexible TDMA (FTDMA) MAC scheme is
used to arbitrate transmissions. It is composed of a configurable number of
minislots. All minislots consist of identical number of macroticks. If no dynamic
segment is required it is possible to configure communication cycle with no

dynamic segment.
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In dynamic segment message transmission takes place in dynamic slot
(communication slot) which consists of variable number of minislots. Furthermore
arbitration of messages is based on dynamic slots. Frame Identifications (ID) are
used to decide that in which slot the frame shall be sent and arbitration procedure
done prior to the run time. Since the frame size that can be sent in this segment is
not constant, size and number of the communication slots may also change in order
to adapt to the size of the frame. Each ECU has a communication slot counter for

both channels. An example transmission scenario is given in Figure 3-3.

Slot Counter for Channel A Dynamic slot with
transmission

m m+1|{m+2{m+3| m+4 m+5

Channel A Frame ID m Frame ID m+4
[ |
Channel B
Frame ID m+3
m [mtl|m+2| m+3 m+4|m+5|[m+6|m+7|m+8[m+9| m+10

Slot Counter for Channel B

Dynamic slot without
transmission

Figure 3-3: Frame Transmission in Dynamic Segment [13]

At the beginning of each cycle communication slot counter value and minislot
number are equal. If there is no frame to be sent in the current minislot, slot
counter value incremented with minislot number. That means duration of
communication slot is equal to minislot duration. On the other hand if there is a
frame to be sent then counter value incremented according to another scenario. For
example if the duration of the frame is greater than three and less then four
minislots duration, then slot counter incremented after completion of frame
transmission. This means that while minislot number is incremented by four, slot

counter is incremented by one. In this case the duration of the communication slot

23



(Dynamic Slot) is equal to four minislot duration. This can be formulated as

follows:

M

D, = { D, —‘-DM + ProtocolOverhead (2.1)

Where;

Dcs: Duration of a Communication Slot

Dg: Duration of the Frame

Dy Duration of a minislot

Protocol Overhead: Defined in the protocol specifications [13].

Different frame transmission arbitration is allowed to be used in channel A and
channel B for dynamic segment and this leads to different values for slot counter.
Furthermore received frames in the dynamic segment also affect the dynamic slot
size. For this reason, while in static segment the slot counters are incremented
simultaneously in both channels, they are incremented independently in dynamic
segment. The arbitration procedure ensures that receiving nodes know that in
which dynamic slot the transmission starts and in which minislot it ends. By this
way receiver nodes and transmitter nodes have the same dynamic slot counter

value [13].

3.1.1.3 Symbol Window

The communication cycle may contain a symbol window and a single symbol may
be sent within the symbol window. The symbol window is used for the network
management purposes only. It is a time slot in which the media access test symbol
(MTS) can be transmitted over the network [24]. Another application of the symbol
window is the bus guardians. It can be used to confirm the normality of the bus
guardians if they are used [17]. In a cycle only one ECU can send a symbol and
arbitration between different ECUs is not allowed. However it can be realized with
a higher level protocol on top of FlexRay. Symbol window consist of a predefined

number of macroticks [13].
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3.1.1.4 Network Idle Time

The communication cycle always contains Network Idle Time and it consists of
predefined number of macroticks. During NIT the ECU calculates and applies

clock correction and synchronization with the cluster [13].

3.1.2 FlexRay Frame Format

Structure of the FlexRay frame format is depicted in Figure 3-4. Frames are
composed of three main parts; these are header, payload and trailer segments.
Frames are transmitted in the order of as given in Figure 3-4 and individual fields

transmitted from left to right.

5
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Header CRC
Covered Area
Frameip [aviesd] HECEr 1o | Data 0 | Data 1 | Data 2 Datan| CRC | CRC | CRC
- 11bits |7 bits 11 bits |G bits 0 ... 254 bytes 24 bits
+ b= > >
11111 Header Segment Payload Segment Trailer Segment
FlexRay Frame 5+ (0 ... 254) + 3 bytes

Figure 3-4: FlexRay Frame Format [13]

Frame ID in the header segment defines the slot in which the frame should be
transmitted. One frame ID can be used once in each communication cycle. The
frames that do not have a Frame ID can not be transmitted in the bus. Frame ID can
have values between 1 and 2047. FlexRay payload segment contains data that is
multiple of two-byte-words. Maximum allowed payload length is 254 bytes.
Furthermore for the messages in the dynamic segment, first two bytes of the

payload can be used as Message ID for filtering purpose of the messages. Trailer
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segment consist of 3 bytes of Cyclic Redundancy Check (CRC) code for error
detection [13].

3.1.3 Composability of FlexRay

The word composability is used to express modular structure or flexibility of the
FlexRay protocol. According to the requirements of the domain in which FlexRay
1s wanted to be used, some properties, given below, that increase the reliability,
safety, and fault tolerance can be added or to decrease the cost some properties can

be excluded.

High frequency sampling control loops in vehicle dynamic systems, such as chassis
control and X-by-Wire systems, demands deterministic and high performance data
reception, processing and transmission. Furthermore safety related systems have to
satisfy some functional requirements and design criteria. IEC61508 standard
defines the requirements for “Functional Safety of electrical /electronic /
programmable electronic safety-related systems” and it is used by automotive
industry. One of the aims of FlexRay development is to satisfy requirements of
future safety and high bandwidth demanded systems. Furthermore to combine
several networks in a single network it is developed with a high level of flexibility.
FlexRay infrastructure provides several degrees of redundancy and fault tolerance

to respond different functional domain requirements [10] [12].

Requirements of safety related systems increase the cost of the network. However,
using these high cost networks for non-safety related systems is not wanted. To
support the scalable fault tolerance concept FlexRay provides different
interconnection topologies such as, single channel, dual channel or mixed channel.
Furthermore while non-critical ECUs can be used without bus guardians, in a
safety-critical system all ECUs have a bus guardian to increase the reliability.
FlexRay also allows simple bus, star and multiple star to be used for limiting the
fault propagation. Apart from the topological flexibility clock synchronization

algorithms also can be designed as fault-tolerant or non fault-tolerant [10] [12].
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If automotive manufacturer suppliers’ role is considered, FlexRay supports
independent deployment strategies of ECUs. Structural and functional domains are
completely separated from each other. It is not important for a subsystem that how
the entire system topology is constructed. It only deals with its own functionality.
A single ECU does not need to know about the structure or schedule of the whole
system. It only knows in which cycle and slot it is allowed to send and it will
receive data. If one ECU is added to the system only related ECUs, which will
transmit data to the new ECU or receive data, needs to be updated. If the new ECU
requires higher bandwidth than a single static slot can supply, more than one static
slot can be assigned. This feature of the FlexRay makes it easy to update networks
when new components are added. In event triggered networks whole system must
be redesigned and extensive testing must be performed for new components [10]

[12].

3.2 FlexRay Network Performance Metrics - Static Segment

Performance evaluation of FlexRay network is carried out according to defined
performance metrics. These metrics are applied to designed experiments and the
results are evaluated. Two different segments, static and dynamic, of the protocol
have different characteristics. Therefore metrics are separated as static segment and

dynamic segment metrics.

3.2.1 Static Slot Allocation (SA)

Allocation means that the specific static slot is reserved for a specific message for a
specific cycle. Any other message, apart from the one that the slot is reserved for,
can not use the slot in that cycle. S4 is the total of actually allocated portion of the

static slots for the message transmission in one cycle.

Periods of the messages can be much longer than FlexRay cycle time. Assume that
cycle duration of the network is 5 ms, and period of the message m is 500 ms. In
this case message m will be generated once in every 100 cycles. This number
shows the number of cycles in which the message is repeated once, and is called as

the Repetition Time of the message m. It is defined as
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My, = b (2.15)
gdCycle

Where Pm is the period of message m in terms of second, gdCycle is the cycle
duration in terms of second, and mygy is the repetition time of the message m.
Assume that a message m is assigned to be sent in a static slot and repetition time
of the frame which carries message m is frp,. This frame is the one that the
message can be transmitted inside. If the message is ready at time of allocated slot
than the frame is sent with the message inside and if it is not ready the frame is sent
empty. If frr, = 1 (frame is transmitted in every cycle) then 99 times in every 100
cycles the frame is sent empty and related bandwidth will be lost. To avoid this
bandwidth loss FlexRay protocol allows that the static slot can be allocated only in
the necessary cycles and the frame is sent only in allocated cycles by setting fzr, =
mgr. For the remaining cycles slot is free and can be allocated to other messages of
the same node. For example in the above case setting fz7,=100 prevents bandwidth
loss. Message waits in the buffers until the time for frame transmission. For the
given reason frr, should have the same value with mygzp,; however in some
situations (these situations are expressed in Section 5.1.2) they can take different

values.

Frame repetition time shows the number of cycles between transmissions of two
consecutive frames or another way to say it is the frame period (Pf,) in terms of
FlexRay cycle duration. Assume that the period of the frame is Ps, and FlexRay

cycle duration is gdCycle, then fzz,, is calculated as
Jrtm = Ppn | gdCycle (2.2)

Consequently 1/fzr, is defined as the Static Slot Allocation for the message m

(84,,) and formulated as

SA, =1/ fy, (2.3)
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Finally, if M is total number of messages in the static segment SA for the Static

Segment is given as

SA=Y"SA, =1/ fur, (2.4)

The unit of the SA 1is (static slots/cycle). For the configuration of a specific
message set having smaller S4 values is better as compared to larger values of SA.
Small SA value for a given message set means that same message set are

transmitted by allocating less number of static slots.

3.2.2 Used Static Slot ID (Uyp)

Apart from the SA, used static slot IDs is another important measurement for the
allocation. If a slot is allocated for a given message whose repetition time is greater
than one the slot is not fully allocated to this message. However, that slot ID can be
used only for that node, which transmits the message. That means, the slot is
partially utilized and can not be used by any other nodes. For this reason using less
slot IDs allows for a large number of free slot IDs for the future new nodes without
changing the static slot configuration. If a given Slot ID is allocated for message

transmission either fully or partially it is counted as used. Then
Uip = Used number of Static Slot IDs (2.5)
Note that U;p=>SA.

There is a limit for the possible values of Ujp. At least one static slot will be used
for each node in a given cluster, and then minimum number for U is equal to
number of nodes (N). Furthermore used Ujp can not be larger than total number of

available static slots (7ss). Then the boundaries for possible values given as

N<U, <T, (2.6)
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3.2.3 Utilization (U)

Utilization is defined as the ratio of used bandwidth to allocated bandwidth and

given as

U=2=U (2.7)

Where U stands for utilization, By is the used number static slots in one second,
and B, is the allocated number of static slots in one second. Larger utilization
shows that configuration of the network is constructed to use the bandwidth more

efficiently.

In our experiments 10 Mbps baud rate is used as the FlexRay data rate. The

calculation of the utilization in our experiments is performed as follows:

S4 is the allocated static slots in one cycle and each cycle in a given static slot only

one message can be transmitted. FlexRay cycle is repeated

1/ CycleLength (2.8)
times in one second. Where, the unit of the CycleLength is in seconds. Then

B, =8A4*(1/CycleLength) (2.9)

gives us the number of messages that are scheduled to be sent (capacity allocated
for) in one second. Another way of expressing the allocation is the ratio of
allocated time duration in a single cycle for message transmission in the static
segment to duration of a cycle. This ratio is called as Allocated Bandwidth Ratio

(BW,) and given as,
BW, = (S4* gdStaticSlot * gdMacrotick)/ gdCycle (2.10)
where, the meanings and the units of the variables gdStaticSlot, gdMacrotick and

gdCycle are given in Section 5.1.2.
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Used number of static slots is calculated from the received data. The number of
received messages in one second gives the used number of static slots because

every message is transmitted exactly in one static slot.
By = NumberOfReceivedFrames (nonempty) / seconds  (2.11)

Bandwidth usage can be expressed in another way to show the actual used capacity
of the FlexRay in terms of bits per second (bps). This expression is calculated as

follows
BWy =10 Mbps * BW, * U (2.12)

where, BWy is the used bandwidth in terms of bits per second (bps), BW, is the
allocated bandwidth, U is the utilization and 10 Mbps is data rate of the FlexRay

network.

3.2.4 Jitter (J)

In the control applications, the control algorithm works better and therefore
performance of the controller is increased if the input data is available periodically.
For this reason apart from the generation of messages periodically, the receiver
nodes need to get these messages also periodically. Jitter is defined as the time
variation in the reception of periodic messages. Therefore having jitter values as
low as possible increases the controller performance of the electronic applications.
Another definition of the jitter is the deviation of the time difference of two

consecutive instances of a message from the message period and given as

JM(k) :‘PM _(TTM(n) _TTM(n—l))‘ (2.13)

Where Jyy 1s an instance of the jitter for the message M, Py, is the period of

message M, and T, —Ty, ., 1s the time difference between two consecutive

instances (n” and (n-1)") of the message M. Note that K (total number of jitter

values) = N (total number message instances) - 1. Because of the bandwidth
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allocation in the static segment, message transmission with zero jitter can be

achieved with FlexRay protocol.

3.2.5 Delay (D)

For safety critical systems generated messages have to be transmitted immediately
to the receiver nodes. The time difference between the transmission and generation

of an instance of the message M is defined as delay and given as

D

M(n) —

TTM(n) _TGM(n) (2-14)

Where Dy is the delay for the n™ instance of the message M, T' M) 15 the time
when the instance of the message is transmitted and 7uy) 1s the time when the
instance of the message is generated [21]. Keeping the delay smaller than the
period of the message is critical for the electronic applications. For periodic
messages, period value is considered to be its deadline. In our experiments both the
maximum and average delay values are calculated. Maximum delay shows the
worst message transmission which has to be less than the deadline for the system to
work properly. The average delay shows the general tendency of delay values for

the given message ID.

3.3 FlexRay Network Performance Metrics — Dynamic Segment
3.3.1 Delay (D)

Dynamic segment is the part of the communication where sporadic messages are
transmitted. Timings of these messages can not be known prior to run time.
Therefore we would like to know if the messages are transmitted on time. Dynamic
messages have a deadline value, which is defined as the maximum permissible
transmission time. Messages must be sent before deadline has passed. A missing
deadline of the message may lead to undesired consequences. The message delay
for the dynamic segment is computed in the same way as for the static segment as

in (3.13).
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3.3.2 Deadline Miss Ratio (DMR)

Each real-time message has a certain deadline value that limits the maximum delay
for the message. To exceed this value can cause unexpected results according to the
properties and requirements of the application. The ratio of messages that are
missed their deadline to the total number of messages transmitted is defined as the

Deadline Miss Ratio (DMR) and given as

_ NumberofMessages WithMissedDeadlines
TotalNumberofTransmittedMessages(nonempty)

(2.15)

Note that this metric is investigated for the sporadic messages in the dynamic
segment only. The deterministic slot allocation in the static segment guarantees that
the messages meet their deadlines. Constructing a schedule for the dynamic
segment which guarantees that the deadlines are met is investigated in [26]. This
approach requires software architecture to be implemented in the ECUs hence its

implementation is not within the scope of this thesis

3.4 Message Scheduling for the FlexRay Network — Static Segment

Deciding the transmission time and the transmission method of messages prior to
the run time (offline) is called as scheduling. The schedule for a message is an
important parameter that affects the performance metrics as described in Section
3.2. While performing the scheduling of the static segment messages, the
approaches in [21] are used. These scheduling approaches can be divided into two
categories. In the first one, messages are transmitted without jitter and in the
second one; messages are transmitted allowing a certain amount of jitter.
Furthermore message packing for messages with the same periods can be applied
to increase the utilization of the network by decreasing the overall framing
overhead. Message packing is defined as combining two or more messages into one

FlexRay frame.

As mentioned in Section 3.2.4 jitter is an important parameter and keeping the jitter

as low as possible increases the performance of the control applications.
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Furthermore increasing the utilization of the network and decreasing the Ujp and
SA 1s other important concerns as given in performance metrics. Therefore the
methods that are applied while constructing the scheduling should improve the

performance of the FlexRay network.

Before explaining the methods in [21], cycle filtering and cycle multiplexing
concepts should be defined. The scheduling in the static segment is done according
to frr values of the frames that the messages can be sent inside as explained in
Section 3.2.1. There is one more additional parameter that decides the allocated
slots for the messages called offset. Offset value shows the starting cycle counter
value for the message allocation and it is less than fz7,. Assume that for a message
m, frrm = mrrq= 2 and offset = 1. Then the allocation of the static slot to the
message m over 64 FlexRay cycles is set as shown in Figure 3-5. In the figure
colored boxes shows allocated cycles. If the offset value is 0 then allocation would
start from the cycle 0. In the run time Communication Controller checks the current
value of the cycle counter and the values of the fzrand offset, if there is a match the

frame is transmitted with the message. This feature is called as the cycle filtering.

0 2 4 6
8 10 12 14
16 18 20 22
24 26 28 30
32 34 36 38
40 42 44 46
48 50 52 54
56 58 60 62

Figure 3-5: Allocation of the static slot to the message m over the cycles 0 to 63
fr1=2, offset =1

When cycle filtering is applied the static slot will be empty in some cycles. Empty
cycles can be used by the same node for other messages again using the cycle

filtering. In this way same slot can be allocated to different messages of a node in
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different cycles. This feature is called as the cycle multiplexing. In [21] the methods
explain how to do a scheduling by using cycle filtering and cycle multiplexing and
a formulation is given for the optimum number of Ujp for both of the case,
scheduling with jitter and without jitter. Number of frames that belongs to a
specific node, their repetition times and the messages to be transmitted with the

same slot ID are the parameters used for this optimization.

Figure 3-6 shows an example in which one static slot is allocated for 4 different

messages that are generated by the same node, each with mgy = 4 assuming fzr =

mRgr.

Figure 3-6: Full Allocation of a static slot for 4 messages by using Cycle Multiplexing

In this figure message m has a repetition time of 4. It is generated and transmitted
in every 4 cycles. In the other 3 cycles, the slot can be allocated to messages m, and
m3 and m4. The message with lower offset will be sent in low numbered cycles. In
this example the offset values are 0, 1, 2 and 3 respectively. If cycle filtering and
cycle multiplexing are not used then we would need 4 slots for 4 messages and
each of these 4 slots would be fully only utilized by 25%. By this method

utilization of the bus is increased to 100% and Ujp is reduced to 1 and also jitter is
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zero for all the messages. Although cycle multiplexing is applied, there may be still

empty cycles depending on the message set properties. Figure 3-7 shows such a

situation.

0 2] 3| 4 6 7
8 10 1] 12 14| 15
16 18| 19] 20 22| 23
24 26| 27| 28 30| 31
32 34| 35| 36 38| 39
40 42| 43| 44 46| 47
48 50| 51| 52 54| 55
56 58| 59| 60 62| 63

mlom

] &

Figure 3-7: Partial Allocation of a static slot for 2 messages by using Cycle Multiplexing

In the figure m; has a repetition value of 2 and offset of 0, m; has a repetition value
of 4 and offset of 1. As can be seen from the figure slot is empty once in every 4
cycles. This slot can be further allocated to a message with repetition time of an
integer multiple of 4 (without jitter case) or with a repetition time of not an integer
multiple of (with jitter case) [21]. If the repetition time of the new message is less
than 4, some slots will be allocated to more than one message in the same cycle.

This violates the protocol rules and has to be avoided.

In Figure 3-6 and Figure 3-7 repetition times of the messages have a common
divisor greater than 1. This situation satisfied by choosing the cycle duration value
as the greatest common divisor (gcd) of the message periods. Therefore the jitter is
zero. However in some situations zero jitter may not be possible with cycle
multiplexing. In these situations either an extra slot need to be used or the jitter has

to be allowed [21].
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CHAPTER 4

DEVELOPMENT TOOLS USED FOR THE

EVALUATION OF THE PROTOCOL

The evaluation of the FlexRay is performed in the real time with a hardware
environment. These tools are designed and manufactured very recently and specific
to the FlexRay protocol. One of the early steps of this thesis work is exploring
these new tools and learning their working structure. Better understanding of the
constructed network and performed experiments can be realized by looking at the
functional structure of the tools. For this reason, the hardware and software tools

that are used in the implementations of experiments are presented in this section.

4.1 SK-91465X-100MPC Fujitsu FlexRay Evaluation Board

The SK-91465X-100MPC is a multifunctional evaluation board for the Fujitsu 32-
bit Flash microcontroller series MB91F465XA (CPU). It is the main building block
of the experiments and used as the ECU that generates and transmits messages with
certain timing properties. It supports FlexRay protocol operations and has two
redundant channels as Channel A and Channel B. Protocol operations are
implemented with two Bosch E-Ray IP-Module types Communication Controllers
(CC). CPU of the evaluation board is used for configuration of this CC and
manipulation of the messages. Generated messages are sent to CC transmit buffers
and received messages from the bus are stored in the CC receive buffers. These
received messages can be read by the CPU. Transmission of the buffered messages

is performed by CC according to preset configuration parameters.
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The connection to the physical layer of the FlexRay bus is realized with
AMSS8221B transceiver. Apart from the FlexRay channels, Evaluation Board also
has 2 CAN interfaces for the evaluation of CAN protocol, 2 LIN/UART interface
for the Evaluation of LIN protocol and an UART interface for the communication
with CPU. It can be used for the Gateway development because of the
multiprotocol support [17]. A representation of the Evaluation Board is given

Figure 4-1.

In addition to the hardware, evaluation board package also includes a software
development environment, a flash programming tool, FlexRay Communication
Controller Driver, C-Compiler, Assembler and Linker. General description and

properties which are used during the experiments of these tools are given in the

following sections [18].

Figure 4-1: SK-91465X-100MPC Fujitsu FlexRay Evaluation Board

4.1.1 Softune Workbench Software Development Environment

Softune Workbench is a 32 bit software development environment supplied in the

evaluation board package. It allows the creation, storage and easy manipulation of
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software projects. Developed software codes are compiled and “*.mhx” type files
which are loaded to microcontroller is created. In addition to the “*.mhx” files, the
“*.abs” files which includes the debugger necessary information and machine code
are also created by compilation. The user interface of the Softune Workbench is

given in Figure 4-2 [18].
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Figure 4-2: Softune Workbench user interface

4.1.2 Flash Programming Tool

It is used for the loading of “*.mhx” files to microcontroller flash memory. USB,
COM or Ethernet ports of the Personal Computer (PC) can be used for the
communication with Microcontroller. In our experiments FME FR

Flashprogrammer V4.2 is used. Figure 4-3 shows the user interface of the tool [18].
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Figure 4-3: Flash Programmer user interface

4.1.3 FlexRay Communication Controller Driver

Within the evaluation board package there is a FlexRay driver which enables easy
implementation of FlexRay applications without the need for dealing with the
specific register addresses. It includes also source code for development purposes.
Configuration of the communication controller is also done by the driver
application programming interface. It can be performed manually or choosing the
Code generators supporting “*.chi” based output files which explained in the

Section 4.2.

Driver code consists of 4 layers. These are the driver layer which contains
Application Programming Interface (API), Communication Controller layer
(CCAL) for the functionality of the FlexRay driver, FlexRay Hardware Layer
(FHAL) which includes all functions for the used FlexRay hardware and Hardware
Layer (HAL) which includes all functions for the dedicated used hardware. API
layer is the user interface of the FlexRay driver. CCAL layer includes the routines

for the driver. FHAL defines the FlexRay hardware descriptions such as address
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offsets. HAL layer consist of microcontroller read and write operations.
Implementation of the driver is realized in the C-Language and supports only
Bosch E-Ray communication controller. This layered structure is presented in

Figure 4-4.

fird api function; ()

ffrd ccal function a () ffrd ccal function b ()

| I
1 1
r

ffird_fhal macro ()

ffrd_hal_macro () fird_spi_function ()

Figure 4-4: Architecture of the FlexRay Driver

When an application calls one of the API functions this function evaluates the call
parameters and calls related CCAL routine. These routines include computing
values, register settings, buffer requests and interrupt routines. CCAL routine calls
the macro from FHAL layer and E-Ray address offset is added. Finally at the HAL

layer Microcontroller and Communication controller access is realized.

A specific application may not need to use all of the functions that are available in
the API layer. The services of the API layer are divided into functional domains.
Each service domain fulfils only the related functions. The reason for this division
is to avoid unnecessary inclusion of the functions. Only necessary services are
included in the code of the applications. In the deriver code including of a service
is performed by making the necessary setup in the “ffrd api global def.h” file.
This file also includes other global settings of the driver and has to be examined

before starting an application development. By this way the size of the
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microcontroller code can be kept relatively small. The list of the functional services

is:

e Initialization Services (by “*.chi” files or manually)
e Control Service

e Interrupt Services

e Reception (Rx) Services

e Status Information Services

e Time Services

e Timer Services

e Transmission (Tx) Services

The principle program flow of the driver and usage of the API services are given in
Figure 4-5. After Reset Init services and part of the Control and Status services are

available and other services are available after the initialization is completed [19].

Res et\
Init Service |

v

| Interrupt Service | | Status Service |

Time Service | | Timer Service |

Figure 4-5: Program flow of the FlexRay Driver

4.1.4 C-Compiler, Assembler and Linker

C-Compiler, Assembler and Linker are wused with Softune Workbench
environment. Generated text code is compiled and linked with these tools and made

available for downloading to microcontroller.
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4.2 FlexConfig ™ Developer — Universal FlexRay Configuration
Tool

Flexible structure of the FlexRay protocol provides many configurable parameters.
Since the number of these configuration parameters is large, settings of the values
have to be carefully examined according to protocol specifications. A universal
configuration tool, FlexConfig™ Developer version S3VO0-F, is used to decrease
the configuration errors to zero during the experiments. The configuration
parameters of the protocol are entered through the user interface of the FlexConfig
tool. Then the tool checks all the parameters and displays error messages and
suggestions for nonconformances if there is any. Created configuration file can be
exported as “*.xml” file. Furthermore configuration parameters of each node can
be exported as controller host interface (“*.chi”) files. Later these “*.chi” files can
be included in the microcontroller code and initialization of the communication
controller of the evaluation board is done by included information without any

error. The user interface of the FlexConfig tool is given in Figure 4-6.
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Figure 4-6: FlexConfig user interface

43



4.3 FlexCard Cyclone II SE

FlexCard Cyclone II SE is a measuring instrument for analysis of the FlexRay
protocol and it can be also used to send data to other FlexRay bus members. In our
experiments FlexCard is defined as the receiver of the all messages sent by other
bus members (Evaluation Boards). It is a 32 bit CardBus card which is supporting 2
redundant FlexRay channels as Channel A and Channel B and also it has 2 high
speed CAN channels. Quick access times and high data throughput of the tool is
the additional features that is important while evaluating the high data rate of the
FlexRay protocol. Furthermore exact time stamp of the received messages can be

achieved by the card and this feature allows accurate timing calculations such as

delay and jitter of the messages. A picture of the tool is given in Figure 4-7 [20].

Figure 4-7: FlexCard Cyclone II SE

4.4 FlexAlyzer

The FlexAlyzer is a software tool that is designed for FlexCard Cyclone II SE to

monitor and analyze the bus traffic of the FlexRay network in which FlexCard is
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connected. The time information of the received messages can be viewed through
the user interface of the tool. Monitoring can be performed in two modes which are
synchronous and asynchronous. In the synchronous mode, user has to include
related controller host interface file. In our experiments FlexCard is taken as a
separate ECU and defined as the receiver for all messages in FlexConfig. Then
“*.chi” files are created and included in FlexAlyzer. Synchronous mode allows
more accurate monitoring and analyzing of the bus traffic with respect to
asynchronous mode. Time information includes time stamp, received cycle, slot
ID, FlexRay channel, payload data and status information of the received
messages. Log data of the received messages can be stored as text files to be later

analyzed. The user interface of the tool is given in Figure 4-8 [20].
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Figure 4-8: FlexAlyzer User interface
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CHAPTER 5

DESIGN OF EXPERIMENTS

5.1 Work Flow in the Experiments

During the design and implementation of experiments the work flow that is shown

in Figure 5-1 is followed. The details about each step are given in the related

section.
Implementation
Examination Generation Of_ Conﬁguratlon
of Message of with a universal
Set Scheduling configuration
Scheme tool
. Writing and
Analysis of Loading the
the received Microcontroller
data Code

Figure 5-1: Work Flow for the Experiments

5.1.1 Examination of Message Set

The parameters that are included in the message set are Message ID, Message Type
(periodic/sporadic), Message Period, Message Size, and Sender and Receiver

Nodes. These parameters are used for designing the configuration of the network
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and constructing the scheduling table. The structure of the message set is given in

Table 5-1.
Table 5-1: Message Set Table
Message ID Message Message Message Sender Receiver
9 Type Period Size Node Node
Message Periodic(P)/ . .
Identification | Sporadic(S) in ms in bytes Node Name Node Name

Message ID is used to identify the message. In static and dynamic segments this

variable can be used to assign priorities.

Timing behavior of the message is defined by its type. There are two types of
messages, periodic and sporadic messages. Efficient use of bandwidth requires that
periodic messages are sent in static segment, and sporadic messages are sent in

dynamic segment.

For periodic messages Message Period is defined as the time difference between
two consecutive messages and its value is constant through time. On the other hand
it means minimum time difference between two consecutive messages for sporadic
ones. This time difference during the experiment can be much longer than the

period value because of its random nature.

Message Size is the actual payload data sent through the network. Sender Node is
the node that sends the message and Receiver Node is the intended receiver of the

message.

5.1.2 Generation of Scheduling Scheme

To indentify the needs for the cluster wide configuration parameters, message
specific configuration parameters need to be defined first. This step includes the
determination of repetition times of the frames and allocation of static and dynamic

slots. Static and dynamic segments are independent from each other. Therefore
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allocation of periodic and sporadic messages also can be seen as independent from

each other.

Scheduling scheme (message allocations) is based on the categorization of
messages according to message set parameters. Top two categories in this scheme
are static segment and dynamic segment messages. This choice is made according
to the message types. While periodic messages are sent in static segment, sporadic
messages are sent in dynamic segment. For static segment further scheduling of the
messages are performed. The scheduling places the periodic messages into static
slots by considering the previously defined performance metrics. Further placement

of sporadic messages into dynamic slots is done according to their Message 1Ds.

If all the nodes that are using static segment generate periodic messages
synchronously with FlexRay cycles (message generation at the beginning of
FlexRay cycles), then static segment scheduling also can be done according to
message priorities. The messages that are assigned to be high priority can be
allocated to low numbered static slots. Synchronized message generation scheme is
presented in [23]. Since all the messages generated at the same time the one that
has the lowest Static Slot ID (highest priority) is transmitted first and delay is low.
However this can be realized only if message periods are integer multiples of the
cycle time and this situation is satisfied by choosing such a FlexRay cycle duration.
This priority assignment does not affect the jitter of the messages but only delays
because consecutive messages will be transmitted in the same Static Slot ID. Figure
5-2 shows a situation that three static segment messages are created at the
beginning of FlexRay cycles and repetition times of the frames for that messages
are set to 1. Then while the message with ID 1 (highest priority) will experience the

shortest delay, ID 3 (lowest priority) will experience the largest delay.
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Figure 5-2: Static Segment Priorities

In the experiments, construction of the message scheduling with the simplest
scheduling method (one message per static slot) that is given in the Section 6.1.1 is
applied first. Then the methods given in Section 3.4 are applied to improve the
performance metrics. However those methods assume that repetition times of the
frames can take any integer values. Therefore some modifications are applied to

adjust the methods according to capabilities of our tools.

The implementation of the Communication Controller (CC) of the Evaluation
Board only allows the values of 1, 2, 4, 8, 16, 32, and 64 for the fz7. For this reason
repetition times of the frames (fzr) that the messages transmitted inside are taken
different than actual repetition times of the messages (mgr). If the implementation
allows all integer values then these two repetition time values would be equal.
However fzr is changed because of the implementation of CC and the reasons are

given below.
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It has to be considered that fz; has to be less than or equal to the mpgy if deadline of

the message is equal to period. Otherwise frr has to be less than deadline/gdCycle.

The modified method for the minimum jitter is as follows: Assume that a message
m has a period of 2000 ms and the cycle duration (gdCycle) is 5 ms. Then mgy is
calculated as 2000/5 = 400. Therefore static slot need to be allocated to the
message m once in every 400 cycles. Due to the limits of the CC, fzr is set to the
largest power of two divider of the mgr to satisfy the minimum jitter for the

messages. For the message m dividers of 400 is
400 = 2¥2*2*2*5*5 4.1)

Then largest divider which is a power of two is 16. Therefore frris set 16 in the CC
configuration. By this way 400™ cycle, that the message need to be transmitted,
will be allocated and jitter is minimized. Moreover the utilization is increased by
freeing slots in the unused cycles. However 24 cycles out of 400 will be empty

again and wasted.

This method is shown with an example. Assume that the message m is wanted to be
assigned to a static slot and mgr = X, then static slot allocation for this message S4,,
= 1/X. Keeping this in mind assume a message set with four messages. Periods of
the messages are P;,;;)=2000ms, P;,=1000ms, P,;=500ms, and P;,,=100ms and the
cycle duration for the cluster is 5 ms. mgy values are 400, 200, 100, and 20
respectively and then fzr values are 16, 8, 4, and 4 respectively for the minimum

jitter case. Then the sum of S4 values of each message is:
SA=1/16+1/8+1/4+1/4=0.69 <1 (4.2)

The sum is less then 1, which means one static slot is enough to schedule all four
messages. Furthermore periods of the messages are not coprime. This means that
all messages can be scheduled without jitter. With the suitable offset values that
prevent collision of the messages (collision means that allocation of the slot to

more than one messages at the same cycle); message scheduling can be constructed
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as shown in Figure 5-3. This figure shows the allocation of the static slot over 64
cycles. Colored boxes show the allocated cycles and white boxes show the free
cycles. The numbers that are inside the boxes indicates the cycle counter value of

the FlexRay nodes.
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] []

Figure 5-3: Scheduling map of a static slot for the case, allocation with minimum jitter

In some experiments jitter is allowed to minimize the S4 and Ujp, and to increase
the utilization. In these cases, messages with the possibility of sharing the same slot
are assigned to one slot without jitter considerations. Again mpgy values are changed
to new frr values because of the reasons given in previous discussion. Possible
largest value that is less than the mpgy or guarantees on time transmission is set for
frr value. For example if the mgy is 50, then the largest possible fzr value that is a
power of two and less than 50 is 32, and for the mgy values 100, 250 and 400 fzr is
set to be 64. If we consider the previous example, new fzr values for the case that

jitters are allowed are 64, 64, 64, and 16 respectively. Then SA4 for this case is

SA=1/64+1/64+1/64+1/16=0.11<1 (4.3)
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As can be seen, S4 is reduced for the same message set and therefore Utilization
(U) is increased with the cost of jitter. Then the resulting message scheduling is

shown in the Figure 5-4.
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Figure 5-4: Scheduling map of a static slot for the case, minimum SA4 (Jitter is allowed)

Dynamic slot allocation of sporadic messages can not be done in the same way as
periodic messages since the generation times of sporadic messages can not be
known prior to execution. For this reason sporadic messages are assigned to
dynamic slots based on their priorities (Message ID). The message with the highest
priority is assigned to the first dynamic slot. In our experiments the message with
the lowest message ID has the highest priority. These dynamic slots consist of
minislots. If the message assigned to dynamic slot is not ready then the duration of
dynamic slot is equal to one minislot. If message transmission takes place then the
duration of the dynamic slot is equal to the message size plus the protocol

overheads.

When message scheduling is completed the needed numbers of static and dynamic
slots are identified. By taking into account this information, tables that include

cluster wide configuration parameters are constructed in this step. First table
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consists of message specific configuration parameters and is given in Table 5-2.
Second table consists of general parameters that are common to all nodes and

called as the cluster configuration parameters and given in Table 5-3.

Table 5-2: Message Specific Configuration Parameters

Message ID Segment | Static/ Repetition Offset (for
Dynamic Slot | Time (fgr) | periodic messages)

Message Static/ Slot ID Repetition Offset value for

Identification | Dynamic Time cycle multiplexing

Table 5-3: Cluster Configuration Parameters

Configuration Parameter Message Set Note
Feature
gdCycle (us) Message Periods Greatest Common Divisor
of message periods.
gPayloadLengthStatic (2- Message Sizes Minimum possible payload
Byte-Words) length is maximum
message size in the set
gdActionPointOffset (MT) NA It is used as a safety margin
= gdStaticSlot (MT) Message Sizes Static Slot Size is the sum
°E-’ of payload length, action
e point offset and protocol
% overheads
§ gNumberOfStaticSlots Number of According to the
2 Messages scheduling scheme number
of static slots can be
configured
Static Segment Duration Number of Static segment length is
Messages and equal to the Static Slot size
Message Sizes multiplied with Number of

slots. Static segment length
is smaller than Cycle Time
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Table 5-3 (continued)

Dynamic Segment

gNumberOfMiniSlots Maximum size and | While determining the
minimum deadline | number of minislots,
of Sporadic minislot duration and
Messages timing characteristics of
sporadic messages should
be considered
gdMinislot (MT) Timing

characteristics of
sporadic messages

gdMiniSlotActionPointOffset
(MT)

Timing
characteristics of
sporadic messages

gdDynamicSlotldlePhase
(Minislot)

Timing
characteristics of
sporadic messages

Dynamic Segment Duration

Timing
characteristics of
sporadic messages

Cycle

gdNIT (MT)

Remaining time from Static
and Dynamic segments

gdMacrotick (us)

transmission with zero jitter.

The configuration parameters are set as follows:
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gdCycle (us): This value (cycle time) is chosen according to the message periods.
As mentioned in [21], choosing greatest common divisor of message periods as

cycle length makes it possible to arrange scheduling in an optimized way and

gPayloadLengthStatic: Then by considering the message sizes in the static
segment, Payload Length (gPayloadLengthStatic) of static slots is decided. In
FlexRay static segment all slots have to be in the same length. This leads to
payload length to be chosen as the maximum message size to cover all nodes and
messages. Actually payload length can be chosen a greater value for future

reservations. However to increase the utilization for the given message set, it is




chosen as the possible smallest value. In addition to the payload length, FlexRay
protocol adds some parameters to convert the payload to the FlexRay frame. These
parameters are 5 bytes of Header and 3 bytes of Trailer. Furthermore physical
transmission of FlexRay frame requires additional protocol overheads. These are 1
bit of Frame Start Sequence (gdFSS), 2 bits of Frame End Sequence (gdFES), 3-15
bits (at 10 Mbps baud rate) of Transmission Start Sequence (gdTSSTransmitter),
11 bits of Communication Idle Delimiter (cChannelldleDelimiter), and 2 bits of
Byte Start Sequence (gdBSS) for every byte of FlexRay frame. Then total FlexRay

frame with physical transmission requirements is given as
Sprbit] = Se[byte]*10 + gdTSSTransmitter + cChannelldleDelimiter + gdFSS + gdFES (4.4)

Where Spr is the physical FlexRay Frame Size in terms of number of bits and S is
the FlexRay Frame in terms of number of bytes [13]. The picture of the physical

frame is given in Figure 5-5.

Frame Length: n Bytes

A
A 4

HEADER PAYLOAD TRAILER

L] L
TSS |<_>| |<_>| |<_>| |<_>| CID

BSS BSS BSS BSS FES

Figure 5-5: Physical FlexRay Frame [22]

gdActionPointOffset : In the static slots there is a point where the communication

starts and ends. This point called as static slot Action Point Offset
(gdActionPointOffset). In the configuration this value is defined in terms of
number of Macroticks (MT). Communication starts gdActionPointOffset MT after
the slot boundary and ends gdActionPointOffset MT before the next slot boundary.
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The reason of action point offset is to prevent the messages to violate the slot

boundaries during transmission.

gdStaticSlot (MT): It is the static slot size. In addition to the Physical Frame Size
and Action Point Offset, other protocol parameters also add up to static slot size.
These parameters are Minimum Propagation Delay (gdMinPropagationDelay),
Maximum Propagation Delay (gdMaxPropagationDelay), MT duration
(gdMacrotic), and Maximum Clock Deviation (cClockDeviationMax) as defined in

[13].

gNumberOfStaticSlots: After deciding these four parameters, number of Static

Slots (gNumberOfStaticSlots) is defined. It is the summation of the allocated slots

for all nodes plus future reservations for network expansions.

Other than payload length, the parameters used in the configuration of physical
static frame length and static slot size are independent from the message set. Static
Slot Size times the number of Static Slots gives static segment duration in terms of

number of MTs.

The above mentioned parameters are for the static segment. For the dynamic
segment additional parameters need to be defined. These are Minislot Duration
(gdMinislot) in terms of number of MTs, Minislot Action Point Offset
(gdMinislotActionPointOffset) in terms of number of MTs, Dynamic Slot Idle
Phase (gdDynamicSlotldlePhase) in terms of number of Minislots and total
Number of Minislots (gNumberOfMiniSlots). Transmission starts at minislot action
point offset MT from the minislot boundary. Unlike the static segment,

communication stops at slot boundary.
Then dynamic segment size given as

S s = gdMinislot * gNumberOfMinislots 4.5)

Where, Sps is the size of dynamic segment. Dynamic Slot Idle Phase is the

conclusion of the dynamic segment and no transmission takes place in this phase.
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Every communication cycle ends up with Network Idle Time (gdNIT). While
determining the static segment and dynamic segment sizes it should be noticed that
their total duration can not exceed Cycle Time - gdNIT. Therefore gdNIT also need

to be determined cluster wide together with other parameters.

The general picture after setting all the mentioned parameters is given in Figure
5-6. In this figure header and trailer segments have fixed size and all the other

parameters are configurable.

FlexRay Cycle
/\
~ Dynamic
Static Segment segment + NIT
e N AN
1 |2 (3 |4 |5 6 |7 |8 N
H_A % A ~ A N )H_/
Action Header Payload Trailer Action
Point Offset Point Offset

Figure 5-6: Configuration of Static Segment

5.1.3 Implementation of Configuration Parameters

After the scheduling scheme is constructed and tables for the parameters are
created, scheduling is implemented by using a universal FlexRay configuration tool
which is FlexConfig™ Developer. By considering the scheduling table,
configuration parameters are set to related values. When implementation is done
configuration files (*.chi) is generated for each node by the FlexConfig. These files

include the related register values for the communication controller of the
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Evaluation Boards to perform the intended application. Communication Controller
configuration is realized by including FlexConfig output files to the main code of
the microcontroller. In the start up of the FlexRay, this configuration values are

loaded to the registers of the Communication Controller by the microcontroller.

5.1.4 Microcontroller Implementation

The next step after configuration is implemented is the preparation of the related
microcontroller codes for each node. In the code needed number of periodic and
sporadic messages is created by timer interrupts and is sent to the preconfigured
buffers of nodes. Then Communication Controller transmits messages according to

configuration parameters and protocol specifications.

5.1.5 Analysis of the Results

Constructed FlexRay network and designed experiment are monitored with
FlexRay bus analyzer tool. The performance metrics, defined in Section 3.2, are

calculated from data that is logged by using the analyzer and then analyzed.
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CHAPTER 6

EXPERIMENTS

The evaluation of the FlexRay network is performed by a number of experiments.
The purpose, method, and analysis of the designed experiments are presented in
this section. Experiments are separated into two parts as Static Segment
Experiments (Section 0) and Dynamic Segment Experiments (Section 6.2).
FlexRay static and dynamic segments are two separate parts of the protocol. Their
structure and timing hierarchy are different. Structure of the FlexRay allows
internal configuration of static and dynamic segments to be done independently.
The only effect to each other, after cycle duration, symbol window and NIT are
fixed, is the length of each segment. Sum of the durations of two segments can not
exceed the remaining time (Cycle duration - Symbol Window Duration - NIT) and
also static segment can be considered as the time offset before the dynamic

segment. Therefore experiments are designed, performed and analyzed separately.

Manipulation and control of protocol variables are easy to handle in a relatively
small network before studying a larger scale network. Therefore all the related
FlexRay protocol variables in the experiments are investigated to see if the protocol
works as expected on a 3 node network. In addition test setup is verified. After the
verification, number of nodes is increased to 6 and similar experiments are
performed on the new network configuration. This approach reduced the time for
finding and fixing the errors, constructing the stable FlexConfig files, and getting
the bug free microcontroller codes. An illustration of the 3 node network is shown

in Figure 6-1 and a photograph of the 6 node network is presented in Figure 6-2.
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Figure 6-1: 3 Node Network Setup
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Figure 6-2: 6 Node Network
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6.1 Static Segment Experiments

Static segment experiments are designed to see the effect of scheduling methods on
the performance metrics, Used Static Slot ID (Ujp), Static Slot Allocation (S4),
Allocated Bandwidth (BW,), and Utilization (U) given in Section 3.2. First 5
experiments are performed on the 3-node network and remaining 5 experiments are
performed on the 6-node network. In the first experiment the simplest scheduling
method, which is one static slot is fully allocated to each message, is used. Then in
the experiments 2, 3, and 4, the scheduling method given in Section 3.4 is applied
which resulted in improving the performance metrics namely increasing of
utilization (U) and reducing slot allocation (S4) and static slot ID usage (Ujp). In
the experiment 5 signal packing is applied to further increase the utilization. While
improving these metrics delay and jitter are kept within acceptable levels. The trade
off between the Ultilization/slot ID usage/Slot Allocation and Jitter/Delay are
illustrated in our results. For the delay and jitter we looked at the maximum and
average values. Since, exceeding the deadline for any message is unacceptable,
maximum delay for every Slot ID is investigated. Average delay and jitter values
are measured to decide if the used method is providing a deterministic trend for the
message transmissions. Experiments 6 and 7 repeat the previous experiments 3 and
4 repeated on the 6 node network. Cycle duration is reduced to 2.5 ms in the
experiments 8 and 9 to decrease delay values. While messages are generated
synchronously with scheduling offsets in experiment 8, in experiment 9 the first
occurrences of all messages are set to be the same cycle. Signal packing is applied

in the experiment 10 to further improve the utilization, Up, and SA4.

The offset and repetition time values in the communication controller files (*.mhx),
and Slot ID’s of the messages are configured to achieve the desired schedule. The
values of these variables for each message are given in the related experiments.
Other configuration variables are not affected to apply these methods therefore they
are fixed. These fixed configuration variables are given in Table 6-1 to Table 6-3

with the related experiment numbers.
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Table 6-1: Fixed Configuration Parameters — Static Segment (Experiments 1, 2, 3, 4, 6, 7)

Configuration Parameter Name Value
gdCycle (us) 5000 ps
gPayloadLengthStatic (2-Byte-Words) 5 (10 Bytes)
gdActionPointOffset (MT) SMT
gdStaticSlot (MT) 31 MT
gNumberOfStaticSlots 64
Static Segment Length 64*31 =1984 MT
gdMacrotick (us) 1 us

Table 6-2: Fixed Configuration Parameters — Static Segment (Experiments 5, 10)

Configuration Parameter Name

Value

gdCycle (us)

5000 ps

gPayloadLengthStatic (2-Byte-Words)

12 (Experiment 5), 4
(Experiments 10)

gdActionPointOffset (MT)

SMT

gdStaticSlot (MT) 45 MT (Experiment 5), 29 MT
(Experiment 10)
gNumberOfStaticSlots 64

Static Segment Length

2880 MT (Experiment 5), 1856
(Experiment 10)

gdMacrotick (us)

1 us

Table 6-3: Fixed Configuration Parameters — Static Segment (Experiments 8, 9)

Configuration Parameter Name Value
gdCycle (us) 2500 ps
gPayloadLengthStatic (2-Byte-Words) 5 (10 Bytes)
gdActionPointOffset (MT) SMT
gdStaticSlot (MT) 31 MT
gNumberOfStaticSlots 32
Static Segment Length 32*31 =992 MT
gdMacrotick (us) 1 us
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The message set used in the experiments is shown in Table 6-4. This message set is
taken from TOFAS that means it is used in real automobiles. The first 41 messages
are used in the 3 node experiments and all of the 51 messages are used in the 6
node experiments. Minimum period value for the messages is 5 ms and all periods
are integer multiples of 5 ms. Therefore gdCycle (Cycle duration) is chosen as 5 ms
as discussed in Section 5.1.2. Some timing data are packed inside the message data
and sent over the network to collect message delay and jitter statistics. These data
are the cycle counter value and macrotick counter value when the message is
created by the node that the message belongs to, message ID, and period of the
message. Because of this data, gPayloadLengthStatic (Payload length of the static
segment frames) is set to be 10 Bytes for the experiments 1, 2, 3, 4, 6, 7, 8, and 9.
In experiments 5 and 10 actual message sizes are used. Action point offset in static
slots is set to be 5 MT. Macrotick duration is set to be 1us which is 10 bit duration
in a 10 Mbps cluster. With these values minimum length of a Static Slot
(gdStaticSlot) is calculated by the FlexConfig tool for each experiment. A total of
64 static slots are configured for the static segment to reserve free slots for future
extensions. In this way, the addition of new messages does not require a

configuration change and does not affect the rest of the network.

Messages are created at the beginning of each FlexRay cycle by software interrupts
of the MCUs of the evaluation boards. The periods of these interrupts are the same
as the period of the related messages. When the software interrupt occurs, MCU
checks the macrotick counter value of the Communication Controller (CC) and
according the counter value it adjusts the new interrupt time so that messages are
created at the beginning of each FlexRay cycle and the generation time is
synchronized with beginning of FlexRay cycles. Since MCU and CC have different
clocks there is a rate difference and this difference is suppressed by the above
mentioned software coded control algorithm. This algorithm guarantees that
interrupts occur between the 50™ and 150™ Macrotick counter values. Then the
related message is sent to the reserved buffer (this transfer also consumes at most

30 MT) of the CC and wait for transmission. Transmission takes place according to
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the fzr and offset values. The duration of a static slot is 31 MT. If the generation
time of the message is 150" MT and considering the transfer to the buffer (the sum
is around 180 MT), the value of the current transmission slot can be 6 (6 * 31 MT =
186 MT) when the message is ready to be transmitted. Therefore first Static Slot ID
used for the message scheduling is 7 to guarantee that no message will miss its

static slot beginning time at the generation cycle. During the experiments, logs are

recorded.
Table 6-4: Message set used in the Static Segment Experiments
Message | Message | Message Sender .
Message ID Typeg Periog Sizeg Node Receiver Node
Message | Periodic 10 ms 8 bytes Node 2 Analyzer
Message 2 Periodic 5 ms 8 bytes Node 2 Analyzer
Message 3 Periodic 20 ms 8 bytes Node 2 Analyzer
Message 4 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 5 Periodic 10 ms 8 bytes Node 1 Analyzer
Message 6 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 7 Periodic 10 ms 8 bytes Node 1 Analyzer
Message 8 Periodic 10 ms 8 bytes Node 1 Analyzer
Message 9 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 10 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 11 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 12 Periodic 20 ms 8 bytes Node 2 Analyzer
Message 13 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 14 Periodic 20 ms 8 bytes Node 2 Analyzer
Message 15 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 16 Periodic 10 ms 8 bytes Node 1 Analyzer
Message 17 Periodic 10 ms 8 bytes Node 1 Analyzer
Message 18 Periodic 10 ms 4 bytes Node 1 Analyzer
Message 19 Periodic 100 ms 8 bytes Node 1 Analyzer
Message 20 Periodic 50 ms 8 bytes Node 1 Analyzer
Message 21 Periodic 100 ms 2 bytes Node 2 Analyzer
Message 22 Periodic 100 ms 8 bytes Node 2 Analyzer
Message 23 Periodic 100 ms 8 bytes Node 2 Analyzer
Message 24 Periodic 250 ms 2 bytes Node 3 Analyzer
Message 25 Periodic 500 ms 1 bytes Node 3 Analyzer
Message 26 Periodic 250 ms 3 bytes Node 1 Analyzer
Message 27 Periodic 10 ms 8 bytes Node 2 Analyzer
Message 28 Periodic 100 ms 4 bytes Node 1 Analyzer
Message 29 Periodic 100 ms 4 bytes Node 1 Analyzer
Message 30 Periodic 100 ms 4 bytes Node 1 Analyzer
Message 31 Periodic 2000 ms 8 bytes Node 1 Analyzer
Message 32 Periodic 2000 ms 8 bytes Node 1 Analyzer
Message 33 Periodic 1000 ms 6 bytes Node 1 Analyzer
Message 34 Periodic 1000 ms 2 bytes Node 1 Analyzer
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Table 6-4 (continued)

Message 35 Periodic 20 ms 8 bytes Node 3 Analyzer
Message 36 Periodic 2000 ms 8 bytes Node 1 Analyzer
Message 37 Periodic 2000 ms 8 bytes Node 1 Analyzer
Message 38 Periodic 2000 ms 8 bytes Node 2 Analyzer
Message 39 Periodic 2000 ms 8 bytes Node 2 Analyzer
Message 40 Periodic 2000 ms 8 bytes Node 3 Analyzer
Message 41 Periodic 100 ms 8 bytes Node 1 Analyzer
Message 42 Periodic 20 ms 2 bytes Node 4 Analyzer
Message 43 Periodic 500 ms 1 bytes Node 4 Analyzer
Message 44 Periodic 100 ms 2 bytes Node 4 Analyzer
Message 45 Periodic 250 ms 8 bytes Node 4 Analyzer
Message 46 Periodic 10 ms 4 bytes Node 4 Analyzer
Message 47 Periodic 500 ms 8 bytes Node 5 Analyzer
Message 48 Periodic 250 ms 8 bytes Node 5 Analyzer
Message 49 Periodic 10 ms 4 bytes Node 5 Analyzer
Message 50 Periodic 500 ms 4 bytes Node 6 Analyzer
Message 51 Periodic 500 ms 4 bytes Node 6 Analyzer

6.1.1 Experiment 1: 3 Nodes, One Message per Static Slot

In this experiment one static slot is allocated for each message in every cycle. The
aim of this experiment is to investigate the values of the performance metrics for
this simplest scheduling policy. Then these values for the metric will be improved
for the network in the next experiments with different scheduling approaches. The
table that shows the values of the message specific configuration parameters is
given in Table 6-5. Duration of the experiment is approximately 60 seconds. An
example view of the static slots in terms of allocation in cycles 0 to 63 is given in

Figure 6-3.

Table 6-5: Experiment 1: Message Specific Configuration Parameters

Message ID | Segment Slot ID Repetition Offset
Message | Static 44 1 0
Message 2 Static 45 1 0
Message 3 Static 42 1 0
Message 4 Static 46 1 0
Message 5 Static 47 1 0
Message 6 Static 43 1 0
Message 7 Static 7 1 0
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Table 6-5 (continued)

Message 8 Static 8 1 0
Message 9 Static 9 1 0
Message 10 Static 10 1 0
Message 11 Static 11 1 0
Message 12 Static 12 1 0
Message 13 Static 13 1 0
Message 14 Static 14 1 0
Message 15 Static 15 1 0
Message 16 Static 16 1 0
Message 17 Static 17 1 0
Message 18 Static 18 1 0
Message 19 Static 19 1 0
Message 20 Static 20 1 0
Message 21 Static 21 1 0
Message 22 Static 22 1 0
Message 23 Static 23 1 0
Message 24 Static 24 1 0
Message 25 Static 25 1 0
Message 26 Static 26 1 0
Message 27 Static 27 1 0
Message 28 Static 28 1 0
Message 29 Static 29 1 0
Message 30 Static 30 1 0
Message 31 Static 31 1 0
Message 32 Static 32 1 0
Message 33 Static 33 1 0
Message 34 Static 34 1 0
Message 35 Static 35 1 0
Message 36 Static 36 1 0
Message 37 Static 37 1 0
Message 38 Static 38 1 0
Message 39 Static 39 1 0
Message 40 Static 40 1 0
Message 41 Static 41 1 0

Total of 41 static slots are allocated in each cycle for 41 messages. Repetition times
of all messages are selected equal to 1 to reserve the respective static slots in every
cycle whether or not a message is ready to be transmitted. If there is a message
ready to be transmitted then allocated frame is sent with the message, if there is no
message ready to be transmitted then the frame is sent empty. Then Ujp and

allocated number of static slots have the equal value,

U[D=SA=41 (51)
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Cycle 63m1|m2{m3|m4|mSm6|m7|m8m9| e°*

Figure 6-3: Experiment 1, Static slot allocation, one slot is allocated for each message in every
cycle

Duration of one static slot is 31 MT and MT duration is 1 ps. Duration of one cycle

is equal to 5000 ps. Then Allocated portion of the cycle is calculated as

BW, = (41%31)/5000 = 0.2542 = 25.42% (5.2)

and this value shows that 25.42% of the 10 Mbps bandwidth is allocated for the

current message transmission.

Rate of the transmitted messages is measured as By = 2016 messages per second

during the experiment.

In every cycle 41 messages are allowed to be transmitted. Then allocated number

of static slots per one second is given as

B4 =(1/0.005)*41 = 8200 (5.3)

Then Utilization is given as
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U= % =2016/8200 = 0.246 = 24.6% (5.4)
A

The available bandwidth of the FlexRay network is 10 Mbps. 25.42% of available
bandwidth is allocated for the current message transmission and 24.6% of this

allocated bandwidth is actually used. Then used bandwidth is given as
BWy =10 Mbps * 0.2542 * 0.246 = 624,960 bps (5.5)

Used bandwidth shows the traffic load of transmitted messages on the FlexRay

network.

The results of the delay and jitter calculations for each message ID are given in
Appendix I Table A-1. A figure that shows the maximum and mean values of
delays and jitters with respect to static slot IDs are given in Figure 6-4. Since the
values of average and maximum jitter are very low as compared to other values for
some messages, they may not be seen for this scale. This situation is also valid in

other static segment experiments.

Delay and Jitter for Messages IDs

T
ACAARLE LA Nk WERD

7 9 11 13 15 17 19 21 23 256 27 29 31 33 35 37 39 41

Message ID
\mMax. Delay m Av. Delay 0 Max. Jitter 0 Av. Jitter

Figure 6-4: Experiment 1 — delay (usec) & jitter (usec) vs. Message ID
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Maximum and average delay values for the message IDs are almost equal and quite
shorter than 5 ms (gdCycle). Since the messages are created at the beginning of
FlexRay cycles before their allocated static slots and slots allocated in every cycle,
none of the messages experiencing a delay greater than cycle duration. If the
allocated static slot IDs and delay values are considered, it can be seen that as the
number of static slot ID increases delay values are also increasing. Messages with
lower slot IDs experiencing lower delays. The jitter is almost zero for the messages
with small periods. As the period values are increasing jitter is also increasing. The
jitter values are expected to be zero because periods of the messages are integer
multiples of cycle duration and static slots is allocated also periodically. However
jitter is more than zero, because of the clock drifts resulted in the local oscillators
of evaluation boards. This drift is approximately 3 ps in every 2 FlexRay cycles.
Message IDs with higher periods are experiencing more jitter, because there are

more cycles between consecutive messages.

6.1.2 Experiment 2: 3 Nodes, Cycle Filtering without Jitter

In this experiment one slot is allocated for each message as in Experiment 1.
However in this case the method of cycle filtering is used hence the messages are
sent periodically only in the cycles selected according to the message periods. This
method reduces the SA for the network. An example view of the resulting slot
allocation is given in Figure 6-5. In the figure the numbered slots show that in that
cycle the given message is allowed to send. If the given message is not ready at the
time of allocated slot, slot will be empty. No other messages can be transmitted.
Gray filled slots means that they are not allocated to any messages. No
transmissions take place in the slot at the gray colored cycles. They are free slots to

be considered for the further message allocation by the same node.

Cycle filtering is performed by the Communication Controller in run time. When
the cycle counter value matches with frr and offset value it permits for
transmission. The cycle filtered scheduling is applied to increase utilization as

much as possible.

69



Static Segment

A
~— N

1 2 3 4 5 6 7 8 9 < 626364
Cycle 0 [m1{m2|m3{m4{m5|m6{m7|m8

Cycle 1 m4 mo| eee
Cycle 2 |ml m4 mé6 oee
Cycle 3 m4 mo| eee
Cycle 4 mljm2m3/m4| |m6| [mS8 oo
Cycle 5 m4 m7|  |m9| eee
Cycle 62/m1 m4| |mb6 m9| eee
Cycle 63 m4 oo

Figure 6-5: Experiment 2, Static slot allocation, cycle filtering is used

Duration of the experiment is approximately 60 seconds. The table that shows the

values of the message specific configuration parameters is given in Table 6-6.

Table 6-6: Experiment 2: Message Specific Configuration Parameters

Message ID | Segment Slot ID Repetition Offset
Message | Static 44 2 0
Message 2 Static 45 1 0
Message 3 Static 42 4 0
Message 4 Static 46 2 0
Message 5 Static 47 2 0
Message 6 Static 43 2 0
Message 7 Static 7 2 0
Message 8 Static 8 2 0
Message 9 Static 9 2 0
Message 10 Static 10 2 0
Message 11 Static 11 2 0
Message 12 Static 12 4 0
Message 13 Static 13 2 0
Message 14 Static 14 4 0
Message 15 Static 15 2 0
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Table 6-5 (continued)

Message 16 Static 16 2 0
Message 17 Static 17 2 0
Message 18 Static 18 2 0
Message 19 Static 19 4 0
Message 20 Static 20 2 0
Message 21 Static 21 4 0
Message 22 Static 22 4 0
Message 23 Static 23 4 0
Message 24 Static 24 2 0
Message 25 Static 25 4 0
Message 26 Static 26 2 0
Message 27 Static 27 2 0
Message 28 Static 28 4 0
Message 29 Static 29 4 0
Message 30 Static 30 4 0
Message 31 Static 31 16 0
Message 32 Static 32 16 0
Message 33 Static 33 8 0
Message 34 Static 34 8 0
Message 35 Static 35 4 0
Message 36 Static 36 16 0
Message 37 Static 37 16 0
Message 38 Static 38 16 0
Message 39 Static 39 16 0
Message 40 Static 40 16 0
Message 41 Static 41 4 0
The number of static slots that is used is again
U D= 41 (56)

However in this experiment slots are not allocated to the messages in every cycle.
Instead allocation is done according to repetition times. Then SA for this

configuration is calculated as

sa=tirgrel izl oxlge 30375 (5.7)
1 2 4 7 8 16

Compared to the S4 value for Experiment 1, there is a significant improvement in

this scheduling. Allocated bandwidth is

71



BW,=(13.9375*31)/5000 = 0.0864 = 8.64% (5.8)

Allocated number of static slots per one second is

B4,=200*13.9375 =2787.5 (5.9)

Total number of messages transmitted during the experiment is 125630. This

corresponds to By = 2016 messages per second. Then Utilization is computed as

U=2016/2787.5 = 72% (5.10)

Used bandwidth is again, 624,960 bps
BWy =10 Mbps * 0.72 * 0.0864 ~ 624,960 bps (5.11)

Delay and jitter values for each message is given in Appendix I Table A-2. A
figure that shows the maximum and mean values of delays and jitters with respect
to static slot IDs are given in Figure 6-6. The maximum and average delay values
for the scheduling methods that ensure minimum jitter are very close to each others
because of the deterministic structure of the static segment. Actual values are given

in the Appendix section for a better judgment.

The jitter values for the Message IDs are equal to the values in Experiment 1. This
result shows the correctness of the method (message scheduling without jitter)
given in Section 5.1.2. Although maximum and average delay values are
approximately the same, the trend of the delay values show an important change as
compared to Experiment 1. If the slot is not allocated for the message at the
generation cycle, then transmission has to wait until first cycle that the message is
allowed (allocated) to be sent. This delay depends on the starting state of the
network. Since the messages and FlexRay cycles are periodic after starting delays
follow the same pattern. The maximum delay that can occur is less than (fzr —
1)*gdCycle + some offset time. The reason for this time offset is given in Section

6.1.
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Delay and Jitter for Messages IDs
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Figure 6-6: Experiment 2 — delay (usec) & jitter (usec) vs. Message ID

6.1.3 Experiment 3: 3 Nodes, Cycle Multiplexing without Jitter

In this experiment more than one message are allocated to one static slot whenever
possible. In the experiment 2, cycle filtering was used and then some slots had
empty cycles. These empty cycles are now allocated to other messages of the same
node by applying the cycle multiplexing. Assignment of the messages to the static
slots is performed according to the method defined in [21]. By this way allocated
number of static slots ID is decreased and extra free slot IDs are made available for
the possible addition of new nodes to the cluster. As can be seen from the Table

6-7 the allocated static slot ID is reduced from 41 slots where:
Up=16 (5.12)

A figure that shows the cycle multiplexed allocation is given in Figure 6-7.
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Figure 6-7: Experiment 3, Static slot allocation, message filtering and cycle multiplexing is
used

Table 6-7: Experiment 3: Message Specific Configuration Parameters

Message ID| Segment Static Slot Repetition Offset
Message | Static 14 2 0
Message 2 Static 13 1 0
Message 3 Static 18 4 0
Message 4 Static 14 2 1
Message 5 Static 7 2 0
Message 6 Static 15 2 0
Message 7 Static 7 2 1
Message 8 Static 8 2 0
Message 9 Static 15 2 1
Message 10 Static 16 2 0
Message 11 Static 16 2 1
Message 12 Static 19 4 0
Message 13 Static 17 2 0
Message 14 Static 18 4 2
Message 15 Static 17 2 1
Message 16 Static 8 2 1
Message 17 Static 9 2 0
Message 18 Static 9 2 1
Message 19 Static 11 4 0
Message 20 Static 10 2 0
Message 21 Static 19 4 1
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Table 6-7 (continued)

Message 22 Static 19 4 2
Message 23 Static 19 4 3
Message 24 Static 21 2 0
Message 25 Static 22 4 0
Message 26 Static 10 2 1
Message 27 Static 18 2 1
Message 28 Static 11 4 1
Message 29 Static 11 4 2
Message 30 Static 11 4 3
Message 31 Static 12 16 1
Message 32 Static 12 16 2
Message 33 Static 12 8 3
Message 34 Static 12 8 5
Message 35 Static 22 4 1
Message 36 Static 12 16 6
Message 37 Static 12 16 7
Message 38 Static 20 16 0
Message 39 Static 20 16 2
Message 40 Static 22 16 2
Message 41 Static 12 4 0
Allocated number of static slots is:
SA=13.9375 (5.13)

This value is the same as in experiment 2 because same repetition times are used

for each frame that message is transmitted in.
Allocated bandwidth is

BW,=(13.9375*%31)/5000 = 0.0864 = 8.64% (5.14)

Allocated number of static slot per one second is

B4=200*%13.9375=2787.5 (5.15)

Total number of messages transmitted during the experiment is 121824. This

corresponds to By= 2016 messages per second. Then Utilization is given as

U=2016/2787.5=T72% (5.16)

Used bandwidth is
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BWy =10 Mbps * 0.72 * 0.0864 = 624,960 bps (5.17)

Delay and jitter values for each message are given in Appendix I Table A-3. A
figure that shows the maximum and mean values of delays and jitters with respect

to static slot IDs are given in Figure 6-8.
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Figure 6-8: Experiment 3 — delay (usec) & jitter (usec) vs. Message ID

The behavior of the delay and jitter values for the Message IDs are the same as in
Experiment 2. This experiment shows that cycle multiplexing can be used to
decrease Ujp without affecting the delay and jitter of the messages. By this way
more slots are freed for the possible addition of new nodes to the cluster. In other
words more nodes can be connected to the FlexRay network without changing

configuration of the static segment. This allocation method adds more flexibility to
the network.
6.1.4 Experiment 4: 3 Nodes, Cycle Multiplexing with Jitter

In experiments 2 and 3, to avoid the jitter the required repetition time value for the
frame factorized and the largest possible factor that is power of two and less than or

equal to 64 is chosen as mentioned in Section 5.1.2. In this experiment to further
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improve the utilization and Ujp jitter is allowed. Static slot allocation of the new
configuration is given in Table 6-8. Assignment of the messages to the static slots

is performed according to the method defined in [21].

Table 6-8: Experiment 4: Message Specific Configuration Parameters

Message ID| Segment Static Slot Repetition Offset
Message 1 Static 12 2 0
Message 2 Static 11 1 0
Message 3 Static 16 4 1
Message 4 Static 12 2 1
Message 5 Static 7 2 0
Message 6 Static 13 2 0
Message 7 Static 7 2 1
Message 8 Static 8 2 0
Message 9 Static 13 2 1
Message 10 Static 14 2 0
Message 11 Static 14 2 1
Message 12 Static 17 4 0
Message 13 Static 15 2 0
Message 14 Static 16 4 3
Message 15 Static 15 2 1
Message 16 Static 8 2 1
Message 17 Static 9 2 0
Message 18 Static 9 2 1
Message 19 Static 10 16 0
Message 20 Static 10 8 1
Message 21 Static 17 16 1
Message 22 Static 17 16 2
Message 23 Static 17 16 3
Message 24 Static 18 32 0
Message 25 Static 18 64 1
Message 26 Static 10 32 2
Message 27 Static 16 2 0
Message 28 Static 10 16 3
Message 29 Static 10 16 4
Message 30 Static 10 16 5
Message 31 Static 10 64 6
Message 32 Static 10 64 7
Message 33 Static 10 64 8
Message 34 Static 10 64 10
Message 35 Static 18 4 2
Message 36 Static 10 64 11
Message 37 Static 10 64 12
Message 38 Static 17 64 5
Message 39 Static 17 64 6
Message 40 Static 18 64 3
Message 41 Static 10 16 13
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In this configuration used number of static slots is reduced to

Up=12 (5.18)
Allocated number of static slots is calculated as

S4=10.34375 (5.19)
Then allocated bandwidth is

BW,=(10.34375*31)/5000 = 0.064 = 6.4% (5.20)

Allocated number of static slots per one second is

B,4=200*%10.34375 =2068.75 (5.21)

Total number of messages transmitted during the experiment is 125443. This

corresponds to By = 2016 messages per second. Then Utilization is given as

U=2016/2068.75 =97.5% (5.22)

Used bandwidth is
BWy =10 Mbps * 0.975 * 0.064 = 624,960 bps (5.23)

Delay and jitter values for each message is given in Appendix I Table A-4. A
figure that shows the maximum and mean values of delays and jitters with respect

to message IDs are given in Figure 6-9.

In this experiment there is a significant increase for the delay and jitter values as
expected. By this method network utilization is increased, U;p and SA4 are
decreased in the expense of more delay and jitter. It will be the system designer’s
choice which scheduling method should be selected (without jitter or with jitter) by

considering requirements of the messages.
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Figure 6-9: Experiment 4 — delay (usec) & jitter (usec) vs. Message ID

6.1.5 Experiment 5: 3 Nodes, Cycle Multiplexing without Jitter —
Signal Packing

In this experiment signal packing of the payload of messages which have the same
periods and node number is performed as expressed in Section 3.4 to further
decrease BWy, Upp and SA without affecting the delay and jitter values. The
resulting maximum payload length of the static segment for the given message set
(Table 6-4) is calculated to be 24 bytes. Message map according to the 24 bytes
payload for the first 3 Nodes is given in Table 6-9. Packing of the messages into
frames and assignment of frames to the static slots are performed according to the
method defined in [21]. Packed signal data is generated at the same time and
transmitted in the same FlexRay frame. Number of FlexRay frames is reduced to
20 by packing. In the previous experiments every message payload (signal) is

transmitted in a separate frame.
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Table 6-9: Experiment 5: Message Map and Configuration Parameters for the Network with 3

Nodes
Total .
Message Sender | Slot Receiver
Message ID Period Messi.;.:ge Node D frr Offset Node
Mg s7sa§e 10 ms 24 bytes | Node 1 7 2 0 Analyzer
Me_ssgge
16 17 18 10 ms 20 bytes | Node 1 7 2 1 Analyzer
Message 20| 50 ms 8 bytes | Node 1 8 2 0 Analyzer
Message
19 28 29 100 ms 16 bytes | Node 1 9 4 0 Analyzer
Message | 100ms | 12bytes | Node1 | 9 4 1| Analyzer
Message 26| 250 ms 3 bytes | Node 1 8 2 1 Analyzer
M??;nge 1000ms | 8bytes | Node 1 | 9 8 2 | Analyzer
Mes_sage
31 32 36 2000 ms | 24 bytes | Node 1 9 16 3 Analyzer
Message 37| 2000 ms 8 bytes | Node 1 9 16 6 Analyzer
Message 2 5ms 8 bytes | Node 2 10 1 0 Analyzer
Mfs:,age 10 ms 24 bytes | Node 2 11 2 0 Analyzer
'g"efga%e 10ms | 24 bytes | Node2 | 11 2 1 Analyzer
M_essgge
13 15 27 10 ms 24 bytes | Node 2 12 2 0 Analyzer
'g"efzsagj 20ms | 24bytes | Node2 | 12 4 1 Analyzer
M_essgge
21 22 23 100 ms 18 bytes | Node 2 12 4 3 Analyzer
Mg’gsgge 2000 ms | 16 bytes | Node2 | 13 16 0 Analyzer
Message 24| 250 ms 2 bytes | Node 3 15 4 0 Analyzer
Message 25| 500 ms 1 bytes | Node 3 14 2 0 Analyzer
Message 35| 20 ms 8 bytes | Node 3 15 4 1 Analyzer
Message 40| 2000 ms 8 bytes | Node 3 15 16 2 Analyzer

Used number of Static Slots and Static Slot Allocation for the packed message set

is calculated as:

U[D=9

S4=6.875

Total allocated bandwidth per cycle for 3 Nodes is
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BW,=(6.875 * 45)/5000 ~ 0.062 (5.26)
Allocated number of static slot per one second is

B4=200%6.875= 1375 (5.27)

Transmitted frames with packed messages per second is By = 863 frames per

second. Then Utilization is calculated as

U=2863/1375=63% (5.28)

Used bandwidth is
BWy =10 Mbps * 0.062 * 0.63 = 388,350 bps (5.29)

Maximum and average delay values for each Message ID are given in Figure 6-10

and detailed results are given in Table A-38.
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Figure 6-10: Experiment 5 — delay (usec) & jitter (usec) vs. Message ID

As a result there is a significant decrease in Ujp, SA, and BWy values as compared
to experiment 3. Since duration of a static slot is increased, measured utilization

decreases. However the same message set is transmitted by using less bandwidth.

81



Therefore more messages can be transmitted in a single network by applying
packing as compared to the previous experiments. Furthermore maximum delay
values that are observed during the experiment are reduced. The reason for this

decrease is the synchronous generation of the messages with scheduling offsets.

6.1.6 Experiment 6: 6 Nodes, Cycle Multiplexing without Jitter

In section 6.1.3, used number of static slot IDs is optimized by using cycle
multiplexing. The message schedule is computed by taking into account the
message jitters and jitter is kept at minimum as in Experiment 3. The same
methodology is also followed in this experiment with additional 3 nodes and 10
messages. Scheduling parameters for the additional messages are given in Table
6-10. Assignment of the messages to the static slots is performed according to the
method defined in [21]. Values of the parameters are the same as in Table 6-7 for

the first 41 messages.

Table 6-10: Experiment 6: Message specific parameters for new messages

Message ID | Segment Static Slot Repetition Offset
Message 42 Static 23 4 0
Message 43 Static 23 4 1
Message 44 Static 23 4 2
Message 45 Static 24 2 0
Message 46 Static 24 2 1
Message 47 Static 25 4 0
Message 48 Static 26 2 0
Message 49 Static 26 2 1
Message 50 Static 27 4 0
Message 51 Static 27 4 1

Used number of static slot IDs is increased by 5 for the new 10 messages is
Up=16+5=21 (5.30)

Additional allocated number of static slots equals to 3.5, then
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S4=13.9375+3.5=17.4375 (5.31)
Total allocated bandwidth for 6 nodes is

BW, = (17.4375*31)/5000 = 0.108 = 10.8% (5.32)

Allocated number of static slot per one second is

B4=200%17.4375=3487.5 (5.33)
Total number of messages transmitted during the experiment is 143404. This

corresponds to By = 2292 messages per second. Then Utilization is calculated as

U=2292/3487.5 = 65.7% (5.34)

Used bandwidth is
BWy =10 Mbps * 0.108 * 0.657 = 710,520 bps (5.35)

Delay and jitter values for each message are given in Appendix I Table A-10. A
figure that shows the maximum and mean values of delays and jitters with respect

to message IDs are given in Figure 6-11.
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Figure 6-11: Experiment 6 — delay (usec) & jitter (usec) vs. Message ID
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The delay and jitter values in this experiment show the same behavior as in the
Experiment 3. The only difference is that the number of nodes and messages are

increased.

6.1.7 Experiment 7: 6 Nodes, Cycle Multiplexing with Jitter

Jitter is allowed to decrease used static slot IDs in this experiment as in Experiment
4. Message specific configuration parameters for the messages 1 to 41 are the same
as in Table 6-8. For the messages 42 to 51 these parameters are given in Table

6-11. Assignment of the messages to the static slots is performed according to the

method defined in [21].

Table 6-11: Experiment 7: Message Specific parameters for new messages

Message ID| Segment Static Slot Repetition Offset
Message 42 Static 19 4 1
Message 43 Static 19 64 3
Message 44 Static 19 16 7
Message 45 Static 19 32 11
Message 46 Static 19 2 0
Message 47 Static 20 64 1
Message 48 Static 20 32 3
Message 49 Static 20 2 0
Message 50 Static 21 64 0
Message 51 Static 21 64 1

Used number of static slot IDs is increased by 3 for the additional 10 messages,

then
Up=12+3=15 (5.36)
Then additional allocated number of static slots equals to 1.4375, then
SA=10.34375 +1.4375=11.78125 (5.37)

Total allocated bandwidth for 6 nodes is
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BW,=(11.78125*31)/5000 = 0.073 = 7.3% (5.38)

Allocated number of static slots in one second is

B4=200*11.78125 =2356.25 (5.39)
Total number of messages transmitted during the experiment is 149781. This

corresponds to By = 2292 messages per second. Then Utilization is calculated as

U=2292/2356.25=97.3% (5.40)
Used bandwidth is

BWy =10 Mbps * 0.073 * 0.973 = 710,520 bps (5.41)

The results of delay and jitter analysis are given in Appendix I Table A-11. A
figure that shows the maximum and mean values of delays and jitters with respect

to Message IDs are given in Figure 6-12.
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Figure 6-12: Experiment 7 — delay (usec) & jitter (usec) vs. Message ID

Results show that the same behavior of the delay and jitter values of Experiment 4

is followed because of the deterministic structure of the static segment.
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6.1.8 Experiment 8 and 9: 6 Nodes, Cycle Multiplexing without
Jitter — 2.5ms FlexRay Cycle

In experiments 8 and 9, FlexRay cycle duration is reduced to 2.5 ms. Message
generation by the microcontroller of the evaluation board is performed in two ways
for each experiment. While generation times are synchronized with scheduling
offset values for each message in Experiment 8, first occurrence of messages that
belong to a given node is set to be the same cycle (random) in Experiment 9. In
other words messages are transmitted at the cycles that the message is generated in
Experiment 8, and delay values are reduced by this method. In experiment 9 the
delay values are expected to be larger. All the other variables including message
specific configuration parameters (Table 6-12) and cluster configuration parameters
(Table 6-3) are kept constant. For this reason performance metrics other than delay
values are the same for both experiments. Assignment of the messages to the static

slots is performed according to the method defined in [21].

Table 6-12: Experiment 8 and 9: Message Specific Configuration Parameters

Message ID| Segment Static Slot Repetition (frr) Scheduling
Offset
Message | Static 7 4 0
Message 2 Static 7 2 1
Message 3 Static 10 8 2
Message 4 Static 7 4 2
Message 5 Static 8 4 0
Message 6 Static 9 4 0
Message 7 Static 8 4 1
Message 8 Static 8 4 2
Message 9 Static 9 4 1
Message 10 Static 9 4 2
Message 11 Static 9 4 3
Message 12 Static 10 8 3
Message 13 Static 10 4 0
Message 14 Static 10 8 6
Message 15 Static 10 4 1
Message 16 Static 8 4 3
Message 17 Static 11 4 0
Message 18 Static 11 4 1
Message 19 Static 13 8 0
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Table 6-12 (continued)

Message 20 Static 11 4 2
Message 21 Static 10 8 7
Message 22 Static 12 8 1
Message 23 Static 12 8 2
Message 24 Static 14 4 0
Message 25 Static 14 8 1
Message 26 Static 11 4 3
Message 27 Static 12 4 0
Message 28 Static 13 8 1
Message 29 Static 13 8 2
Message 30 Static 13 8 3
Message 31 Static 13 32 5
Message 32 Static 13 32 6
Message 33 Static 13 16 7
Message 34 Static 13 16 13
Message 35 Static 14 8 2
Message 36 Static 13 32 14
Message 37 Static 13 32 15
Message 38 Static 12 32 3
Message 39 Static 12 32 5
Message 40 Static 14 32 3
Message 41 Static 13 8 4
Message 42 Static 15 8 2
Message 43 Static 15 8 3
Message 44 Static 15 8 6
Message 45 Static 15 4 0
Message 46 Static 15 4 1
Message 47 Static 16 8 2
Message 48 Static 16 4 0
Message 49 Static 16 4 1
Message 50 Static 17 8 0
Message 51 Static 17 8 1

Used number of static slot IDs and Static Slot Allocation is calculated as

U[D= 11

S4 =8.71875

Total allocated bandwidth for 6 nodes is

BW,=(8.71875*31)/2500 = 0.108 = 10.8%
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Allocated number of static slots in one second is

B, =400*8.71875 = 3487.5 (5.45)

Total number of messages transmitted during the experiment is 149781. This

corresponds to By = 2292 messages per second. Then Utilization is calculated as

U =2292/3487.5=65.7% (5.46)

Used bandwidth is
BWy =10 Mbps * 0.108 * 0.657 = 710,520 bps (5.47)

A figure that shows the maximum and average values of delays and jitters with
respect to message IDs for both experiments are given in Figure 6-13 and Figure

6-14, and detailed results are given in Table A-39 and Table A-40.
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Figure 6-13: Experiment 8 — delay (usec) & jitter (usec) vs. Message ID (message generations
are synchronized with scheduling offsets)
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Delay and Jitter for Messages IDs
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Figure 6-14: Experiment 9 — delay (usec) & jitter (usec) vs. Message ID (first occurrence of the
messages that belongs to a specific node happens in the same cycle)

Up and S4 values are half of the values in Experiment 6. Since the cycle duration
and available bandwidth in one cycle is also half of the Experiment 6 values,
utilization is calculated to be the same. By reducing the cycle duration only delay
values can be improved (decreased). If the same number of static slots in a single
cycle is used as compared to 5 ms cycle duration, dynamic segment duration would
be reduced. In our experiment number of static slots is also reduced to half to

preserve the ratio of dynamic segment duration to cycle duration.

6.1.9 Experiment 10: 6 Nodes, Cycle Multiplexing without Jitter —
Signal Packing

In this experiment by considering the 6 Nodes, packing of the messages which
have the same periods and node number is performed according to [21] to further
increase the utilization and decrease Ujp, SA4 and BWy. The maximum payload
length of the static segment for the given message set (Table 6-4) is calculated to
be 8 bytes. Message map according to the 8 bytes payload for 6 Nodes is shown in
Table 6-13. Packing of the messages into frames and assignment of frames to the

static slots are performed according to the method defined in [21]. Messages with
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IDs 29-30, 33-34, and 50-51 is packed into the same frame. Packed messages are
generated at the same time and transmitted in the same frame. Number of discrete

frames is reduced from 51 to 48 by packing method.

Table 6-13: Experiment 10: Message Map and Configuration Parameters for the Network
with 3 Nodes

Total .

Message Sender | Slot Receiver

Message ID Period Mess;:ge Node D frr Offset Node
Message 5 10 ms 8 bytes Node 1 7 2 0 Analyzer
Message 7 10 ms 8 bytes Node 1 7 2 1 Analyzer
Message 8 10 ms 8 bytes Node 1 8 2 0 Analyzer
Message 16 10 ms 8 bytes Node 1 8 2 1 Analyzer
Message 17 10 ms 8 bytes Node 1 9 2 0 Analyzer
Message 18 10 ms 4 bytes Node 1 9 2 1 Analyzer
Message 20 50 ms 8 bytes Node 1 10 2 0 Analyzer
Message 19 100 ms 8 bytes Node 1 11 4 0 Analyzer
Message 28 100 ms 4 bytes Node 1 11 4 1 Analyzer
Mzeg.sgge 100 ms 8 bytes Node 1 11 4 2 Analyzer
Message 41 100 ms 8 bytes Node 1 11 4 3 Analyzer
Message 26 250 ms 3 bytes Node 1 10 2 1 Analyzer
Mggsg\ge 1000 ms 8 bytes Node 1 12 8 0 Analyzer
Message 31| 2000 ms 8 bytes Node 1 12 16 1 Analyzer
Message 32 | 2000 ms 8 bytes Node 1 12 16 2 Analyzer
Message 36 | 2000 ms 8 bytes Node 1 12 16 3 Analyzer
Message 37 | 2000 ms 8 bytes Node 1 12 16 4 Analyzer
Message 2 5ms 8 bytes Node 2 13 1 0 Analyzer
Message 1 10 ms 8 bytes Node 2 14 2 0 Analyzer
Message 4 10 ms 8 bytes Node 2 14 2 1 Analyzer
Message 6 10 ms 8 bytes Node 2 15 2 0 Analyzer
Message 9 10 ms 8 bytes Node 2 15 2 1 Analyzer
Message 10 10 ms 8 bytes Node 2 16 2 0 Analyzer
Message 11 10 ms 8 bytes Node 2 16 2 1 Analyzer
Message 13 10 ms 8 bytes Node 2 17 2 0 Analyzer
Message 15 10 ms 8 bytes Node 2 17 2 1 Analyzer
Message 27 10 ms 8 bytes Node 2 18 2 0 Analyzer
Message 3 20 ms 8 bytes Node 2 18 4 1 Analyzer
Message 12 20 ms 8 bytes Node 2 18 4 3 Analyzer
Message 14 20 ms 8 bytes Node 2 19 4 0 Analyzer
Message 21 100 ms 2 bytes Node 2 19 4 1 Analyzer
Message 22 100 ms 8 bytes Node 2 19 4 2 Analyzer
Message 23 100 ms 8 bytes Node 2 19 4 3 Analyzer
Message 38 | 2000 ms 8 bytes Node 2 20 16 0 Analyzer
Message 39 | 2000 ms 8 bytes Node 2 20 16 1 Analyzer
Message 35 20 ms 8 bytes Node 3 22 4 0 Analyzer
Message 24 250 ms 2 bytes Node 3 21 2 0 Analyzer
Message 25 500 ms 1 bytes Node 3 22 4 1 Analyzer
Message 40 | 2000 ms 8 bytes Node 3 22 16 2 Analyzer
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Table 6-13 (continued)

Message 46 10 ms 4 bytes Node 4 23 2 0 Analyzer
Message 42 20 ms 2 bytes Node 4 24 4 0 Analyzer
Message 44 100 ms 2 bytes Node 4 24 4 1 Analyzer
Message 45 250 ms 8 bytes Node 4 23 2 1 Analyzer
Message 43 500 ms 1 byte Node 4 24 4 2 Analyzer
Message 49 10 ms 4 bytes Node 5 25 2 0 Analyzer
Message 48 250 ms 8 bytes Node 5 25 2 1 Analyzer
Message 47 500 ms 8 bytes Node 5 26 4 0 Analyzer

Mggsgfe 500 ms 8bytes | Node6 | 27 4 0 Analyzer

Used number of Static Slots and Static Slot Allocation for the packed message set

is calculated as:

Up =21 (5.48)

S4=16.8125 (5.49)
Total allocated bandwidth per cycle for 6 Nodes is

BW,=(16.8125 * 29)/5000 = 0.098 (5.50)
Allocated number of static slot per one second is

B4=200*16.8125 = 3362.5 (5.51)

Transmitted messages per second is By = 2279 messages per second. Then

Utilization is calculated as

U =2279/3362.5 = 68% (5.52)

Used bandwidth is
BWy =10 Mbps * 0.062 * 0.63 = 660,910 bps (5.53)

Maximum and average delay values for each Message ID are given in Figure 6-15

and detailed results are given in Table A-41.
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Figure 6-15: Experiment 10 — delay (usec) & jitter (usec) vs. Message ID

Delay and jitter values are following the same trend as compared to Experiment 6
values. Message packing improved the performance metrics related with network
usage which are S4, BWy and utilization without any degradation for delay and

jitter values.

6.1.10 Summary and Discussion of the Results of the Static
Segment Experiments

In the static segment experiments, we investigated the effect of the scheduling of
the messages and the number of nodes in the network on the performance metrics
that are introduced in Section 3.2. One slot is allocated for each message in
experiments 1 and 2. However in Experiment 2, cycle filtering is used to reduce the
Up and S4, and also to increase the utilization. By this way slots are made partially
empty for the possible addition of new messages for the same node. Addition of
new messages can be satisfied by updating the configuration of the related node
only without affecting the whole network. As compared to Experiment 1 utilization
increase to 72%. In Experiment 1 utilization is only 24.6%. In both experiments
jitter for individual messages is the same. However delay values increased for the
reason given in Section 6.1.2. Although delay values increased, there is still a limit

value for the maximum delay because of the scheduling method. This limit is
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“Max. Delay < (frr— 1)*gdCycle + SlotID*gdStaticSlot* gdMacrotick” and it is
valid for all of the static segment experiments. By this way on time message

transmissions can be guaranteed.

When a new node is to be added to an existing network, a different slot has to be
allocated for it. The worst case for static slot allocation is realized in the
Experiment 1. Then some cycles are freed for other message transmissions of the
same node in the Experiment 2 by using cycle filtering. After that, in the
Experiment 3 empty cycles are filled with present messages and more static slots
are made available for new messages and also for new nodes. That means Ujp is
reduced significantly. Jitter is the same in experiments 1 and 2 as the slots that the
messages are transmitted are the same, and the above given Max. Delay definition

is applicable for this experiment.

In experiment 4, jitter is allowed and static slot allocation and repetition times
changed accordingly. It is calculated that there is a significant increase for the delay
and jitter values in return for increased utilization and reduced Ujp and SA. In
experiment 5 Ujp, SA, BWy is decreased without affecting the delay and jitter
values. That means drawback of the method given in experiment 4 can be

overcome by applying packing.

The delay and jitter values experimentally measured by considering all static
segment messages in the experiments are given in the Table 6-14. This table shows

the outcomes of each scheduling method clearly.

Table 6-14: Performance metrics calculated from the log data — Delay and Jitter

Av.J Av.J |Max.J Max.J| Av.D | Av.D |Max. D| Max.D
(us) % (ns) % (us) % (us) %

1| 3 |41 | 53.81 0.01 243 | 0.02 662 3.07 | 1370 26.76
213 |41 | 5474 0.01 248 | 0.02 | 11882 | 154 | 71027 63.08
3] 3 |16 | 53.66 0.01 242 | 0.02 | 11615 | 25.22 | 65628 54.01

E| N |Up
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Table 6-14 (continued)

41 3 | 12| 37553 | 10.25 |279839|59.98 | 50811 | 25.68 (305079 77.01
5/ 3|9 | 5583 0.01 256 | 0.02 | 8144 10.5 | 50295 44.6
6 6 | 21 | 50.16 0.01 248 | 0.02 | 8390.55 | 15.47 | 60145 5341
71 6 | 15 |46377.5| 1236 |279842|59.98 |56015.78| 26.18 (315569 77.01
8/ 6 |11 | 512 0.01 254 ] 0.02 | 266.7 0.4 491 0.6
9/ 6 | 11 | 512 0.01 254 | 0.02 | 12356 | 18.5 | 80029 71.0
10| 6 | 21 | 50.6 0.01 251 0.02 | 10227 | 15.3 | 75576 67.1

In the table, E is Experiment Number, N is Number of Nodes, Ujp is used number
of static slot IDs, J is jitter, and D is delay. The percentages shown are calculated
according to the deadline values of each message which is the period of that
message. In Table 6-15 and Table 6-16 U;p, SA, and BW, are calculated from the
scheduling tables, Utilization and BWy, are measured from the experiment outputs.
The comparison of the Performance Metrics for the first 3 nodes experiments is

given in Table 6-15.

Table 6-15: Comparison of the Performance Metrics for the 3 Nodes Experiments — Static

Segment

Used Static| Static Slot | Allocated Utilization Used
Experiment | SlotID | Allocation | Bandwidth ) Bandwidth

(Unp) (54) (BW.4) BW)
Experiment 1 41 41 25.42 % 24.6 % | 624,960 bps
Experiment 2 41 13.9375 8.64 % 72 % 624,960 bps
Experiment 3 16 13.9375 8.64 % 72 % 624,960 bps
Experiment 4 12 10.34375 6.4 % 97.5% |624,960 bps
Experiment 5 9 6.875 6.2 % 63 % 388,350 bps
*) 8 6,96875 8.64 % 72 % 624,960 bps

*) Shows the results of 2.5 ms cycle duration experiments (Experiments 8 and 9) by

considering first 3 nodes
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The methods used in experiments 6 and 7 are the repetition of the methods used in
experiments 3 and 4 respectively, and also the results follow the same rule. These
experiments are performed to show the applicability of the methods in a relatively

larger network configuration.

In the experiments 8 and 9 cycle duration is reduced to 2.5 ms. By this way the
time between two consecutive instances of a given slot ID is reduced to 2.5 ms,
therefore delay values is expected to be lower. In the experiment 8 messages are set
to be generated at the cycles in which they are allowed to be transmitted. This case
gives the minimum delay values for each message. In the experiment 9, first
occurrence of the messages that belongs to the same period is set to be the same
cycle. This scheme causes an increase in delay values. Since the repetition times
are doubled when the cycle duration is reduced to the half, all the performance
metrics related with the network usage and allocation (Ujp, S4, Utilization, BWy)

have the same values of Experiment 6.

In the experiment 10 message packing is applied as in experiment 5 to decrease the
Up, SA, and BWy and increase the utilization. The results conform to the

expectations.

In the experiments 1, 2, 3, 5, 6, 8, 9 and 10 the jitter values are expected to be zero
because periods of the messages are integer multiples of cycle duration and static
slots is allocated also periodically. However jitter is more than zero, because of the
clock drifts resulted in the local oscillators of evaluation boards. This drift is
approximately 3 ps in every 2 FlexRay cycles. Message IDs with higher periods
are experiencing more jitter, because there are more cycles between consecutive

messages.

The comparison of the performance metrics for the 6 Nodes experiments are given

in the Table 6-16.
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Table 6-16: Comparison of the Performance Metrics for the 6 Nodes Experiments — Static

Segment

Used Static|Static Slot| Allocated Utilization Used
Experiment | SlotID [Allocation| Bandwidth ) Bandwidth

(Uip) (54) (BW.4) BWy)
*) 51 51 31.62 % 28 % 710,520 bps
*) 51 17.4375 10.8 % 65.7 % 710,520 bps
Experiment 6 21 17.4375 10.8 % 65.7 % 710,520 bps
Experiment 7 15 11.78125 7.3 % 97.3% | 710,520 bps
Experiment 8, 9 11 8.71875 10.8 % 65.7 % 710,520 bps
Experiment 10 21 16.8125 9.8% 68 % 660,910 bps

*) Shows the theoretical results for the case of simplest scheduling method is applied
**) Shows the theoretical results for the case of cycle filtering without jitter method is applied

We conclude that, there is a trade off between utilization, Ujp, SA,; and jitter and
delay values. If we want to improve the former group performance metrics then we
need to allow performance degradation for the jitter and delay values or the
opposite. These methods can also be applied partially to the messages. Some of the
messages can be scheduled according to the method given in experiment 1 if the
timing requirements of the message are very strict, and some of them can be
scheduled according to the method given in experiment 4 if the timing
requirements allow high delay and jitter. It entirely depends on the requirements for
the electronic applications. The summary for the properties of each scheduling
method applied in the respective experiments and outcome of these methods are

given in Table 6-17.
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Table 6-17: Summary of the Static Segment Experiments

Scheduling Properties

Results

3 Nodes, Simplest scheduling method.

One slot allocated for each messages in all
cycles that means repetition times of the
FlexRay frames are all one. (Ujp =S4 =
number of message IDs)

High Ujp and S4 values and low
utilization (inefficient bandwidth
usage).

Minimum delay and jitter.

3 Nodes, Repetition times of the FlexRay
frames are adjusted so that bandwidth
efficiency can be maximized and messages
experience minimum jitter.

Cycle filtering is applied to minimize the
Static Slot Allocation (SA4).

Each message assigned to a different static
slot ID (Ujp = number of message 1Ds).

Low SA4 and high utilization but high
U, ID-

Minimum jitter but increased delay

3 Nodes, Repetition times of the FlexRay
frames are adjusted so that bandwidth
efficiency can be maximized and messages
experience minimum jitter.

Cycle multiplexing is applied to minimize
the S4 and U[D.

Low Ujp and S4, and high utilization.

Minimum jitter but increased delay.

3 Nodes, Repetition times of the FlexRay
frames are adjusted so that bandwidth
efficiency can be maximized and minimum
allocation can be achieved.

Cycle multiplexing is applied to minimize
the S4 and Up.

The best Uy and S4 (the lowest), and
high utilization.

The worst delay and jitter (the
highest).

3 Nodes, Signal Packing is applied to
optimize the bandwidth usage.

Repetition times of the FlexRay frames are
adjusted so that bandwidth efficiency can
be maximized and messages experience
minimum jitter.

Cycle multiplexing is applied to minimize
the S4 and U[D.

Increased bandwidth efficiency (lower
SA), but utilization decreases because
of increasing static slot duration as
compared to Experiment 3. The same
message set is transmitted by using
lower bandwidth.

Similar delay and jitter as compared to
Experiment 3.
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Table 6-17 (continued)

6 Nodes, Repetition times of the FlexRay
frames are adjusted so that bandwidth
efficiency can be maximized and messages
experience minimum jitter.

Cycle multiplexing is applied to minimize
the S4 and U[D.

Low Ujp and S4, and high utilization.

Minimum jitter but increased delay.

6 Nodes, Repetition times of the FlexRay
frames are adjusted so that bandwidth
efficiency can be maximized and minimum
allocation can be achieved.

Cycle multiplexing is applied to minimize
the S4 and U[D.

The best Ujp and SA4 (the lowest), and
high utilization.

The worst delay and jitter (the
highest).

6 Nodes, Cycle duration reduced to its half
to decrease delay values for each message
ID. Generation times of the messages are
synchronized with allocated transmission
cycles to minimize delays.

Repetition times of the FlexRay frames are
adjusted so that bandwidth efficiency can
be maximized and messages experience
minimum jitter.

Cycle multiplexing is applied to minimize
the S4 and U[D.

Lower cycle duration
Low Ujp and S4, and high utilization.

Minimum jitter. Delay is minimized
by synchronization.

6 Nodes, Cycle duration reduced to its half
to decrease delay values for each message
ID. Generation times of the first instances
of each message IDs are at the same cycle.

Repetition times of the FlexRay frames are
adjusted so that bandwidth efficiency can
be maximized and messages experience
minimum jitter.

Cycle multiplexing is applied to minimize
the S4 and U[D.

Lower cycle duration
Low Ujp and S4, and high utilization.

Minimum jitter. Delay increases as
compared to Experiment 8.

10

6 Nodes, Signal Packing is applied to
optimize the bandwidth usage.

Repetition times of the FlexRay frames are
adjusted so that bandwidth efficiency can
be maximized and messages experience
minimum jitter. Cycle multiplexing is
applied to minimize the S4 and U,p.

Increased bandwidth efficiency (lower
SA, higher utilization) as compared to
Experiment 6. The same message set
is transmitted by using lower
bandwidth.

Similar delay and jitter as compared to
Experiment 6.
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6.2 Dynamic Segment Experiments

Dynamic segment experiments are designed to see the effect of cluster and
configuration parameters on the delay of each individual message transmitted in the
dynamic segment. These cluster parameters are the number of messages, message
traffic rate (number of total messages transmitted in one second), massage payload
length and configuration parameters are the dynamic segment length and the
priorities of the messages. Dynamic segment experiments are also performed first
on the 3 node network, because of the reason given in the previous section, and

then repeated on the 6 node network with some additional messages.

Sporadic messages are generated by the MCU’s timers and each message is
independent from each other. These sporadic messages generated randomly by
using the srand() and rand() functions of the C programming language. srand() is
used to generate different seeds for every different run of experiments, and rand() is
used to randomize interarrival times between minimum and maximum interarrival
times of the messages. 6 of 16 Bits Reload timers and 8 of 16 Bits Free Run timers
of the MCU is used for the message generation. Counter clock for the Reload
Timer has a frequency of 125 kHz and counter clock for the Free Run Timer has a
frequency of 250 kHz. Therefore the maximum interrupt times for the timers and
also maximum interarrival times for the sporadic messages are 524.28 ms
(65535*(1/125 kHz)) for Reload Timers and 262.14 ms (65535*(1/250 kHz)) for
the Free Run Timers. The minimum interarrival time for all of the messages is set
to be 50 ms which is also defined to be deadline value for the messages. Maximum
interarrival times are adjusted to manipulate the message traffic rate in the related

experiments (shorter maximum interarrival times means high traffic rate).

Dynamic segment messages are assigned to dynamic slots starting from the first
dynamic slot of the dynamic segment. Numbering of the dynamic slots continue
from the last Static Slot number, therefore for the case of 64 static slots the number
of the first dynamic slot is 65. For a given dynamic slot, the dynamic slot number is

also used as the identification for the sporadic message which is allocated to that
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dynamic slot. The smallest message ID or Dynamic Slot has the highest priority.
All the results for the delay calculations and also comparisons are presented with

respect to the message IDs.

Experiments are performed under two different FlexRay cluster configurations. In
the first part the limits of the protocol in terms of delay values are explored in both
3 node network and 6 node network. In this respect, payload length is increased
gradually then dynamic segment length is reduced and finally message traffic load
is increased step by step until delays of the messages are significantly increased.
The values of the configuration variables for the first part are given in the Table
6-18. Minislot duration is set to be 6 MT without any concern for the performance
metrics. Number of minislots value is the maximum value which corresponds to the
remaining time duration after fixing the Static Segment and Network Idle Time.
These maximum values are 472 for 64 static slots, 307 for 96 static slots, and 141
for 128 static slots by considering that gdStaticSlot is 31 MT. Unless it is
mentioned in the related experiments these values are fixed through all the first part

experiments.

Table 6-18: Configuration parameters for dynamic segment — first part of the experiments

Configuration Parameter Name Value
gdCycle (us) 5000 ps
gNumberOfMiniSlots 472
gdMinislot (MT) 6 MT
gdMiniSlotActionPointOffset (MT) 2MT
gdDynamicSlotldlePhase (Minislot) 1 Minislots
Dynamic Segment Duration 2838 MT
gdNIT (MT) 178 MT
gdMacrotick (us) 1 us
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In the second part, the effect of payload length, number of messages, dynamic
segment duration, and message traffic rate is examined for each priority level in the
6 node network configuration. The configuration variables for this part are given in

Table 6-19.

Table 6-19: Configuration parameters for dynamic segment — second part of the experiments

Configuration Parameter Name Value
gdCycle (us) 5000 ps
gNumberOfMiniSlots 307
gdMinislot (MT) 6 MT
gdMiniSlotActionPointOffset (MT) 2MT
gdDynamicSlotldlePhase (Minislot) 1 Minislots
Dynamic Segment Duration 1848 MT
gdNIT (MT) 178 MT
gdMacrotick (us) 1 us

6.2.1 Part 1 — Exploring the Values for Message Delays

The parameters for the experiments with 3 nodes and 6 nodes network
configurations are given in the Table 6-20. Observed maximum values for the
delays during the experiments are recorded as the maximum delay for each
message ID, and average delay value for each message ID is calculated as the sum
of delay values of all transmitted messages divided by number of transmitted

messages.

In the first experiment all 15 messages have 8 bytes of payload data. As FlexRay
has a high bandwidth, we choose to use messages with large data length to make
use of this bandwidth. For this reason as a starting point 8 bytes of payload data is
chosen for the messages. Then starting from the first dynamic slot messages are

assigned. The message IDs are taken as the number of that dynamic slot.
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Table 6-20: Designed Experiments and Cluster Configuration Parameters — Part 1

Experiment | Number of | Number of [Dynamic segment| Payload Message Traffic
Number Nodes Messages length Length Rate
(Messages/Sec)
1 3 15 472 Minislots | 8 Bytes 53
2 3 15 472 Minislots | 64 Bytes 53
3 3 15 472 Minislots | 254 Bytes 53
4 3 15 141 Minislots | 254 Bytes 53
5 3 15 141 Minislots | 254 Bytes 300
6 6 36 472 Minislots | 16 Bytes 188
7 6 36 472 Minislots | 64 Bytes 188
8 6 36 472 Minislots | 254 Bytes 188
9 6 36 141 Minislots | 254 Bytes 188
10 6 36 141 Minislots | 254 Bytes 719

First dynamic slot number is 65 for this reason message IDs are numbered from 65
to 79. First dynamic slot has the highest priority level and as the slot number
increases priority level decreases. Experiment duration is 62 seconds. The results of
the delay measurements for each message ID (dynamic slot number or priority
level) are given in Table A-5. The maximum delay for each message is
approximately 5000 us which equals to one cycle length. It means that messages
are never delayed because of insufficient dynamic segment length. Dynamic
segment length in the configuration parameters are given as 2838 MT. Duration of
a minislot is 6 MT. It means that one message is transmitted in 5 minislots which is
also the dynamic slot duration. 15*5 = 75 minislots are enough to transmit all
sporadic messages in one cycle. There are 472 minislots in the dynamic segment
which means that all messages for each priority level can be sent in a single cycle.
Time duration between two consecutive instants of a minislot is 5000 ps. For this
reason average delay values are the half of this value which is 2500 pus. DMR = 0

for this experiment.

In the experiments 2 and 3 payload data length of the messages are first increased

to 64 Bytes and than to 254 Bytes, which is the maximum allowed data length in
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the protocol [13]. Detailed results for each dynamic slot ID (priority level) are
given in Table A-6 and Table A-7 respectively. Dynamic slot durations are 24
minislots for 64 Bytes payload and 46 minislots for 254 Bytes payload. 360
minislots are enough to transmit 15 of 64 bytes messages in one cycle. For this
reason the results of experiment 1 and 2 are similar. However 690 minislots are
required to transmit 15 of 254 bytes messages in one cycle that means messages
can be delayed for extra cycles because of insufficient dynamic segment length.
However the generation times of the messages generally do not cause extra delays,
there is only a slight increase for the maximum values. Average delay is again
similar to experiments 1 and 2. Duration of the experiments is 63 and 115 seconds

respectively. DMR = 0 for both experiments.

The comparison of the maximum and average delay values with respect to message

priority levels for experiments 1, 2 and 3 are given in Figure 6-16.
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Figure 6-16: Maximum (usec) & Average (usec) Delays vs. Priority Levels: 15 Messages, 472
Minislots, - 8, 64 and 154 Bytes of Payload Data

In the next experiment (4) duration of the dynamic segment is decreased to 141
minislots by keeping all the other variables given in Experiment 3 the same. Some

messages could not be sent in one or two cycles, since the available minislots are
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less. Therefore observed maximum delay increased for low priority messages.
However average delays are not affected in this case because of the low message
traffic rate on the network. The results for this experiment are given in Table A-8.
Duration of the experiment is 113 seconds. The comparison of maximum and
average delay values with respect to priority levels for experiments 3 and 4 are

given in Figure 6-17. DMR = 0 for Experiment 4.

Messages are generated periodically with exactly 50 ms periods in the next
experiment (5) to increase the message traffic rate to 300 messages per second. In
the previous experiments it was approximately 53 messages per second. This
situation causes that lower priority messages within the same node experience more
delays, since periods of the messages that belong to same node are equal and
generation times of the different nodes are different than each other. The results for
the delay calculations are given in Table A-9. The comparison of maximum and
average delay values for experiments 4 and 5 with respect to priority levels are

given in Figure 6-18. DMR = 0 for this experiment.
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Figure 6-17: Maximum (usec) & Average (usec) Delays vs. Priority: 15 Messages, 254 Bytes of
Payload Data - Dynamic segment length of 472 and 141 minislots
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Delay vs. Message Priority Level
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Figure 6-18: Maximum (usec) & Average Delays (usec) vs. Priority Level: 15 Messages, 254
Bytes of Payload Data, Dynamic segment length of 141 minislots - traffic rates of 53
messages/sec and 300 messages/sec

Evaluation of the dynamic segment with six nodes is performed with 36 sporadic
messages. Each node generates 6 sporadic messages with 50 ms minimum
interarrival time. Messages are scheduled starting from the first dynamic slot
according to one message for one dynamic slot scheme as in 3 node experiments;

only difference is the number of messages.

In the sixth experiment payload length of the sporadic messages is taken as 16
Bytes. Traffic rate during the experiment is 188 messages per second. 216
minislots are required to send all messages in one cycle. Since the available
number of minislots is greater than required number of minislots maximum delays
are around 5000 ps which is equal to one cycle duration. That means the only
reason for the delay is timing hierarchy of the scheduling. Since the cycle length is
5000 ps average delays are around 2500 ps which is equal to half of cycle length.
The results for the observed delays are given in Appendix I Table A-12. DMR is

observed to be 0.
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In the next two experiments (7, 8) payload length of the messages are increased to
64 and 254 Bytes. 504 and 1620 minislots are required to send all messages in a
single cycle respectively. In these cases some messages may experience larger
delays. That means if the generation times of large number of messages are in the
same cycle lower priority messages are delayed to the next cycles because previous
messages consume all available minislots. Maximum of 33 messages can be sent
for 64 bytes payload and maximum of 10 messages can be sent for 254 bytes
payload in a single cycle. Increasing the payload length causes the dynamic slots
have higher durations and messages consume more minislots. That means available
number of minislots decreases for the low priority messages and their dynamic
slots are shifted to the end of cycle. Therefore there is a slight increase for the
maximum delays. Because of low traffic load, average delays are approximately
equal to the sixth experiment values. The computation results for the experiments
are given in Table A-13 and Table A-14. Comparison of maximum and average
delay figures of experiments 6, 7 and 8 for each priority level are given in Figure

6-19. DMR = 0 for both of the experiments.
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In the next experiment (9) payload length is fixed to 254 bytes and traffic rate is
fixed to 188 messages per second. Length of the dynamic segment is decreased to
141 minislots. Each minislot has duration of 6 MT. Since available number of
minislots is decreased, maximum delays experienced by the messages are increased
significantly for lower priority messages. At most 3 messages can be transmitted in
a single cycle. In the previous experiment this number is 10. Furthermore there is a
slight increase for average values as expected. The computation results of the delay
values for each message are given in Table A-15. Figure 6-20 shows the
comparison of maximum and average delay values of experiment 8§ and 9 with

respect message priorities. DMR = 0 for the Experiment 9.
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Figure 6-20: Maximum & Average Delays (usec) vs. Priority: 36 Messages, 254 Bytes of
payload data, 188 messages/sec - Dynamic Segment length of 472 and 141 minislots,

In the next experiment (10) traffic rate of transmitted messages is increased to 719
messages per second. The generated number of messages is actually more than this
value, since some messages are can not be delivered because of the high traffic

rate. In this case both maximum and average delay values show a considerable
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increase. The nodes that possess the priority levels of 27 to 36 can never transmit
any messages because of limited bandwidth and many messages for the priority
levels of 19 to 26 miss their 50 ms deadlines. DMR is resulted to be 18815/44867 =
0.42 by including the undelivered messages as deadline missed. The delay values
for this experiment are given in Table A-16. Comparison of maximum and average

delay values of the experiments 9 and 10 are shown in Figure 6-21 for each priority

level.
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Figure 6-21: Maximum & Average Delays (usec) vs. Priority - 6 Nodes, 254 Bytes of payload
data, Dynamic Segment length of 141 minislots, 719 messages/sec and 188 messages/sec
message traffic rate

6.2.2 Part 2 — Effect of Network Configuration Parameters

In this section, the effect of payload length of the messages, size of the dynamic
segment, the number of message IDs, and message traffic load, on the delay of
each message are examined. Furthermore the effect of priority of different payload
lengths on delays under several dynamic segment lengths is examined. The
experiments are divided into 6 categories and each above mentioned variable are
changed in a controlled manner. After that delay values are calculated for each

case. The control on the experiments is satisfied by keeping the other entire
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variables constant and varying only the examined one. The configuration
parameters that are kept constant through all experiments are given in Table 6-21.
Other variables are given in the subsections. In the previous experiments duration
of the dynamic segment is 472 minislots (2832 MT), in this section it is reduced to
307 minislots (1842 MT). The ID of the first dynamic slot is 97. Dynamic
messages are scheduled starting from slot ID 97 and also message IDs are taken as
equal to slot IDs. Therefore Message 97 has the highest priority. Priorities are
numbered starting from 1 to number of messages. According to the values of
configuration variables, the number of minislots that is used for a single physical
frame transmission is calculated as follows. Dynamic slot duration for the
messages with 16 Bytes of payload is 6 minislots, for the 64 Bytes of payload it is
14 minislots, for the 128 Bytes of payload it is 24 minislots and for the 254 bytes of

payload it is 45 minislots.

All the experiments are performed three times to increase the reliability of the
results and experiment duration in each performance is 90 seconds. Maximum
delay values are the maximum of three experiments, average values and standard
deviations are also calculated by considering three redundant experiments. DMR =

0 for this experiment.

Table 6-21: Configuration parameters that are kept constant

Configuration Parameter Name Value
gdCycle (us) 5000 ps
gPayloadLengthStatic (2-Byte-Words) 5 (10 Bytes)
gdActionPointOffset (MT) 5MT
gdStaticSlot (MT) 31 MT
gNumberOfStaticSlots 96
Static Segment Length 96*31 =2976 MT
gdMinislot (MT) 6 MT
gdMiniSlotActionPointOffset (MT) 2MT
gdDynamicSlotldlePhase (Minislot) 1 Minislots
gdNIT (MT) 178 MT
gdMacrotick (us) 1 us
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6.2.2.1 Varying Size of Dynamic Segment

In this section, payload length, message traffic rate and the number of messages are
kept constant and four different sizes for the dynamic segment are used. These
values are given in Table 6-22. Since the static segment and cycle durations are
fixed, if the dynamic segment length (DS) is decreased, NIT duration has to be
increased to compensate this decrease. In the FlexConfig tool this decrease can be
made without changing the NIT duration. The empty part (old DS — new DS) is
undefined in the tool and this situation does not conform to the specifications given
in [13]. In the implementation of the CC this unconformity does not cause any

€1TOoT.

Table 6-22: Varying Size of Dynamic Segment Experiments— Configuration Parameters

Variable Value
Number of Message IDs 36
Payload Length of the dynamic messages 128 Bytes
Traffic Load 127 messages/sec
Number of Minislots 50 (0.3 ms), 100 (0.6 ms), 200
(1.2 ms), 307 (1.842 ms)

Since the required number of minislots to transmit a 128 Byte frame is 24 the last
minislot number that a transmission can start is 26. For this reason only first 26
messages can be transmitted in the dynamic segment. This number is also the
maximum number of messages that can be transmitted in a 50 minislots dynamic
segment configuration with 128 bytes messages and given configuration
parameters. For the 50 minislots case only two messages can be sent in a single
cycle. For this reason delays increase as the priority of the message decrease. In
other words the messages with high message IDs experience more delays and some
messages missed their deadlines. For the 100, 200 and 307 minislot cases, all the

36 messages can be transmitted and delay values decrease as the number of
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minislots is increased. The reason is that as the number of minislots is increased the
available bandwidth for the transmission is increased. In these experiments no

messages miss their deadline.

In the Figure 6-22 the comparison of maximum delay values for each message
priority over four different dynamic segment length is given. Detailed calculation
results of the message delays are given in APPENDIX I — Table A-17 to Table A-
20. DMR is resulted to be 0.0002 for 50 Minislots case and zero for other cases.

Max. Delay vs. Priority Levels
70000
60000 -
g va
g 50000
§ 40000 -
E
5. 30000
2 20000 -
10000 A
par? i R TR X »x/;n/-\f\»: A A A A A A A A A A A A A
o
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Priority Level
—e— 50 Minislots —s— 100 Minislots —a— 200 Minislots 307 Minislots

Figure 6-22: Maximum delay (pusec) vs. Priority: the case of varying dynamic segment length

Mean and standard deviation of delay values for each message priority are
presented in Figure 6-23 and Figure 6-24. As the length of the dynamic segment is
increased, mean and standard deviations decrease because of the increasing

available number of minislots, that means increasing bandwidth.
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Av. Delay vs. Priority Levels
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Figure 6-23: Average Delay (usec) vs. Priority: the case of varying dynamic segment length
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Figure 6-24: Standard Deviation (usec) vs. Priority: the case of varying dynamic segment
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6.2.2.2 Varying Message Payload Length

In this part, number of messages, message traffic load and size of the dynamic
segment is kept constant and the effect of payload length on delay values is

examined. Values of the variables are given in Table 6-23.

Table 6-23: Varying message payload length experiments — Configuration Parameters

Parameters Value
Number of Message IDs 36
Payload Length of the dynamic messages 16, 64, 128, 254 Bytes
Traffic Load 127 messages/sec
Number of Minislots 307 (1.842 ms)

Each message has the same length in all of the experiments. The effect of payload
length on maximum delays for each priority level is shown in Figure 6-25. There is
a slight increase as the payload length increases. Increasing payload lengths causes
an increase in the duration of dynamic slots. Therefore the transmission times of
lower priority messages shift to the end of dynamic segment if there are one or
more transmissions in the previous dynamic slots. Since the traffic rate is not high
as compared to FlexRay bandwidth, average delays and standard deviations are
close to each other with different payload lengths. Mean and standard deviation of
delays for each priority level are given in Figure 6-26 and Figure 6-27. DMR = 0
for this experiment. Detailed calculation results of the message delays are given in

APPENDIX I — Table A-21 to Table A-24.
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Max. Delay vs. Priority Levels
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Figure 6-25: Maximum Delay (usec) vs. Priority: the case of varying payload length
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Figure 6-26: Average Delay (usec) vs. Priority: the case of varying payload length
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Standard Deviation vs. Priority Levels
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Figure 6-27: Standard Deviation (usec) vs. Priority: the case of varying payload length

6.2.2.3 Varying Message Traffic Rate

Minimum interarrival times of the sporadic messages are set to be 50 ms for all
experiments. Interarrival times are selected randomly between 50 ms and a given
value to adjust the traffic load. This value is defined as the maximum allowed
interarrival time. Because of the hardware constraint maximum interarrival time for
the sporadic messages is 524 ms. Therefore, in the first experiment interarrival
times is set to be random values between 50 ms and 524 ms. Then in the other
experiments maximum value is reduced to 250 ms and then 100 ms to increase the
message traffic load. In the run time traffic rates are observed as 127 messages/sec,
238 messages/sec and 480 messages/sec for 524, 250 and 100 ms maximum
interarrival times respectively. Resulting configuration parameters are given in

Table 6-24.
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Table 6-24: Varying Message Traffic Load Experiments— Configuration Parameters

Parameters Value
Number of Message IDs 36
Payload Length of the dynamic messages 128 Bytes
Traffic Load 127, 238, 480 messages/sec
Number of Minislots 307 (1.842 ms)

As the message load is increased the delay values increase for the low priority
messages but this increase is relatively small because of the high bandwidth of the
protocol. The probability of a previous message transmission increases and this
probability is more for the lower priority messages. A previous message
transmission means a shift on time of respective dynamic slot. Maximum, mean
and standard deviation of the delay values are calculated and the detailed results are
given in APPENDIX I — Table A-25 to Table A-27. Figure 6-28, Figure 6-29 and
Figure 6-30 show the variations of Maximum observed delay values, mean and
standard deviation of the message delays with respect to priorities. DMR = 0 for

these experiments.
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Figure 6-28: Maximum delay (usec) vs. Priority: the case of varying message traffic load
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Av. Delay vs. Priority Levels
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Figure 6-29: Average Delay (usec) vs. Priority: the case of varying message traffic load

Standard Deviation vs. Priority Levels

2000
1800 -

1600 -

1400 -
1200 -
1000 -
800 -
600
400
200

0 T T T T 1 11 T T T T 7T
1 3 & 7 9 11 13

Std. Deviation (microseconds)

33 35

15 17 19 21 23 25
Priority Level

271 29 3

—e— 480 Messages/sec —a— 238 Messages/sec —a— 127 Messages/sec

Figure 6-30: Standard Deviation (usec) vs. Priority: the case of varying message traffic load
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6.2.2.4 Varying the Number of Messages

In this part the number of messages is increased gradually from 36 to 84 messages
and also this causes an increase in the message traffic rate. Interarrival times of
newly added messages are set to be between 25 ms and 261 ms to increase the
message traffic rate further and utilize the high bandwidth of the FlexRay protocol.

Resulting configuration parameters are given in Table 6-25.

Table 6-25: Varying number of messages Experiments— Configuration Parameters

Parameters Value
Number of Message IDs 36, 48, 66, 84
Payload Length of the dynamic messages | 128 Bytes
Traffic Load 127,224,375 , 524 messages/sec
Number of Minislots 307 (1.842 ms)

The results show that there are not any noticeable increase in delay values and no
missed messages even at a 522 messages/sec traffic load and 84 messages. High
bandwidth of the FlexRay is enough to carry this message traffic without any
degradation from the performance. However there is a small increase as the priority
of the message IDs decreases. The reason for this increase is as the number of
message ID increases the probability of a previous message transmission increases
and this probability is more for the lower priority messages. A previous message
transmission means a shift on time of respective dynamic slot. The calculation
results of delay values are given in APPENDIX I — Table A-28 to Table A-31.
Comparisons of maximum delays, mean and standard deviation of delays are given

in Figure 6-31, Figure 6-32, and Figure 6-33. DMR = 0 for these experiments.
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Figure 6-31: Maximum Delay (psec) vs. Priority: the case of varying number of messages

Av. Delay vs. Priority Levels

2700
4
w t
() - A
g 115 ' [\
o A . | & N oo
g i e AT oA
(7] / \ “i" ﬁ, X ‘x
o | L\ 17 s
5 i N i
E i"/\u |
>
©
: /o
(=]
z
2300 -
2250 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr1rrrr1r1r1rr1r1r1r1r1r1r1r1r1r1rrr1rr1rrr1r 1111 rrr It rr T rrrrrT
1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82
Priority Level
—e— 36 Messages —=— 48 Messages —a— 66 Messages 84 Messages

Figure 6-32: Average Delay (usec) vs. Priority: the case of varying number of messages
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Standard Deviation vs. Priority Levels
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Figure 6-33: Standard Deviation (usec) vs. Priority: the case of varying number of messages

6.2.2.5 Determining Priorities with respect to Payload Lengths for
Several Dynamic Segment Durations

In the applications the payload length of the sporadic messages can be different. Up
to now all messages has the same length in all experiments. In this case the
scheduling method has an important affect on the delay values. Scheduling method
in the dynamic segment can be defined as the deciding the priority levels of the
messages IDs that have different payload lengths. In these experiments we
investigate the effect of priority assignment which is according to payload lengths.
Four different payload lengths are used for this purpose. 9 messages for each
payload length are scheduled and experiments are repeated with three different
dynamic segment lengths. Values of configuration parameters for this case are

given in Table 6-26.
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Table 6-26: Varying priorities with varying size of dynamic segment Experiments—
Configuration Parameters

Parameters Value
Number of Message IDs 36
Payload Length of the dynamic messages 16, 64, 128, 254 Bytes
Traffic Load 127 messages/sec
Number of Minislots 100 (0.6 ms), 200 (1.2 ms), 307
(1.842 ms)

In the first part 16 bytes messages scheduled with highest priorities and then 64,
128 and 254 byte messages assigned to minislots. Resulting scheduling scheme is

given in the Figure 6-34.

161616 16|16 |16 16|16 |16 |04 |64 |64 | 64 | 64 | 64 | 64 | 64 | 64

1912012112223 124125126127 ]28129130]31/32]3334/35]36

128128128128 (128128128128 128254254 |254|254|254|254|254|254|254

Figure 6-34: Scheduling Scheme — 16 Bytes messages have the highest priority

In the figure the upper rows with the numbers 1 to 36 show the priority of the
message and lower rows shows the payload length. Effect of priorities is examined

at dynamic segment lengths of 100, 200 and 307 minislots.

In the second part, selecting the priorities of the messages is reversed. 254 byte
messages have the higher priorities then others. The scheduling scheme for this

case is given in Figure 6-35.
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254|254|254|254|254|254|254(254 254|128 128 (128|128 128|128 |128|128|128

1912012112223 124125126127]28129130]31/32]3334/35]36

6464|6464 6464|6464 (6416|1616 |16|16|16|16|16] 16

Figure 6-35: Scheduling Scheme — 254 Bytes messages have the highest priority

Again experiments are repeated with the dynamic segment length of 100, 200 and
307 minislots. Aim of these experiments is to see if scheduling long messages with
higher priorities or scheduling short messages with higher priorities leads lower
delay values. Furthermore, varying dynamic segment length leads to different

results for both situations with the same message set.

The results of the experiments show that when the length of the dynamic segment
is reduced, messages are experiencing more delays in both cases. Since as the
dynamic segment length is decreased, the available bandwidth is reduced. For a
longer dynamic segment length (307 minislots) the delay values are similar for
each scheduling scheme. However as the allocated bandwidth for the dynamic
segment is reduced the responses of each case are different. If the shorter length
messages are scheduled with higher priority, then some of the 128 byte messages
and 254 byte messages starting to experience more delays. These messages have
lower priorities. As the length of the messages increases, the last minislot number
that a transmission can start is decreasing. Therefore, the probability of insufficient
number of minislots for the transmission increases when the reserved dynamic slot
number for the message is high. The effect of previous message transmissions on
the high payload length messages is noticeably high that means delay values of low
priority messages are significantly high. However in the case of longer messages

has higher priority the values of delays are different. Almost all the messages are
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starting to experience higher delays, but as compared to former case these values
are relatively small. This result shows that if the messages with high payload
lengths scheduled with higher priorities, then all the other messages experiences
more delays. However these delays are in the moderate levels and do not cause any
message misses. If every message is to be transmitted with equal performance
levels this scheduling strategy can be followed. If the of transmission is very
important for some shorter payload length messages, and not as important for the
longer length messages then second scheduling strategy will be a better choice. The
comparison of maximum delay values and mean and standard deviation of each
transmitted messages with respect to priorities are given in Figure 6-36 through
Figure 6-41. In the figures, the word “decreasing” is used for the case of long
payload length messages scheduled with higher priorities, and “increasing” is used
for the other case. The detailed results of delay calculations are given in
APPENDIX I — Table A-32 to Table A-37. DMR = 0 for all experiments in this

section.
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Figure 6-36: Maximum Delay (usec) vs. Priority: the case of 100 minislots of Dynamic segment
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Figure 6-37: Maximum Delay (usec) vs. Priority: the case of 200 minislots of Dynamic segment
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Figure 6-38: Maximum Delay (usec) vs. Priority: the case of 307 minislots of Dynamic segment
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Av. Delay and Std. Dev. vs. Priority Levels
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Figure 6-39: Average Delay & Standard Deviation (usec) vs. Priority: the case of 100 minislots
of Dynamic Segment
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Figure 6-40: Average Delay & Standard Deviation (usec) vs. Priority: the case of 200 minislots
of Dynamic Segment
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Av. Delay and Std. Dev. vs. Priority Levels
3000
3
§ 2000 -+
'8 1500 F}?‘W-‘.ﬁ"t&*\‘;‘fﬂA*\‘_/Lﬁi':AF’i“x'i“-‘-"‘\g/h\?Zg =< AA»?‘:—.‘-(&:&T*?“f
£
& 1000
8
500
o+ F"—"—T—7—— T
1 3 5 7 9 1 13 15 17 19 21 23 25 27 29 31 33 35
Priority Level
—e— Decreasing_Av. —s— Increasing_Av. —a— Decreasing_Std. Dev. Increasing_Std. Dev.

Figure 6-41: Average Delay & Standard Deviation (usec) vs. Priority: the case of 307 minislots
of Dynamic Segment

6.2.3 Summary and Discussion of the Results of the Dynamic
Segment Experiments

Dynamic segment experiments are performed in two steps. In the first step
variations of the delay values for the messages with respect to message payload
length, dynamic segment length, and message traffic rate and number of messages
are explored. The results show that as the ratio of (Message Traffic Rate)/(Dynamic
Segment Length) or (Payload Length)/(Dynamic Segment Length) are increased
delay values for the low priority messages (messages with high ID) increase.
Minimum value for the Maximum delay is around 5 ms which is the cycle length.
These values can be decreased by choosing shorter cycle length duration. However
in this case available number of minislots in one cycle will be reduced. In 5 ms
cycle duration case, dynamic segment duration is 1.842 ms, when cycle length is
reduced to 2.5 ms keeping the same dynamic segment length/cycle length ratio

dynamic segment length will be around 0.9 ms.
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In the second part of the experiments effect of each variable (message traffic rate,
dynamic segment length, and number of messages) is examined individually. The
delay values of the messages start to increase only at extreme levels of these
variables. These extreme levels are 50 and 100 number of minislots dynamic
segment length, 254 Byte message Payload Length, 480 messages/sec traffic rate
and 84 sporadic messages. Furthermore the deadlines are missed for some of the
messages under situations that the combination of some of the limit values for
variables are used. Apart from the combinations of limit values FlexRay dynamic
segment can continue to the message transmission with acceptable levels for delay
values. This situation makes the dynamic segment very suitable for sporadic
messages for the given configuration parameters because of the structure and high

bandwidth of the FlexRay.
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CHAPTER 7

CONCLUSIONS

In this thesis, performance of the FlexRay networks for in-vehicle communication
is experimentally evaluated and the results of the real time implementations are
presented. All of the experiments are realized in a real time hardware environment.
Commercially available electronic units are used for the implementations. Both the
Static and the Dynamic Segments of the protocol are examined in the thesis. The
structure of the protocol allows independent evaluation of these segments. The
reason for experimental evaluation is to see the differences from a simulation.
Nonzero minimum jitter and realistic static and dynamic durations including the
physical media can be given as examples for these differences. Furthermore in the
experiments, clock and rate corrections are performed by nodes and physical frame

encodings leads to a realistic evaluation.

FlexRay is a newly developed protocol and first examples of its usage in the mass
production automobiles can be seen on the market. However satisfactory
information about its real time performance is not available in the literature yet. In
this thesis, commercially available FlexRay products are used to implement a real
FlexRay environment, configure the network and analyze the message transmission
on the network. These products allow custom made transmission scenarios to be
implemented and tracking the network traffic. Network traffic then can be recorded

and the timing properties of each message transmission can be examined.

In this work we first define performance metrics for the message transmission on

the FlexRay Networks followed by an experimental study to evaluate these metrics.
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We define message delay and jitter as performance metrics that measure the quality
of service received by the periodic messages transmitted in the FlexRay static
segment. In this respect, number of sporadic messages that miss their deadlines is
measured by the deadline miss ratio metric. We also measure how efficiently the
network bandwidth is used by utilization, used static slot IDs, static slot allocation
metrics. The examination results of each transmission scenario are later evaluated
and the values of the defined performance metrics are computed. Values for the

performance metrics are compared for related scenarios.

The implementation of the communication scenarios and also verification of the
Evaluation Board, which is used as the main hardware are carried out on a small
scale network of 3 nodes. The experiments are then repeated in a network of 6

nodes

Two kinds of messages are used in the evaluation. These are periodic messages
transmitted in the Static Segment and sporadic messages transmitted in the
dynamic segment. In the large scale network there are 51 periodic messages for 6

nodes.

In the static segment experiments, the message scheduling is performed starting
from the simplest scheduling scheme and then with the methods given in [21] by
using message packing, cycle filtering, and cycle multiplexing the utilization is
increased, Static Slot ID usage and Static Slot Allocation is decreased.. The
simplest scheduling method, which is allocating one static slot in every cycle for
each message, leads to the use of 51 static slots and 28% utilization. Then
utilization is increased to 66% with cycle filtering. By this way additional messages
can be added to the network without using extra static slot. Then cycle
multiplexing is applied and static slot usage is reduced to 21 without effecting the
utilization. By this way additional ECUs can be added to the network without the
need for extra bandwidth. Then message packing is applied to further decrease U;p
and S4 and increase utilization. All the above mentioned work is done while jitter

is kept at minimum. Then allowing jitter in the transmission times of the messages
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static slot usage is reduced to 15 and utilization is increased to 97.3%. The
deadlines of the messages are met in all experiments and no message loss is
observed. The structure of the static segment guarantees that all messages
scheduled in this segment are transmitted on time. In the case that message
transmissions without jitter only the 10.8% of the bandwidth of the network is used

and a total of 51 messages with 10 bytes of message data are transmitted.

For sporadic message transmissions dynamic segment is used and experiments are
designed to see the effect of message payload data, dynamic segment length,
message traffic load, priority, and number of messages. In the first set of
experiments message payload data are gradually increased to 254 bytes which is
the maximum payload length allowed for a FlexRay frame. Then length of the
dynamic segment is reduced and finally message traffic load increased. This
sequence of experiments is applied to increase the delays as much as possible for
the stress testing of the FlexRay network. Almost all the messages are transmitted
without any error and no deadlines are missed except some messages missed their
deadlines in extreme conditions which are very limited dynamic segment length
and very high message load with 254 bytes of payload data. In the second set of
experiments the effect of each variables are examined one by one. The behavior of
delay values for each network configuration is explored and outcome of the
methods for the schedule of a message set with several payload data lengths is
presented. The results show that as the ratio of (Message Traffic Rate)/(Dynamic
Segment Length) or (Payload Length)/(Dynamic Segment Length) are increased
delay values for the low priority messages (messages with high ID) increase. For
the case of several messages with several payload lengths, scheduling the longer
messages with high priority causes all the other messages experiencing large
delays. However, if the messages with shorter payload lengths are scheduled with
higher priorities only messages with longest payload length (lowest priority

messages) experience high delay.

X-by-Wire applications demand for signals to be transmitted on time. The results

of the thesis show that strict timing constraints of these applications can be satisfied
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by FlexRay. Static segment can be used for the transmission of safety critical
periodic messages because of its determined, stable and configurable structure.
Furthermore dynamic segment of the protocol is very suitable for non-safety
critical event driven applications. The result of the experiments shows the

conformity of the FlexRay protocol to expectations.

This thesis covers only the performance of the FlexRay network in fault free
conditions. As a future work communication scenarios can be expanded to include
faulty conditions such as EMI exposure from the outside world and internal fault
injection. Static segment length can be reduced to save more bandwidth by
decreasing static slot action point offset. However, effect of this decrease on the
transmission errors such as boundary violation should be carefully examined both
under fault free and faulty conditions. Other parameters of the network can be
examined to see their effects on delay values for dynamic segment messages. For
example total traffic rate of the messages together with number of message IDs can
be increased to heavily load the network, because using sensor networks integrated
with FlexRay can require mass amount of different type signal transmission.
Minislot length can be an important parameter in the case of very large number of
message IDs. Furthermore different scheduling techniques apart from adjusting the
protocol parameters such as allocating more dynamic slots to the message IDs with
different priorities can be used to decrease delay values. In our experiments we
have used a simple bus topology. However to increase the safety and reliability of
the system different bus topologies can be used. The performance of the network
can be examined under different bus topologies and advantages or disadvantages of
each topology can be presented. By this way, performance of the protocol under
faulty conditions and the effect of the internal properties of protocol and external

affects can be examined.
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APPENDIX A

Table A-1: Static Segment, Experiment 1: Delay and Jitter values

Number of Min. Max. Av. Min. Max. Av.
Message ID Delay Delay Delay Jitter Jitter Jitter
Messages
(us) (us) (us) (us) (us) (s)
Message 1 6182 1234 1308 1271 1 2 1.2
Message 2 12364 1248 1338 1293 0 1 0.6
Message 3 3091 1154 1228 1191 2 3 2.4
Message 4 6182 1261 1352 1306 1 2 1.2
Message 5 6182 1296 1370 1333 1 2 1.2
Message 6 6182 1169 1243 1206 1 2 1.2
Message 7 6182 54 129 92 1 2 1.2
Message 8 6182 60 134 97 1 2 1.2
Message 9 6182 97 188 142 1 2 1.2
Message 10 6182 128 202 165 1 2 1.2
Message 11 6182 141 232 186 1 2 1.2
Message 12 3091 172 246 209 2 3 2.4
Message 13 6182 203 277 240 1 2 1.2
Message 14 3091 216 290 253 2 3 24
Message 15 6182 230 321 275 1 2 1.2
Message 16 6182 306 381 344 1 2 1.2
Message 17 6182 312 386 349 1 2 1.2
Message 18 6182 341 416 379 1 2 1.2
Message 19 618 360 419 389 11 13 13
Message 20 1236 377 450 414 4 7 6
Message 21 619 416 489 453 11 13 13
Message 22 618 429 503 466 11 13 13
Message 23 618 477 551 514 11 13 13
Message 24 248 618 692 655 29 31 31
Message 25 124 649 722 687 59 61 61
Message 26 247 563 636 599 29 31 31
Message 27 6182 567 675 624 1 2 1.2
Message 28 618 615 671 642 11 13 13
Message 29 618 638 724 689 11 13 13
Message 30 618 685 759 728 11 13 13
Message 31 31 718 737 727 240 243 243
Message 32 31 720 758 730 240 243 243
Message 33 62 734 753 744 120 122 122
Message 34 62 808 882 837 120 122 122
Message 35 3091 932 1032 993 2 3 24
Message 36 31 853 890 880 240 243 243
Message 37 31 923 943 934 240 243 243
Message 38 30 908 978 945 240 243 243
Message 39 31 961 1021 993 240 243 243
Message 40 31 1122 1182 1152 240 243 243
Message 41 618 1011 1070 1040 11 13 13
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Table A-2: Static Segment Experiment 2: Delay and Jitter values

Min. Max. Min. Max. .

Message ID l:ﬂ:r:sb ae reosf Delay Delay AV'( Dse)lay Jitter Jitter AV(' Jslt)ter
9 (us) () i (us) (us) i
Message 1 6233 6234 6308 6271 1 2 1.2
Message 2 12465 1248 1338 1293 0 1 0.6
Message 3 3117 1154 1228 1191 2 3 2.4
Message 4 6233 1261 1352 1306 1 2 1.2
Message 5 6233 1296 1370 1333 1 2 1.2
Message 6 6233 6169 6243 6205 1 2 1.2
Message 7 6233 5054 5129 5092 1 2 1.2
Message 8 6233 60 134 97 1 2 1.2
Message 9 6233 96 188 142 1 2 1.2
Message 10 6233 5128 5202 5165 1 2 1.2
Message 11 6233 141 232 186 1 2 1.2
Message 12 3117 10171 10246 10209 2 3 24
Message 13 6233 5203 5277 5240 1 2 1.2
Message 14 3117 216 290 253 2 3 2.4
Message 15 6233 230 321 275 1 2 1.2
Message 16 6233 5306 5381 5344 1 2 1.2
Message 17 6233 312 386 349 1 2 1.2
Message 18 6233 5341 5416 5379 1 2 1.2
Message 19 623 15346 15420 15384 11 13 13
Message 20 1246 5377 5451 5414 4 7 7
Message 21 624 10416 10489 10453 11 13 13
Message 22 624 429 503 466 11 13 13
Message 23 624 10477 10551 10514 11 13 13
Message 24 249 619 692 655 29 31 31
Message 25 125 650 722 686 59 62 61
Message 26 249 5563 5636 5599 29 31 31
Message 27 6233 567 675 624 1 2 1.2
Message 28 623 5598 5671 5635 11 13 13
Message 29 623 5629 5728 5687 11 13 13
Message 30 623 15685 15759 15722 11 13 13
Message 31 32 45719 45787 45753 247 248 248
Message 32 32 35723 35791 35758 247 248 248
Message 33 62 25725 25797 25760 122 124 123
Message 34 63 15809 15881 15849 122 124 123
Message 35 3117 933 1032 993 2 3 2.4
Message 36 32 65817 65888 65857 247 248 248
Message 37 32 45874 45946 45913 247 248 248
Message 38 31 910 980 946 247 248 248
Message 39 31 70957 71027 70991 247 248 248
Message 40 31 31116 31187 31152 247 248 248
Message 41 623 15997 16071 16035 11 13 13
Table A-3: Static Segment Experiment 3: Delay and Jitter values

Min. Max. Min. Max. .

Message ID ':AZ?sbaereosf Delay Delay AV'( Dse)lay Jitter Jitter AV(' Jslt)ter
9 (us) (us) " (us) (us) "

Message 1 6044 5304 5378 5341 1 2 1.2
Message 2 12088 256 347 301 0 1 0.6
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Table A-3 (continued)

Message 3 3022 410 484 447 2 3 2.4
Message 4 6044 5269 5360 5315 1 2 1.2
Message 5 6044 5056 5130 5093 1 2 1.2
Message 6 6044 5301 5375 5338 1 2 1.2
Message 7 6044 5054 5129 5092 1 2 1.2
Message 8 6044 5060 5134 5097 1 2 1.2
Message 9 6044 5283 5374 5328 1 2 1.2
Message 10 6044 5314 4388 5351 1 2 1.2
Message 11 6044 5296 5387 5341 1 2 1.2
Message 12 3022 10388 10463 10426 2 3 24
Message 13 6044 5327 5401 5364 1 2 1.2
Message 14 3022 10340 10414 10377 2 3 2.4
Message 15 6044 5292 5383 5337 1 2 1.2
Message 16 6044 5058 5133 5096 1 2 1.2
Message 17 6044 5064 5138 5100 1 2 1.2
Message 18 6044 5062 5137 5100 1 2 1.2
Message 19 605 114 172 143 11 13 13
Message 20 1209 66 140 103 4 7 7
Message 21 605 15354 15428 15391 11 13 13
Message 22 605 10336 10410 10373 11 13 13
Message 23 605 5353 5427 5391 11 13 13
Message 24 242 5525 5599 5562 29 31 31
Message 25 121 5556 5629 5592 59 62 61
Message 26 242 5067 5140 5104 29 31 31
Message 27 6044 5288 5396 5345 1 2 1.2
Message 28 605 15070 15144 15113 11 13 13
Message 29 605 82 169 134 11 13 13
Message 30 605 15096 15170 15135 11 13 13
Message 31 31 15171 15192 15182 239 242 242
Message 32 31 10140 10160 10151 239 242 242
Message 33 61 5125 5146 5136 120 122 122
Message 34 61 5158 5179 5168 120 122 122
Message 35 3022 10529 10629 10590 2 3 24
Message 36 30 60092 60112 60103 239 242 242
Message 37 30 45110 45131 45121 239 242 242
Message 38 30 40352 40422 40387 239 242 242
Message 39 30 40374 40433 40405 239 242 242
Message 40 30 65574 65628 65602 239 242 242
Message 41 605 114 172 142 11 13 13
Table A-4: Static Segment Experiment 4: Delay and Jitter values
Min. Max. Min. Max. .
Message ID IIIIALé?Sbaereo; Delay Delay AV'( Dse)lay Jitter Jitter AV(' Jslt)ter
9 () (us) i () () i
Message 1 6224 242 316 280 1 2 1.2
Message 2 12448 194 284 239 0 1 0.6
Message 3 3112 10348 10422 10385 2 3 25
Message 4 6224 207 298 252 1 2 1.2
Message 5 6224 5056 5130 5093 1 2 1.2
Message 6 6224 238 312 276 1 2 1.2
Message 7 6224 5054 5129 5092 1 2 1.2
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Table A-4 (continued)

Message 8 6224 5060 5134 5097 1 2 1.2
Message 9 6224 220 311 266 1 2 1.2
Message 10 6224 252 326 289 1 2 1.2
Message 11 6224 234 325 279 1 2 1.2
Message 12 3112 15326 15401 15364 2 3 2.5
Message 13 6224 265 339 302 1 2 1.2
Message 14 3112 278 352 315 2 3 25
Message 15 6224 230 321 275 1 2 1.2
Message 16 6224 5058 5133 5096 1 2 1.2
Message 17 6224 5064 5138 5100 1 2 1.2
Message 18 6224 5062 5137 5100 1 2 1.
Message 19 622 91 60141 30169 20010 59980 29986
Message 20 1245 5074 35140 20092 10005 29990 15001
Message 21 622 292 60365 30328 20010 59980 30051
Message 22 622 15274 75347 45375 20010 59980 29986
Message 23 622 10291 70364 40392 20010 59980 29986
Message 24 249 5457 155452 80731 69959 90021 78777
Message 25 124 453 300505 | 151768 | 139919 | 180041 157533
Message 26 249 87 150106 74842 69959 90021 78777
Message 27 6224 5226 5334 5283 1 2 1.2
Message 28 622 5040 65108 35076 20010 59980 30051
Message 29 622 10060 70139 40162 20010 59980 29986
Message 30 622 5097 65139 35038 20010 59980 29986
Message 31 31 20067 260135 | 143978 80242 239718 117453
Message 32 31 15042 255110 | 138955 80241 239718 117453
Message 33 62 10016 290084 | 152626 40120 279839 71559
Message 34 62 10108 290133 | 153988 40120 279839 67630
Message 35 3112 5409 5505 5466 2 3 24
Message 36 32 65038 305079 | 185059 80242 239718 116253
Message 37 32 50056 290097 | 170077 80241 239718 116252
Message 38 31 30273 270319 | 146424 80241 239718 117453
Message 39 31 25289 265334 | 144019 80242 239718 122769
Message 40 31 40480 280495 | 159197 80242 239718 122769
Message 41 623 5036 65101 35121 20010 59980 29970

Table A-5: Delay values for the case: 3 Nodes, 15 Messages, 8 bytes of payload, 472 Minislots,
53 Messages/sec

Message ID klA:r:sb:greosf Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 211 24 5005 2486
Message 66 206 36 5013 2408
Message 67 208 61 5018 2734
Message 68 217 130 4988 2495
Message 69 213 33 4952 2352
Message 70 213 49 4982 2435
Message 71 211 59 4928 2391
Message 72 213 14 4972 2610
Message 73 21 15 4996 2491
Message 74 208 25 5010 2554
Message 75 213 34 5028 2440
Message 76 207 28 5000 2439
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Table A-5 (continued)

Message 77 210 46 5015 2457
Message 78 209 29 5018 2529
Message 79 215 49 5033 2560

Table A-6: Delay values for the case: 3 Nodes, 15 Messages, 64 bytes of payload, 472 Minislots,
53 Messages/sec

Message ID klﬂlérgst):gef Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 212 34 4991 2446
Message 66 220 32 5018 2538
Message 67 221 69 4985 2533
Message 68 222 53 5016 2533
Message 69 215 34 4974 2578
Message 70 220 72 4986 2425
Message 71 211 29 4965 2537
Message 72 215 57 5011 2533
Message 73 225 58 5077 2661
Message 74 221 31 4995 2518
Message 75 214 24 5055 2608
Message 76 234 38 5020 2463
Message 77 214 100 5092 2392
Message 78 217 37 4996 2439
Message 79 218 27 5014 2479

Table A-7: Delay values for the case: 3 Nodes, 15 Messages, 254 bytes of payload, 472 Minislots,
53 Messages/sec

Message ID klﬂlérgst):gef Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 408 86 5021 2573
Message 66 428 32 5019 2518
Message 67 395 27 5008 2451
Message 68 416 27 5281 2531
Message 69 408 23 5009 2566
Message 70 408 35 5261 2519
Message 71 427 41 5210 2502
Message 72 395 15 5198 2524
Message 73 416 27 5198 2488
Message 74 409 37 5244 2667
Message 75 409 24 5243 2459
Message 76 431 31 5529 2494
Message 77 394 88 5398 2546
Message 78 416 37 5491 2550
Message 79 410 26 5277 2640
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Table A-8: Delay values for the case: 3 Nodes, 15 Messages, 254 bytes of payload, 141 Minislots,
53 Messages/sec

Message ID klA:r:sb:greosf Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 402 27 5001 2490
Message 66 418 36 5007 2451
Message 67 385 24 5011 2553
Message 68 409 26 5025 2504
Message 69 403 35 5274 2457
Message 70 402 15 5012 2503
Message 71 420 15 8974 2613
Message 72 386 39 5251 2625
Message 73 408 25 10098 2473
Message 74 402 16 8483 2443
Message 75 402 22 8305 2513
Message 76 422 23 9448 2579
Message 77 387 24 9236 2703
Message 78 407 24 9666 2610
Message 79 402 25 12631 2590

Table A-9: Delay values for the case: 3 Nodes, 15 Messages, 254 bytes of payload, 141 Minislots,

300 Messages/sec
Message ID Number of Min. Delay (us) Max. Delay (us) Av. Delay (us)
Messages

Message 65 2375 29 5022 2617
Message 66 2371 275 5268 2858
Message 67 2372 521 5515 3103
Message 68 2372 3991 9951 7533
Message 69 2370 4267 10197 7779
Message 70 2376 14 5014 2470
Message 71 2375 270 5269 2721
Message 72 2375 4985 9984 7436
Message 73 2373 4292 10240 7688
Message 74 2374 9955 24953 14379
Message 75 2376 23 5021 2556
Message 76 2376 269 9029 2803
Message 77 2376 4045 9972 7504
Message 78 2376 4322 14046 7752
Message 79 2375 9056 14923 12454

Table A-10: Static Segment Experiment 6: Delay and Jitter values

Min. Max. Min. Max. .
Message ID klﬂlérgst):gef Delay Delay Av.(:j)se)lay Jitter Jitter Av(.szl’;ter
(Ws) (Ws) (Ws) (Ws)
Message 1 6258 304 378 341 1 2 1.2
Message 2 12516 256 346 301 0 1 0.6
Message 3 3129 5410 5484 5447 2 3 24
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Table A-10 (continued)

Message 4 6258 269 360 314 1 2 1.2
Message 5 6258 5055 5129 5093 1 2 1.2
Message 6 6258 301 374 338 1 2 1.2
Message 7 6258 5054 5129 5092 1 2 1.2
Message 8 6258 5059 5133 5096 1 2 1.2
Message 9 6258 282 373 328 1 2 1.2
Message 10 6258 314 388 351 1 2 1.2
Message 11 6258 296 387 341 1 2 1.2
Message 12 3129 15389 15463 15426 2 3 24
Message 13 6258 327 401 364 1 2 1.2
Message 14 3129 15340 15414 15377 2 3 24
Message 15 6258 292 383 337 1 2 1.2
Message 16 6258 5058 5133 5096 1 2 1.2
Message 17 6258 5063 5137 5100 1 2 1.2
Message 18 6258 5062 5137 5100 1 2 1.2
Message 19 626 98 172 134 12 13 12
Message 20 1251 67 141 104 6 7 6

Message 21 625 354 427 391 12 13 12
Message 22 626 15336 15410 15373 12 13 12
Message 23 626 10353 10426 10390 12 13 12
Message 24 250 5526 5599 5562 30 31 31

Message 25 125 5556 5630 5592 61 62 62
Message 26 251 5066 5140 5103 30 31 31

Message 27 6258 288 396 345 1 2 1.2
Message 28 626 15070 15144 15107 12 13 12
Message 29 626 69 170 128 12 13 12
Message 30 626 15096 15170 15133 12 13 12
Message 31 32 15127 15199 15168 247 248 247
Message 32 32 10100 10172 10140 247 248 247
Message 33 63 5073 5147 5115 123 124 124
Message 34 63 5126 5198 5163 123 124 124
Message 35 3129 10529 10629 10590 2 3 2.4
Message 36 32 60072 60145 60105 247 248 247
Message 37 32 45099 45171 45129 247 248 247
Message 38 31 5353 5423 5387 247 248 247
Message 39 31 5373 5433 5403 247 248 247
Message 40 31 45556 45628 45593 247 248 247
Message 41 626 98 172 135 12 13 12
Message 42 3129 10585 10659 10622 2 3 24
Message 43 125 10585 10658 10622 61 62 62
Message 44 625 10585 10658 10621 12 13 12
Message 45 251 5615 5689 5652 30 31 31

Message 46 6258 588 689 650 1 2 1.2
Message 47 125 15652 15725 15689 61 62 62
Message 48 250 5656 5756 5706 30 31 31

Message 49 6258 5682 5756 5719 1 2 1.2
Message 50 125 5717 5789 5752 61 62 62
Message 51 125 5716 5789 5753 61 62 62
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Table A-11: Static Segment Experiment 7: Delay and Jitter values

Min. Max. Min. Max. .

Message ID | \UTOTO" | Delay | Delay |V S| iter | itter | AT
9 (us) (us) i (us) (us) i

Message 1 6537 242 316 279 1 2 1.2
Message 2 13073 194 284 239 0 1 0.6
Message 3 3268 10348 10422 10385 2 3 2.4
Message 4 6536 207 298 252 1 2 1.2
Message 5 6537 5055 5129 5093 1 2 1.2
Message 6 6537 239 312 276 1 2 1.2
Message 7 6536 5054 5129 5092 1 2 1.2
Message 8 6537 5059 5133 5096 1 2 1.2
Message 9 6536 220 31 266 1 2 1.2
Message 10 6537 252 326 289 1 2 1.2
Message 11 6536 234 325 279 1 2 1.2
Message 12 3268 15326 15401 15363 2 3 2.4
Message 13 6537 265 339 302 1 2 1.2
Message 14 3268 278 352 315 2 3 24
Message 15 6536 229 321 275 1 2 1.2
Message 16 6536 5058 5133 5096 1 2 1.2
Message 17 6537 5063 5137 5100 1 2 1.2
Message 18 6536 5062 5137 5100 1 2 1.
Message 19 654 67 60140 30043 20009 59981 29987
Message 20 1307 5067 35141 20115 10004 29991 14993
Message 21 654 292 60364 30328 20009 59981 19987
Message 22 654 15275 75347 45250 20009 59981 29987
Message 23 654 10292 70363 40266 20009 59981 29987
Message 24 262 5433 155505 80240 69960 90020 78722
Message 25 130 447 300505 | 151084 | 139920 | 180040 157648
Message 26 261 72 150137 75428 69960 90020 78755
Message 27 6537 5226 5334 5283 1 2 1.2
Message 28 654 5040 65113 35076 20009 59981 29987
Message 29 654 10041 70140 40036 20009 59981 29987
Message 30 654 5066 65139 35162 20009 59981 29987
Message 31 32 20069 260137 | 140100 80238 239723 121395
Message 32 32 15040 255108 | 135074 80238 239723 121395
Message 33 65 10011 290075 | 151582 40119 279842 70084
Message 34 65 10071 290137 | 151026 40118 279842 70084
Message 35 3269 5405 5505 5466 2 3 2.4
Message 36 32 65019 305072 | 185053 80238 239723 121395
Message 37 32 50037 290106 | 170079 80238 239723 121395
Message 38 33 10284 250314 | 129082 80238 239723 121395
Message 39 33 5274 245344 | 121673 80238 239723 120109
Message 40 33 20439 260490 | 144103 80237 239723 120109
Message 41 653 5036 65110 35027 20009 59981 30002
Message 42 3268 461 535 498 2 3 2.4
Message 43 131 5463 305526 | 156796 | 139920 | 180040 157511
Message 44 653 461 60534 30544 20009 59981 30002
Message 45 261 5471 155525 80822 69960 90020 78755
Message 46 6537 433 534 495 1 2 1.2
Message 47 131 15500 315569 | 164694 | 139920 | 180040 157511
Message 48 261 5472 155564 80616 69960 90020 78755
Message 49 6537 5496 5570 5533 1 2 1.2
Message 50 130 10535 310599 | 160567 | 139920 | 180040 157648
Message 51 130 10532 310603 | 160567 | 139920 | 180040 157648
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Table A-12: Delay Values for the case 6 Nodes, 16 Bytes of payload data, 472 minislots, 188

messages/sec
Message ID Number of Min. Delay (us) Max. Delay (us) Av. Delay (us)
Messages
Message 65 427 56 5014 2551
Message 66 411 33 5009 2563
Message 67 424 49 5018 2521
Message 68 431 20 5015 2457
Message 69 415 21 5013 2584
Message 70 429 23 5018 2500
Message 71 442 31 5044 2431
Message 72 422 19 5007 2403
Message 73 418 21 4989 2553
Message 74 427 14 5030 2530
Message 75 425 29 5009 2498
Message 76 428 15 5039 2491
Message 77 430 24 5020 2492
Message 78 420 72 5020 2491
Message 79 424 24 5035 2687
Message 80 419 32 5036 2468
Message 81 429 23 5060 2530
Message 82 427 23 5049 2529
Message 83 442 26 4982 2518
Message 84 423 25 5041 2504
Message 85 417 29 5044 2411
Message 86 427 34 5037 2630
Message 87 425 25 5026 2478
Message 88 426 27 5064 2587
Message 89 441 41 5072 2413
Message 90 424 54 5090 2503
Message 91 418 23 4997 2467
Message 92 425 28 5018 2521
Message 93 423 40 5029 2544
Message 94 428 35 5088 2502
Message 95 429 40 5012 2483
Message 96 417 23 5040 2505
Message 97 421 24 5089 2549
Message 98 418 35 5032 2643
Message 99 430 23 4994 2580
Message 100 429 22 5064 2493

Table A-13: Delay Values for the case 6 Nodes, 36 Messages, 64 Bytes of payload data, 472
minislots, 188 messages/sec

Message ID klﬂlérgst):gef Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 435 27 4990 2563
Message 66 432 26 5012 2650
Message 67 441 23 5012 2421
Message 68 412 43 5060 2505
Message 69 420 25 5003 2596
Message 70 1685 21 5103 2525
Message 71 422 19 5062 2429
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Table A-13 (continued)

Message 72 427 25 5087 2514
Message 73 423 18 5000 2583
Message 74 424 15 5080 2548
Message 75 427 39 5011 2548
Message 76 1702 20 5166 2488
Message 77 422 25 5019 2612
Message 78 428 51 5063 2535
Message 79 425 56 5016 2577
Message 80 424 27 5159 2501
Message 81 429 37 5151 2499
Message 82 1701 21 5180 2498
Message 83 422 33 5111 2567
Message 84 426 25 5269 2517
Message 85 421 29 5153 2576
Message 86 426 23 5068 2517
Message 87 422 45 5067 2530
Message 88 1698 24 5255 2477
Message 89 421 67 5252 2490
Message 90 425 25 5135 2669
Message 91 424 31 5124 2507
Message 92 425 45 5100 2497
Message 93 427 30 5165 2597
Message 94 1699 24 5161 2539
Message 95 421 30 5053 2629
Message 96 426 22 5096 2427
Message 97 425 54 5167 2647
Message 98 423 54 5116 2432
Message 99 428 36 5110 2434
Message 100 1699 24 5255 2538

Table A-14: Delay Values for the case 6 Nodes, 36 Messages, 254 Bytes of payload data, 472
minislots, 188 messages/sec

Message ID klA:r:sb:greosf Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 438 29 5002 2433
Message 66 430 49 5289 2424
Message 67 440 26 5015 2531
Message 68 415 32 5269 2486
Message 69 418 31 5228 2517
Message 70 1678 26 5287 2518
Message 71 420 21 5397 2587
Message 72 425 17 5251 2508
Message 73 424 17 5214 2595
Message 74 422 20 5175 2491
Message 75 428 22 5335 2473
Message 76 1702 15 5289 2512
Message 77 422 33 5559 2620
Message 78 426 24 5358 2473
Message 79 424 24 5183 2571
Message 80 424 31 5225 2412
Message 81 430 38 5240 2456
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Table A-14 (continued)

Message 82 1700 22 5416 2558
Message 83 421 22 5597 2539
Message 84 426 24 5689 2504
Message 85 423 24 5471 2477
Message 86 425 26 5269 2575
Message 87 426 27 5465 2563
Message 88 1699 23 5556 2491
Message 89 420 23 5791 2612
Message 90 424 34 5499 2442
Message 91 425 25 5809 2612
Message 92 424 58 5557 2514
Message 93 427 24 5603 2389
Message 94 1697 27 5794 2559
Message 95 423 41 5759 2590
Message 96 433 31 5448 2605
Message 97 426 26 5553 2502
Message 98 423 29 5636 2522
Message 99 435 23 5500 2556
Message 100 1694 21 5829 2521

Table A-15: Delay Values for the case 6 Nodes, 36 Messages, 254 bytes payload, 141 minislots,
188 messages/sec

Message ID klﬂlérgst):gef Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 409 40 5014 2560
Message 66 430 29 5232 2475
Message 67 424 24 5283 2533
Message 68 427 23 5161 2369
Message 69 422 24 5235 2445
Message 70 1699 22 5524 2550
Message 71 436 29 8690 2632
Message 72 420 21 7849 2598
Message 73 413 20 8689 2565
Message 74 433 21 10027 2594
Message 75 412 20 9156 2636
Message 76 1695 18 10160 2615
Message 77 431 28 14357 2719
Message 78 437 27 12400 2688
Message 79 419 7 9808 2726
Message 80 420 22 10046 2755
Message 81 440 45 9973 2856
Message 82 1723 21 16953 2874
Message 83 436 61 17464 2943
Message 84 421 22 9887 2797
Message 85 415 23 16006 3078
Message 86 434 36 13294 2922
Message 87 413 49 13704 3135
Message 88 1698 21 23229 3258
Message 89 438 23 19305 3640
Message 90 420 24 22459 3515
Message 91 414 50 17401 3685
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Table A-15 (continued)

Message 92 434 26 16183 3387
Message 93 412 23 21092 3491
Message 94 1699 31 24456 3832
Message 95 421 40 24140 3958
Message 96 423 60 26903 4232
Message 97 430 37 20044 3954
Message 98 432 34 18151 4000
Message 99 422 29 23755 4319
Message 100 1691 29 45286 4520

Table A-16: Delay Values for the case 6 Nodes, 36 Messages, 254 bytes payload, 141 minislots
719 messages/sec

Message ID klﬂlérgst):gef Min. Delay (us) Max. Delay (us) Av. Delay (us)
Message 65 1484 34 5023 2513
Message 66 1480 23 5237 2540
Message 67 1478 30 5535 2547
Message 68 1487 22 6771 2480
Message 69 1484 22 9613 2475
Message 70 5941 22 10150 2534
Message 71 1478 16 13822 3165
Message 72 1486 23 17630 3167
Message 73 1481 17 20422 3509
Message 74 1475 16 19798 3648
Message 75 1488 22 20286 3968
Message 76 5885 15 21745 4166
Message 77 1497 23 32676 5879
Message 78 1478 40 37975 6733
Message 79 1479 31 39837 7363
Message 80 1484 22 42935 8307
Message 81 1488 34 48937 9435
Message 82 4686 26 24569 7009
Message 83 1489 54 91468 18374
Message 84 1429 21 92483 22276
Message 85 1317 22 96127 27872
Message 86 1041 66 98307 33012
Message 87 570 255 97420 36065
Message 88 207 42 74283 9242
Message 89 32 1397 97520 37821
Message 90 4 10792 69435 30782
Message 91 0 0 0 0
Message 92 0 0 0 0
Message 93 0 0 0 0
Message 94 0 0 0 0
Message 95 0 0 0 0
Message 96 0 0 0 0
Message 97 0 0 0 0
Message 98 0 0 0 0
Message 99 0 0 0 0
Message 100 0 0 0 0
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Table A-17: Varying Dynamic Segment Length — 50 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 931 96 5024 2495 1458
Message 98 960 25 5020 2549 1496
Message 99 972 28 9987 2673 1824
Message 100 940 22 14375 2820 2091
Message 101 959 34 16259 2854 1948
Message 102 977 27 14839 3047 2042
Message 103 956 36 17475 3059 2487
Message 104 975 14 23104 3146 2751
Message 105 960 40 24382 3425 2925
Message 106 943 30 18228 3568 3084
Message 107 952 26 20443 3672 3289
Message 108 974 100 25857 3843 3795
Message 109 919 45 29285 3858 4014
Message 110 956 47 25500 4206 3984
Message 111 978 32 31524 4324 4504
Message 112 940 51 37472 4484 4628
Message 113 960 24 34734 4728 4745
Message 114 967 26 35702 5060 5441
Message 115 923 24 44277 5087 5809
Message 116 951 25 44706 5389 5672
Message 117 985 67 47052 5870 6247
Message 118 937 27 45715 6107 7159
Message 119 962 34 54733 6275 7176
Message 120 978 23 50398 6187 6437
Message 121 918 50 59699 6992 8432
Message 122 952 31 60073 7581 9522
Message 123 0 N.A. N.A. N.A. N.A.
Message 124 0 N.A. N.A. N.A. N.A.
Message 125 0 N.A. N.A. N.A. N.A.
Message 126 0 N.A. N.A. N.A. N.A.
Message 127 0 N.A. N.A. N.A. N.A.
Message 128 0 N.A. N.A. N.A. N.A.
Message 129 0 N.A. N.A. N.A. N.A.
Message 130 0 N.A. N.A. N.A. N.A.
Message 131 0 N.A. N.A. N.A. N.A.
Message 132 0 N.A. N.A. N.A. N.A.

Table A-18: Varying Dynamic Segment Length — 100 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 25 5022 2490 1470
Message 98 945 63 5021 2621 1450
Message 99 1005 64 5019 2447 1495
Message 100 950 25 5154 2534 1520
Message 101 971 45 5064 2504 1481
Message 102 990 57 5144 2598 1453
Message 103 917 25 5102 2522 1442
Message 104 946 20 5135 2399 1483
Message 105 1001 29 5136 2509 1434
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Table A-18 (continued)

Message 106 952 23 5516 2477 1430
Message 107 970 18 5114 2483 1500
Message 108 991 36 5132 2438 1512
Message 109 912 42 5128 2523 1509
Message 110 949 45 7230 2562 1469
Message 111 1006 39 9743 2550 1501
Message 112 947 37 7078 2656 1919
Message 113 976 29 5151 2521 1471
Message 114 996 73 7436 2598 1482
Message 115 918 33 9802 2509 1541
Message 116 946 28 8430 2562 1512
Message 117 1012 62 9371 2598 1580
Message 118 943 26 9459 2564 1505
Message 119 983 37 14802 2524 1611
Message 120 996 35 8450 2586 1479
Message 121 921 80 8250 2614 1579
Message 122 952 67 9031 2546 1483
Message 123 1016 45 11510 2674 1596
Message 124 943 25 13372 2675 1660
Message 125 978 37 19741 3012 2248
Message 126 1002 45 18665 3056 2260
Message 127 920 35 19799 3058 2181
Message 128 947 32 19527 3123 2694
Message 129 1021 29 18160 3185 2540
Message 130 946 23 14893 3170 2483
Message 131 973 37 19047 3258 2640
Message 132 998 38 15809 3135 2499

Table A-19: Varying Dynamic Segment Length — 200 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 921 30 5023 1476
Message 98 953 26 5003 2490 1452
Message 99 1011 34 5147 2479 1497
Message 100 942 24 5002 2519 1474
Message 101 981 22 5149 2471 1509
Message 102 993 26 5145 2549 1474
Message 103 924 29 5129 2558 1473
Message 104 940 25 5100 2585 1468
Message 105 961 23 5161 2557 1485
Message 106 923 29 5126 2471 1459
Message 107 972 19 5115 2613 1439
Message 108 980 42 5237 2550 1481
Message 109 925 23 5119 2595 1429
Message 110 947 34 5084 2557 1863
Message 111 1014 69 5117 2542 1471
Message 112 942 23 5133 2488 1432
Message 113 987 38 5278 2573 1495
Message 114 993 35 5171 2497 1448
Message 115 923 57 5299 2490 1460
Message 116 941 23 5215 2545 1486
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Table A-19 (continued)

Message 117 1012 42 5115 2479 1495
Message 118 948 55 5056 2515 1489
Message 119 984 33 5265 2477 1457
Message 120 1002 65 5297 2513 1480
Message 121 923 49 5231 2492 1472
Message 122 943 39 5167 2606 1568
Message 123 1008 22 5156 2499 1447
Message 124 950 24 5155 2507 1551
Message 125 979 71 5227 2548 1578
Message 126 1003 52 5413 2555 1474
Message 127 927 49 5154 2535 1433
Message 128 946 29 5354 2485 1465
Message 129 1012 45 5333 2561 1483
Message 130 950 48 5278 2544 1434
Message 131 982 27 5508 2559 1492
Message 132 1001 25 5282 2445 1472

Table A-20: Varying Dynamic Segment Length — 307 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 25 5021 2533 1524
Message 98 950 27 5015 2485 1487
Message 99 1004 33 5116 2521 1517
Message 100 949 37 5007 2604 1439
Message 101 973 50 5074 2508 1458
Message 102 991 54 5163 2493 1500
Message 103 923 17 5008 2521 1472
Message 104 959 67 5144 2522 1489
Message 105 1003 17 5119 2541 1507
Message 106 945 30 5105 2496 1448
Message 107 966 19 5144 2524 1447
Message 108 987 21 5181 2456 1512
Message 109 920 93 5163 2490 1497
Message 110 948 23 5145 2515 1496
Message 111 1011 55 5246 2574 1483
Message 112 949 42 5171 2577 1833
Message 113 977 24 5108 2573 1442
Message 114 996 26 5204 2546 1515
Message 115 919 63 5132 2528 1484
Message 116 951 25 5118 2497 1507
Message 117 1015 24 5192 2558 1412
Message 118 951 46 5329 2589 1476
Message 119 978 24 5247 2461 1447
Message 120 1003 43 5248 2436 1462
Message 121 919 25 5295 2514 1470
Message 122 950 22 5240 2532 1496
Message 123 1020 25 5401 2403 1427
Message 124 948 49 5156 2483 1466
Message 125 980 22 5299 2473 1472
Message 126 996 23 5401 2513 1518
Message 127 925 22 5140 2560 1476

149




Table A-20 (continued)

Message 128 942 31 5172 2531 1458
Message 129 1018 46 5163 2529 1520
Message 130 952 29 5270 2620 1493
Message 131 977 35 5247 2497 1483
Message 132 1008 28 5145 2569 1425

Table A-21: Varying Payload Length — 16 Byte

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 945 24 5014 2510 1472
Message 98 963 33 5020 2563 1494
Message 99 988 41 5018 2532 1556
Message 100 942 43 5017 2453 1452
Message 101 963 73 5011 2502 1482
Message 102 929 39 5053 2484 1470
Message 103 950 14 5011 2436 1484
Message 104 967 17 5012 2533 1488
Message 105 983 20 5011 2553 1449
Message 106 944 24 5006 2495 1459
Message 107 974 36 5006 2529 1460
Message 108 923 24 5009 2450 1505
Message 109 949 38 5013 2501 1455
Message 110 963 45 5022 2446 1478
Message 111 980 24 5019 2477 1457
Message 112 937 25 5030 2623 1924
Message 113 965 34 5116 2500 1843
Message 114 945 29 5026 2513 1458
Message 115 947 33 5048 2519 1427
Message 116 959 31 5051 2524 1456
Message 117 971 58 5030 2481 1521
Message 118 932 58 5116 2555 1543
Message 119 957 36 5056 2576 1611
Message 120 943 48 5019 2538 1480
Message 121 946 42 5053 2538 1462
Message 122 959 42 5051 2576 1497
Message 123 976 27 5049 2446 1431
Message 124 938 33 5059 2466 1558
Message 125 957 44 5044 2485 1445
Message 126 944 30 5022 2492 1503
Message 127 954 38 5041 2463 1464
Message 128 957 48 5051 2554 1505
Message 129 975 32 5047 2566 1432
Message 130 944 44 5074 2471 1451
Message 131 961 37 5069 2600 1474
Message 132 945 28 5039 2517 1527
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Table A-22: Varying Payload Length — 64 Byte

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 927 27 5019 2474 1446
Message 98 959 46 5021 2460 1480
Message 99 1019 23 5085 2437 1467
Message 100 955 63 5011 2439 1423
Message 101 979 28 5050 2489 1471
Message 102 997 41 5100 2470 1502
Message 103 932 24 5027 2460 1510
Message 104 960 25 5007 2492 1475
Message 105 996 16 5046 2470 1439
Message 106 963 30 5079 2524 1427
Message 107 981 37 5084 2485 1441
Message 108 970 15 5018 2498 1466
Message 109 928 50 5087 2589 1484
Message 110 955 42 5099 2532 1440
Message 111 1019 51 5180 2602 1517
Message 112 959 48 5101 2609 1436
Message 113 987 37 5097 2521 1546
Message 114 1009 26 5100 2497 1430
Message 115 931 28 5159 2461 1481
Message 116 955 43 5120 2517 1577
Message 117 1023 32 5019 2589 1463
Message 118 956 44 5028 2506 1480
Message 119 988 31 5102 2521 1458
Message 120 1010 24 5156 2493 1500
Message 121 926 25 5175 2564 1454
Message 122 957 30 4981 2561 1594
Message 123 1027 23 5189 2512 1490
Message 124 956 45 5132 2496 1442
Message 125 987 25 5173 2499 1466
Message 126 1006 41 5324 2482 1526
Message 127 928 22 5088 2537 1478
Message 128 959 27 5072 2521 1449
Message 129 1027 62 5178 2526 1529
Message 130 957 50 5095 2600 1498
Message 131 991 32 5185 2501 1491
Message 132 1004 104 5141 2591 1478

Table A-23: Varying Payload Length — 128 Byte

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 25 5021 2533 1524
Message 98 950 27 5015 2485 1487
Message 99 1004 33 5116 2521 1517
Message 100 949 37 5007 2604 1439
Message 101 973 50 5074 2508 1458
Message 102 991 54 5163 2493 1500
Message 103 923 17 5008 2521 1472
Message 104 959 67 5144 2522 1489
Message 105 1003 17 5119 2541 1507
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Table A-23 (continued)

Message 106 945 30 5105 2496 1448
Message 107 966 19 5144 2524 1447
Message 108 987 21 5181 2456 1512
Message 109 920 93 5163 2490 1497
Message 110 948 23 5145 2515 1496
Message 111 1011 55 5246 2574 1483
Message 112 949 42 5171 2577 1833
Message 113 977 24 5108 2573 1442
Message 114 996 26 5204 2546 1515
Message 115 919 63 5132 2528 1484
Message 116 951 25 5118 2497 1507
Message 117 1015 24 5192 2558 1412
Message 118 951 46 5329 2589 1476
Message 119 978 24 5247 2461 1447
Message 120 1003 43 5248 2436 1462
Message 121 919 25 5295 2514 1470
Message 122 950 22 5240 2532 1496
Message 123 1020 25 5401 2403 1427
Message 124 948 49 5156 2483 1466
Message 125 980 22 5299 2473 1472
Message 126 996 23 5401 2513 1518
Message 127 925 22 5140 2560 1476
Message 128 942 31 5172 2531 1458
Message 129 1018 46 5163 2529 1520
Message 130 952 29 5270 2620 1493
Message 131 977 35 5247 2497 1483
Message 132 1008 28 5145 2569 1425

Table A-24: Varying Payload Length — 254 Byte

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 921 37 5024 2508 1469
Message 98 948 32 5176 2510 1481
Message 99 1008 57 5064 2422 1453
Message 100 948 44 5020 2438 1479
Message 101 968 26 5283 2510 1465
Message 102 989 37 5281 2523 1502
Message 103 943 26 5255 2567 1477
Message 104 966 26 5462 2462 1448
Message 105 963 19 5248 2506 1416
Message 106 937 32 5266 2584 1451
Message 107 982 28 5418 2461 1453
Message 108 970 39 5248 2452 1533
Message 109 922 36 5430 2571 1506
Message 110 949 44 5291 2473 1460
Message 111 1017 28 5537 2636 1806
Message 112 946 29 5192 2529 1466
Message 113 980 29 5302 2542 1438
Message 114 998 34 5246 2500 1416
Message 115 922 23 5861 2573 1477
Message 116 947 60 5230 2584 1540
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Table A-24 (continued)

Message 117 1017 23 5534 2468 1517
Message 118 949 27 5503 2525 1605
Message 119 977 51 5547 2525 1609
Message 120 997 29 5530 2570 1483
Message 121 925 27 5827 2607 1490
Message 122 945 35 5498 2497 1472
Message 123 1017 37 5440 2679 1494
Message 124 952 43 5515 2580 1656
Message 125 972 30 5964 2560 1456
Message 126 1005 47 5322 2516 1437
Message 127 923 31 5537 2534 1496
Message 128 943 47 5792 2530 1489
Message 129 1011 34 5556 2525 1517
Message 130 954 38 5689 2562 1469
Message 131 968 45 5773 2562 1473
Message 132 1001 26 5816 2505 1479

Table A-25: Varying Message Traffic Rate — 480 messages/second

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 3642 24 5024 2537 1450
Message 98 3652 30 5129 2492 1441
Message 99 3627 27 5155 2551 1469
Message 100 3618 24 5150 2519 1453
Message 101 3627 34 5252 2478 1471
Message 102 3635 21 5298 2515 1441
Message 103 3625 22 5263 2494 1475
Message 104 3636 19 5371 2492 1472
Message 105 3623 19 5412 2479 1462
Message 106 3624 16 5402 2544 1466
Message 107 3659 21 5248 2489 1439
Message 108 3641 14 5403 2523 1440
Message 109 3645 28 5343 2544 1465
Message 110 3637 23 5349 2539 1513
Message 111 3628 27 5358 2530 1453
Message 112 3611 26 5484 2522 1480
Message 113 3628 23 5465 2552 1585
Message 114 3648 24 5540 2519 1458
Message 115 3624 25 5633 2520 1461
Message 116 3624 24 5414 2524 1492
Message 117 3648 27 5465 2578 1506
Message 118 3637 49 5480 2543 1478
Message 119 3642 22 5560 2555 1486
Message 120 3623 23 5431 2516 1499
Message 121 3621 24 5663 2563 1473
Message 122 3642 24 5535 2526 1515
Message 123 3647 24 5433 2566 1498
Message 124 3636 28 5591 2534 1506
Message 125 3648 30 5521 2529 1487
Message 126 3604 22 5797 2550 1472
Message 127 3636 22 5737 2489 1463
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Table A-25 (continued)

Message 128 3636 23 5799 2567 1687
Message 129 3630 25 5741 2518 1456
Message 130 3611 24 5716 2517 1693
Message 131 3641 22 5647 2521 1463
Message 132 3642 33 5791 2482 1479

Table A-26: Varying Message Traffic Rate — 238 messages/second

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 1806 35 5019 2519 1489
Message 98 1797 29 5048 2550 1435
Message 99 1838 42 5096 2588 1480
Message 100 1819 22 5118 2514 1457
Message 101 1820 27 5192 2545 1460
Message 102 1790 22 5303 2514 1497
Message 103 1831 23 5139 2488 1464
Message 104 1795 15 5213 2490 1467
Message 105 1814 14 5292 2476 1489
Message 106 1815 22 5409 2470 1464
Message 107 1825 27 5266 2538 1458
Message 108 1805 22 5442 2498 1472
Message 109 1818 36 5300 2490 1463
Message 110 1784 27 5278 2585 1665
Message 111 1795 33 5180 2583 1481
Message 112 1813 30 5327 2548 1486
Message 113 1853 23 5411 2562 1485
Message 114 1800 22 5281 2487 1460
Message 115 1815 21 5394 2535 1472
Message 116 1786 24 5297 2507 1538
Message 117 1800 38 5204 2593 1473
Message 118 1798 31 5399 2517 1475
Message 119 1849 35 5354 2528 1470
Message 120 1804 30 5451 2498 1478
Message 121 1822 27 5290 2534 1487
Message 122 1777 25 5363 2512 1601
Message 123 1792 24 5481 2518 1499
Message 124 1797 29 5729 2557 1448
Message 125 1853 22 5534 2457 1481
Message 126 1793 30 5425 2497 1499
Message 127 1816 33 5482 2512 1476
Message 128 1781 23 5521 2568 1487
Message 129 1794 26 5153 2606 1674
Message 130 1809 23 5642 2518 1489
Message 131 1853 23 5308 2590 1473
Message 132 1790 32 5583 2499 1466
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Table A-27: Varying Message Traffic Rate — 127 messages/second

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 25 5021 2533 1524
Message 98 950 27 5015 2485 1487
Message 99 1004 33 5116 2521 1517
Message 100 949 37 5007 2604 1439
Message 101 973 50 5074 2508 1458
Message 102 991 54 5163 2493 1500
Message 103 923 17 5008 2521 1472
Message 104 959 67 5144 2522 1489
Message 105 1003 17 5119 2541 1507
Message 106 945 30 5105 2496 1448
Message 107 966 19 5144 2524 1447
Message 108 987 21 5181 2456 1512
Message 109 920 93 5163 2490 1497
Message 110 948 23 5145 2515 1496
Message 111 1011 55 5246 2574 1483
Message 112 949 42 5171 2577 1833
Message 113 977 24 5108 2573 1442
Message 114 996 26 5204 2546 1515
Message 115 919 63 5132 2528 1484
Message 116 951 25 5118 2497 1507
Message 117 1015 24 5192 2558 1412
Message 118 951 46 5329 2589 1476
Message 119 978 24 5247 2461 1447
Message 120 1003 43 5248 2436 1462
Message 121 919 25 5295 2514 1470
Message 122 950 22 5240 2532 1496
Message 123 1020 25 5401 2403 1427
Message 124 948 49 5156 2483 1466
Message 125 980 22 5299 2473 1472
Message 126 996 23 5401 2513 1518
Message 127 925 22 5140 2560 1476
Message 128 942 31 5172 2531 1458
Message 129 1018 46 5163 2529 1520
Message 130 952 29 5270 2620 1493
Message 131 977 35 5247 2497 1483
Message 132 1008 28 5145 2569 1425

Table A-28: Varying Number of Messages — 36 messages (6 per node)

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 25 5021 2533 1524
Message 98 950 27 5015 2485 1487
Message 99 1004 33 5116 2521 1517
Message 100 949 37 5007 2604 1439
Message 101 973 50 5074 2508 1458
Message 102 991 54 5163 2493 1500
Message 103 923 17 5008 2521 1472
Message 104 959 67 5144 2522 1489
Message 105 1003 17 5119 2541 1507
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Table A-28 (continued)

Message 106 945 30 5105 2496 1448
Message 107 966 19 5144 2524 1447
Message 108 987 21 5181 2456 1512
Message 109 920 93 5163 2490 1497
Message 110 948 23 5145 2515 1496
Message 111 1011 55 5246 2574 1483
Message 112 949 42 5171 2577 1833
Message 113 977 24 5108 2573 1442
Message 114 996 26 5204 2546 1515
Message 115 919 63 5132 2528 1484
Message 116 951 25 5118 2497 1507
Message 117 1015 24 5192 2558 1412
Message 118 951 46 5329 2589 1476
Message 119 978 24 5247 2461 1447
Message 120 1003 43 5248 2436 1462
Message 121 919 25 5295 2514 1470
Message 122 950 22 5240 2532 1496
Message 123 1020 25 5401 2403 1427
Message 124 948 49 5156 2483 1466
Message 125 980 22 5299 2473 1472
Message 126 996 23 5401 2513 1518
Message 127 925 22 5140 2560 1476
Message 128 942 31 5172 2531 1458
Message 129 1018 46 5163 2529 1520
Message 130 952 29 5270 2620 1493
Message 131 977 35 5247 2497 1483
Message 132 1008 28 5145 2569 1425

Table A-29: Varying Number of Messages — 48 messages (8 per node)

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 956 51 5023 2527 1485
Message 98 967 30 5066 2423 1456
Message 99 985 23 5016 2514 1462
Message 100 921 24 5020 2522 1438
Message 101 956 31 5128 2460 1454
Message 102 949 61 5128 2484 1484
Message 103 2285 31 5156 2474 1444
Message 104 2243 26 5148 2519 1465
Message 105 962 35 5096 2588 1479
Message 106 967 26 5153 2430 1466
Message 107 956 33 5007 2498 1446
Message 108 954 16 5290 2494 1459
Message 109 938 25 5050 2468 1447
Message 110 958 44 5141 2524 1464
Message 111 2261 20 5398 2508 1413
Message 112 2295 17 5146 2479 1466
Message 113 934 43 5152 2487 1480
Message 114 974 97 5294 2508 1518
Message 115 938 28 5150 2539 1513
Message 116 940 40 5938 2509 1495
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Table A-29 (continued)

Message 117 960 29 5207 2535 1820
Message 118 939 33 5281 2542 1431
Message 119 2233 36 5315 2529 1469
Message 120 2259 23 5287 2508 1459
Message 121 952 80 5168 2449 1455
Message 122 992 39 5387 2542 1512
Message 123 944 22 5194 2501 1425
Message 124 932 43 5337 2483 1473
Message 125 961 64 5273 2597 1485
Message 126 956 36 5417 2524 1487
Message 127 2287 34 5537 2474 1444
Message 128 2254 47 5437 2512 1496
Message 129 933 41 5185 2428 1444
Message 130 969 21 5265 2558 1499
Message 131 959 38 5331 2545 1616
Message 132 938 32 5238 2627 1595
Message 133 959 39 5589 2598 1592
Message 134 948 50 5403 2503 1450
Message 135 2248 22 5421 2547 1454
Message 136 2248 35 5443 2481 1492
Message 137 932 26 5533 2552 1503
Message 138 963 36 5263 2571 1523
Message 139 961 23 5168 2502 1463
Message 140 939 110 5225 2462 1459
Message 141 960 28 5307 2550 1453
Message 142 949 51 5197 2533 1487
Message 143 2246 24 5264 2509 1451
Message 144 2249 26 5711 2545 1496

Table A-30: Varying Number of Messages — 66 messages (11 per node)

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 956 29 5023 2587 1464
Message 98 940 70 5016 2642 1442
Message 99 952 41 5030 2482 1465
Message 100 958 29 5101 2509 1478
Message 101 955 27 5095 2442 1488
Message 102 957 25 5153 2556 1445
Message 103 2232 25 5165 2544 1456
Message 104 2287 27 5213 2522 1481
Message 105 2313 28 5273 2507 1488
Message 106 2261 22 5160 2544 1451
Message 107 2317 35 5210 2483 1465
Message 108 954 15 5231 2622 1522
Message 109 977 31 5278 2582 1483
Message 110 948 24 5279 2603 1525
Message 111 970 20 5120 2488 1511
Message 112 950 32 5251 2529 1433
Message 113 973 26 5136 2442 1468
Message 114 2275 15 5268 2485 1495
Message 115 2304 19 5222 2509 1457
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Table A-30 (continued)

Message 116 2261 18 5432 2503 1465
Message 117 2272 17 5549 2518 1460
Message 118 2314 20 5300 2526 1446
Message 119 952 31 5303 2455 1477
Message 120 950 40 5268 2498 1500
Message 121 926 27 5283 2577 1488
Message 122 942 29 5428 2486 1434
Message 123 952 85 5222 2545 1701
Message 124 959 37 5352 2489 1477
Message 125 2276 23 5539 2574 1459
Message 126 2258 26 5408 2510 1469
Message 127 2289 40 5441 2412 1453
Message 128 2251 32 5383 2496 1443
Message 129 2285 28 5381 2482 1498
Message 130 963 33 5274 2575 1466
Message 131 975 28 5429 2532 1528
Message 132 920 33 5319 2669 1511
Message 133 958 46 5311 2550 1503
Message 134 943 42 5220 2459 1465
Message 135 972 30 5216 2600 1490
Message 136 2250 33 5508 2521 1458
Message 137 2299 38 5576 2518 1479
Message 138 2308 21 5399 2518 1484
Message 139 2272 25 5361 2542 1473
Message 140 2291 23 5283 2525 1475
Message 141 966 51 5443 2502 1485
Message 142 945 27 5400 2563 1547
Message 143 936 42 5591 2596 1480
Message 144 952 41 5552 2565 1422
Message 145 946 31 5239 2529 1527
Message 146 963 32 5737 2445 1454
Message 147 2247 21 5523 2508 1457
Message 148 2257 21 5483 2456 1458
Message 149 2309 25 5621 2499 1454
Message 150 2270 31 5578 2532 1491
Message 151 2277 28 5482 2503 1468
Message 152 941 50 5425 2581 1450
Message 153 956 27 5576 2544 1655
Message 154 933 46 5653 2528 1485
Message 155 957 23 5535 2458 1491
Message 156 934 86 5439 2584 1466
Message 157 979 22 5263 2464 1507
Message 158 2261 23 5733 2522 1462
Message 159 2246 25 5659 2538 1483
Message 160 2307 27 5689 2559 1483
Message 161 2301 24 5767 2519 1460
Message 162 2282 25 5596 2492 1522
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Table A-31: Varying Number of Messages — 84 messages (14 per node)

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 957 29 5023 2512 1500
Message 98 957 26 5131 2494 1441
Message 99 955 109 5018 2488 1468
Message 100 978 46 5022 2402 1466
Message 101 967 31 5129 2559 1466
Message 102 972 21 5143 2428 1477
Message 103 2269 33 5255 2465 1457
Message 104 2298 22 5137 2468 1465
Message 105 2294 23 5253 2497 1433
Message 106 2285 21 5273 2537 1451
Message 107 2288 22 5282 2502 1454
Message 108 2311 22 5290 2539 1500
Message 109 2321 22 5277 2541 1463
Message 110 2324 24 5260 2515 1477
Message 111 969 14 5179 2504 1484
Message 112 959 37 5098 2474 1462
Message 113 967 57 5150 2510 1424
Message 114 960 37 5162 2583 1482
Message 115 936 31 5360 2652 1502
Message 116 950 25 5350 2499 1496
Message 117 2292 38 5201 2555 1427
Message 118 2292 25 5266 2491 1445
Message 119 2312 22 5295 2540 1455
Message 120 2287 20 5325 2489 1462
Message 121 2343 16 5316 2536 1466
Message 122 2321 27 5420 2530 1478
Message 123 2256 17 5586 2535 1485
Message 124 2278 31 5349 2511 1455
Message 125 968 43 5248 2539 1595
Message 126 920 46 5136 2477 1529
Message 127 978 26 5283 2504 1514
Message 128 962 22 5340 2476 1534
Message 129 952 24 5272 2609 1472
Message 130 956 42 5426 2532 1480
Message 131 2318 28 5450 2544 1470
Message 132 2256 29 5576 2507 1498
Message 133 2303 22 5442 2536 1476
Message 134 2273 30 5305 2512 1467
Message 135 2295 25 5728 2547 1479
Message 136 2311 31 5374 2512 1542
Message 137 2283 24 5642 2518 1472
Message 138 2260 22 5640 2560 1471
Message 139 989 23 5488 2551 1514
Message 140 966 25 5374 2522 1492
Message 141 940 25 5436 2461 1499
Message 142 933 40 5134 2561 1482
Message 143 945 42 5261 2560 1496
Message 144 931 22 5690 2560 1455
Message 145 2270 26 5618 2603 1488
Message 146 2230 25 5715 2547 1486
Message 147 2317 26 5663 2536 1455
Message 148 2270 28 5588 2557 1482
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Table A-31 (continued)

Message 149 2276 29 5601 2533 1488
Message 150 2324 35 5435 2503 1477
Message 151 2317 27 5639 2515 1460
Message 152 2273 29 5631 2521 1497
Message 153 968 33 5436 2421 1472
Message 154 967 22 5430 2523 1477
Message 155 947 68 5670 2616 1414
Message 156 939 24 5707 2613 1526
Message 157 946 27 5430 2559 1434
Message 158 938 37 5586 2492 1458
Message 159 2303 45 5578 2532 1474
Message 160 2209 22 5703 2526 1490
Message 161 2313 49 5833 2550 1483
Message 162 2273 28 5567 2444 1456
Message 163 2272 26 5672 2588 1452
Message 164 2316 24 5551 2539 1487
Message 165 2283 23 5553 2494 1454
Message 166 2322 30 5926 2562 1486
Message 167 977 27 5534 2511 1451
Message 168 951 47 5497 2557 1505
Message 169 958 31 5584 2501 1569
Message 170 962 24 5683 2456 1505
Message 171 946 32 5394 2508 1516
Message 172 945 23 5587 2576 1524
Message 173 2328 22 5378 2486 1491
Message 174 2253 26 5877 2548 1506
Message 175 2290 24 5553 2499 1488
Message 176 2279 25 9506 2557 1520
Message 177 2294 23 8898 2540 1484
Message 178 2292 22 7591 2545 1693
Message 179 2292 23 9053 2536 1493
Message 180 2279 29 8559 2543 1482

Table A-32: Decreasing Payload Length — dynamic segment length of 100 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 928 31 5022 2489 1480
Message 98 970 25 5021 2500 1428
Message 99 992 23 5018 2493 1476
Message 100 939 27 8466 2534 1517
Message 101 973 24 7250 2510 1488
Message 102 996 51 7255 2567 1441
Message 103 942 23 9560 2527 1547
Message 104 953 24 8727 2587 1512
Message 105 1009 17 9225 2516 1599
Message 106 968 15 12843 2588 1599
Message 107 984 15 15161 3174 2688
Message 108 973 29 18974 3206 2664
Message 109 935 24 14101 2598 1708
Message 110 961 47 9079 2590 1622
Message 111 992 62 11509 2599 1633
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Table A-32 (continued)

Message 112 945 27 13631 2644 1756
Message 113 973 26 14537 2679 2057
Message 114 983 58 10142 2599 1709
Message 115 935 36 9395 2693 1835
Message 116 960 48 10130 2640 1756
Message 117 991 59 13005 2757 1879
Message 118 950 49 9547 2784 1732
Message 119 970 36 13348 2699 1960
Message 120 978 23 14024 2713 1746
Message 121 932 49 9917 2729 1851
Message 122 959 28 19587 2720 1929
Message 123 990 33 11955 2646 1768
Message 124 950 37 12914 2741 1953
Message 125 975 23 14701 2692 1834
Message 126 972 66 19567 2912 2192
Message 127 928 27 9902 2696 1733
Message 128 957 28 10056 2734 1749
Message 129 986 22 10850 2638 1658
Message 130 945 45 13010 2717 1847
Message 131 975 47 14973 2669 1853
Message 132 967 33 13115 2743 2026

Table A-33: Decreasing Payload Length — dynamic segment length of 200 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 925 42 4994 2506 1480
Message 98 951 30 5021 2505 1453
Message 99 1003 42 5279 2419 1482
Message 100 948 48 5237 2539 1491
Message 101 988 28 5242 2406 1472
Message 102 992 31 5237 2674 1477
Message 103 925 37 5155 2454 1490
Message 104 954 21 5278 2578 1460
Message 105 1007 15 5376 2566 1496
Message 106 948 33 5352 2531 1499
Message 107 992 21 5398 2568 1517
Message 108 996 53 5279 2541 1430
Message 109 923 23 5290 2652 1462
Message 110 956 38 5300 2583 1449
Message 111 1013 26 5337 2521 1519
Message 112 945 45 5442 2568 1531
Message 113 992 34 5487 2500 1501
Message 114 995 43 5621 2509 1451
Message 115 924 25 5327 2521 1478
Message 116 953 39 5155 2544 1527
Message 117 1015 25 5339 2489 1487
Message 118 943 22 5098 2453 1500
Message 119 990 47 5480 2434 1447
Message 120 999 23 5436 2517 1536
Message 121 929 85 5727 2538 1454
Message 122 953 29 5494 2542 1484
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Table A-33 (continued)

Message 123 1019 25 5308 2495 1442
Message 124 948 34 5416 2529 1477
Message 125 990 50 5398 2437 1434
Message 126 1002 22 5164 2500 1507
Message 127 930 76 5263 2548 1487
Message 128 953 37 5187 2547 1422
Message 129 1023 30 5361 2510 1504
Message 130 945 71 5287 2594 1496
Message 131 986 34 5468 2502 1472
Message 132 997 28 5508 2593 1440

Table A-34: Decreasing Payload Length — dynamic segment length of 307 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 43 5002 2566 1467
Message 98 954 29 5017 2438 1457
Message 99 1012 42 5280 2527 1502
Message 100 942 48 5113 2556 1436
Message 101 983 29 5274 2509 1502
Message 102 994 32 5237 2477 1468
Message 103 919 21 5314 2501 1461
Message 104 954 24 5275 2540 1446
Message 105 1012 20 5277 2540 1507
Message 106 941 20 5518 2529 1491
Message 107 980 16 5716 2565 1530
Message 108 991 31 5441 2473 1440
Message 109 922 22 5288 2457 1484
Message 110 953 64 5261 2495 1496
Message 111 1011 22 5421 2526 1479
Message 112 938 24 5278 2588 1844
Message 113 990 23 5247 2577 1488
Message 114 996 32 5285 2455 1517
Message 115 922 26 5350 2478 1494
Message 116 950 35 5538 2600 1494
Message 117 1008 25 5345 2442 1499
Message 118 943 30 5459 2485 1512
Message 119 988 48 5175 2493 1454
Message 120 994 36 5449 2584 1520
Message 121 926 50 5574 2505 1480
Message 122 948 97 5357 2573 1448
Message 123 1011 53 5319 2508 1601
Message 124 943 29 5153 2491 1606
Message 125 986 72 5051 2538 1597
Message 126 999 28 5290 2617 1473
Message 127 925 45 5383 2517 1483
Message 128 946 29 5459 2483 1495
Message 129 1013 78 5513 2637 1474
Message 130 946 47 5359 2538 1462
Message 131 982 28 5464 2539 1427
Message 132 998 29 5511 2527 1524
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Table A-35: Increasing Payload Length — dynamic segment length of 100 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 28 5020 2506 1485
Message 98 953 24 5011 2492 1505
Message 99 1005 44 5019 2526 1485
Message 100 947 33 5003 2443 1489
Message 101 975 22 5013 2492 1492
Message 102 988 30 5016 2618 1443
Message 103 929 26 5008 2578 1532
Message 104 945 15 5031 2516 1459
Message 105 992 29 5046 2581 1472
Message 106 932 19 5007 2516 1444
Message 107 969 21 5021 2541 1434
Message 108 966 16 5022 2405 1471
Message 109 918 28 5055 2472 1471
Message 110 949 30 5066 2468 1487
Message 111 1007 56 5087 2488 1425
Message 112 938 56 5056 2508 1451
Message 113 983 26 5101 2481 1462
Message 114 992 49 5042 2464 1527
Message 115 920 27 5170 2535 1445
Message 116 948 23 8018 2494 1510
Message 117 1008 24 8066 2500 1455
Message 118 938 30 7528 2515 1563
Message 119 987 29 8390 2528 1493
Message 120 988 65 5099 2450 1510
Message 121 922 43 9911 2666 1678
Message 122 951 29 13203 2722 1892
Message 123 1012 25 18057 2879 1997
Message 124 941 32 19257 2855 2205
Message 125 986 28 18130 2984 2333
Message 126 996 39 14471 2911 2169
Message 127 922 51 13640 3128 2463
Message 128 943 79 19165 3953 3457
Message 129 1010 111 23379 4232 3811
Message 130 941 67 29530 4282 4318
Message 131 984 40 30809 4247 4118
Message 132 995 37 36256 4761 4533

Table A-36: Increasing Payload Length — dynamic segment length of 200 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 917 31 4994 2443 1484
Message 98 948 25 5017 2552 1448
Message 99 1000 30 5018 2507 1481
Message 100 947 36 5019 2561 1517
Message 101 975 33 5016 2496 1474
Message 102 985 67 5015 2576 1428
Message 103 916 30 5012 2530 1447
Message 104 942 32 5009 2453 1458
Message 105 988 16 5012 2575 1469
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Table A-36 (continued)

Message 106 957 21 5049 2467 1451
Message 107 962 14 5042 2580 1431
Message 108 973 24 5024 2552 1427
Message 109 913 55 5043 2622 1473
Message 110 952 23 5033 2482 1442
Message 111 1003 31 5085 2590 1498
Message 112 936 32 5028 2604 1810
Message 113 979 29 5040 2547 1837
Message 114 991 23 5025 2499 1416
Message 115 917 38 5019 2496 1444
Message 116 941 31 5076 2577 1507
Message 117 1008 32 5015 2524 1543
Message 118 936 22 5068 2460 1571
Message 119 982 30 5159 2539 1504
Message 120 991 21 5182 2508 1502
Message 121 917 54 5159 2523 1482
Message 122 937 47 5091 2519 1470
Message 123 999 28 5103 2568 1589
Message 124 937 40 5167 2524 1474
Message 125 983 39 5227 2579 1706
Message 126 988 30 5354 2552 1498
Message 127 922 53 5455 2453 1498
Message 128 943 76 5295 2503 1507
Message 129 1008 33 5327 2568 1486
Message 130 939 29 5624 2514 1468
Message 131 980 80 6044 2576 1518
Message 132 991 28 5279 2479 1505

Table A-37: Increasing Payload Length — dynamic segment length of 307 minislots

Number of
Message ID Messages Min. Delay Max. Delay Av. Delay Std.Deviation
Message 97 918 38 5023 2517 1425
Message 98 949 58 5016 2466 1467
Message 99 1014 22 5013 2532 1436
Message 100 936 26 5020 2511 1421
Message 101 981 24 5009 2519 1467
Message 102 993 36 5020 2483 1490
Message 103 957 56 4993 2469 1443
Message 104 939 39 5041 2465 1529
Message 105 964 23 5026 2472 1452
Message 106 953 19 5036 2451 1509
Message 107 961 16 5045 2527 1425
Message 108 967 32 5042 2483 1508
Message 109 925 35 5139 2537 1490
Message 110 945 22 5046 2479 1483
Message 111 1015 37 5072 2576 1453
Message 112 941 32 5025 2553 1456
Message 113 982 40 5137 2515 1421
Message 114 987 39 5100 2537 1523
Message 115 922 22 5114 2461 1455
Message 116 944 21 5231 2551 1502
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Table A-37 (continued)

Message 117 1008 49 5082 2498 1464
Message 118 942 47 5100 2477 1548
Message 119 982 42 5019 2499 1473
Message 120 999 45 5136 2554 1519
Message 121 923 25 5042 2488 1451
Message 122 934 26 5233 2568 1473
Message 123 1003 22 5186 2500 1472
Message 124 948 49 5126 2506 1480
Message 125 980 24 5119 2514 1572
Message 126 998 22 5283 2513 1506
Message 127 920 25 5268 2555 1440
Message 128 935 25 5162 2470 1467
Message 129 1000 42 5442 2596 1475
Message 130 945 39 5245 2507 1444
Message 131 979 34 5433 2581 1504
Message 132 992 27 5187 2469 1478
Table A-38: Static Segment Experiment 5, 3 Nodes, Signal Packing
Number of Max. Min. Max. Av.
Message ID Messages Min. Delay Delay Av. Delay Jitter Jitter Jitter
Message 1 10363 372 447 409 1 2 1
Message 2 20725 304 402 353 0 1 0
Message 3 5181 370 444 406 2 3 2
Message 4 10363 372 447 409 1 2 1
Message 5 10363 174 250 213 1 2 1
Message 6 10363 372 447 409 1 2 1
Message 7 10363 174 250 213 1 2 1
Message 8 10363 174 250 213 1 2 1
Message 9 10362 349 424 386 1 2 1
Message 10 10362 349 424 386 1 2 1
Message 11 10362 349 424 386 1 2 1
Message 12 5181 370 444 406 2 3 2
Message 13 10363 370 444 407 1 2 1
Message 14 5181 370 444 406 2 3 2
Message 15 10363 370 444 407 1 2 1
Message 16 10362 175 250 212 1 2 1
Message 17 10362 175 250 212 1 2 1
Message 18 10362 175 250 212 1 2 1
Message 19 1037 10183 10258 10219 12 13 12
Message 20 2073 178 254 216 6 7 6
Message 21 1036 369 443 405 12 13 12
Message 22 1036 369 443 405 12 13 12
Message 23 1036 369 443 405 12 13 12
Message 24 415 502 577 539 31 32 31
Message 25 207 10548 10622 10584 63 64 63
Message 26 415 138 252 195 31 32 31
Message 27 10363 370 444 407 1 2 1
Message 28 1037 10183 10258 10219 12 13 12
Message 29 1037 10183 10258 10219 12 13 12
Message 30 1036 10223 10297 10259 12 13 12
Message 31 51 50222 50295 50254 255 256 255
Message 32 51 50222 50295 50254 255 256 255
Message 33 103 10222 10296 10255 127 128 127
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Table A-38 (continued)

Message 34 103 10222 10296 10255 127 128 127
Message 35 5182 10507 10622 10583 2 3 2
Message 36 51 50222 50295 50254 255 256 255
Message 37 51 50222 50295 50255 255 256 255
Message 38 52 391 461 424 255 256 255
Message 39 52 391 461 424 255 256 255
Message 40 52 30547 30619 30583 255 256 255
Message 41 1036 10223 10297 10259 12 13 12
Table A-39: Static Segment Experiment 8, 6 Nodes, 2.5ms Cycle Duration, Scheduling Offsets
are synchronized with generation offsets
Number of Max. Av. Min. Max.
Message ID Messages Min. Delay Delay Delay Jitter Jitter Av. Jitter
Message 1 10131 122 172 146 1 2 1
Message 2 20261 122 172 146 0 1 0
Message 3 5066 213 265 239 2 3 2
Message 4 10131 103 171 137 1 2 1
Message 5 10131 124 172 147 1 2 1
Message 6 10131 166 216 191 1 2 1
Message 7 10130 126 170 148 1 2 1
Message 8 10131 124 172 147 1 2 1
Message 9 10130 166 216 190 1 2 1
Message 10 10131 147 215 182 1 2 1
Message 11 10131 165 215 190 1 2 1
Message 12 5066 179 229 203 2 3 2
Message 13 10131 178 228 203 1 2 1
Message 14 5065 177 228 203 2 3 2
Message 15 10130 177 228 202 1 2 1
Message 16 10131 125 170 147 1 2 1
Message 17 10131 189 238 213 1 2 1
Message 18 10130 191 235 213 1 2 1
Message 19 1013 235 256 249 12 13 12
Message 20 2027 196 237 216 6 7 6
Message 21 1013 178 227 202 12 13 12
Message 22 1013 222 272 247 12 13 12
Message 23 1014 221 272 246 12 13 12
Message 24 405 342 391 366 31 32 31
Message 25 202 344 392 367 63 64 63
Message 26 405 192 234 213 31 32 31
Message 27 10131 221 272 246 1 2 1
Message 28 1013 233 263 249 12 13 12
Message 29 1013 231 271 250 12 13 12
Message 30 1013 227 296 270 12 13 12
Message 31 50 224 265 244 254 255 254
Message 32 50 249 289 269 254 255 254
Message 33 101 256 287 269 127 128 127
Message 34 101 227 268 247 127 128 127
Message 35 5066 342 392 367 2 3 2
Message 36 50 252 292 271 254 255 254
Message 37 50 249 289 268 254 255 254
Message 38 51 221 270 245 254 255 254
Message 39 51 221 270 245 254 255 254
Message 40 51 348 390 367 254 255 254
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Table A-39 (continued)

Message 41 1013 222 264 243 12 13 12
Message 42 5066 372 422 397 2 3 2

Message 43 203 372 422 396 63 64 63
Message 44 1013 372 421 396 12 13 12
Message 45 406 370 420 394 31 32 31
Message 46 10130 371 421 396 1 2 1

Message 47 203 408 457 432 63 64 63
Message 48 405 406 456 430 31 32 31
Message 49 10130 407 457 432 1 2 1

Message 50 203 440 489 464 63 64 63
Message 51 203 443 491 465 63 64 63

Table A-40: Static Segment Experiment 9, 6 Nodes, 2.5ms Cycle Duration, First occurrence of
the messages are at the same cycle

Number of Min. Max.

Message ID Messages Delay Delay Av. Delay | Min. Jitter | Max. Jitter | Av. Jitter
Message 1 10051 7618 7671 7645 1 2 1
Message 2 20102 101 173 138 0 1 0
Message 3 5026 12676 12729 12703 2 3 2
Message 4 10051 2566 2636 2602 1 2 1
Message 5 10051 7625 7669 7646 1 2 1
Message 6 10051 7611 7681 7647 1 2 1
Message 7 10051 98 142 119 1 2 1
Message 8 10051 2571 2615 2592 1 2 1
Message 9 10051 94 164 130 1 2 1
Message 10 10051 2577 2647 2613 1 2 1
Message 11 10051 5060 5130 5096 1 2 1
Message 12 5026 15074 15126 15101 2 3 2
Message 13 10051 7557 7643 7601 1 2 1
Message 14 5025 2539 2592 2566 2 3 2
Message 15 8135 43 126 84 1 2 1
Message 16 10051 5044 5089 5066 1 2 1
Message 17 10051 7611 7655 7632 1 2 1
Message 18 10051 84 128 105 1 2 1
Message 19 1005 17626 17650 17639 12 13 12
Message 20 2010 2537 2589 2564 6 7 6
Message 21 1005 5005 5057 5031 12 13 12
Message 22 1005 10050 10101 10076 12 13 12
Message 23 1005 12533 12584 12559 12 13 12
Message 24 402 7841 7891 7866 31 32 31
Message 25 201 314 364 339 63 64 63
Message 26 402 5011 5060 5035 31 32 31
Message 27 10051 7516 7670 7613 1 2 1
Message 28 1005 56 96 83 12 13 12
Message 29 1005 2519 2569 2553 12 13 12
Message 30 1005 4992 5042 5026 12 13 12
Message 31 50 29966 29986 29976 254 255 254
Message 32 50 32439 32459 32449 254 255 254
Message 33 101 34912 34986 34949 127 128 127
Message 34 101 9885 9959 9922 127 128 127
Message 35 5026 2788 2892 2865 2 3 2
Message 36 50 52359 52379 52369 254 255 254
Message 37 50 54832 54852 54842 254 255 254
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Table A-40 (continued)

Message 38 51 74999 75046 75023 254 255 254
Message 39 51 79981 80029 80006 254 255 254
Message 40 50 5261 5311 5285 254 255 254
Message 41 1005 7305 7514 7487 12 13 12
Message 42 5026 5369 5422 5396 2 3 2
Message 43 201 7843 7893 7867 63 64 63
Message 44 1005 15316 15395 15363 12 13 12
Message 45 402 289 419 354 31 32 31
Message 46 10051 2762 2921 2878 1 2 1
Message 47 201 17906 17955 17930 63 64 63
Message 48 402 2879 2955 2917 31 32 31
Message 49 10051 5352 5457 5430 1 2 1
Message 50 201 10439 10489 10464 63 64 63
Message 51 201 12913 12962 12937 63 64 63
Table A-41: Static Segment Experiment 10, 6 Nodes, Signal Packing
Number of Min. Max. Max.
Message ID Messages Delay Delay Av. Delay | Min. Jitter Jitter Av. Jitter
Message 1 9266 275 350 312 1 2 1
Message 2 18532 230 321 276 0 1 0
Message 3 4633 10376 10450 10413 2 3 2
Message 4 9266 244 334 289 1 2 1
Message 5 9264 46 120 83 1 2 1
Message 6 9266 272 347 310 1 2 1
Message 7 9265 46 120 83 1 2 1
Message 8 9266 50 125 88 1 2 1
Message 9 9266 257 347 302 1 2 1
Message 10 9266 285 360 323 1 2 1
Message 11 9266 270 360 315 1 2 1
Message 12 4633 10328 10402 10365 2 3 2
Message 13 9266 298 373 336 1 2 1
Message 14 4633 10340 10415 10378 2 3 2
Message 15 9266 283 357 320 1 2 1
Message 16 9266 50 125 87 1 2 1
Message 17 9266 54 130 92 1 2 1
Message 18 9266 55 130 92 1 2 1
Message 19 926 10087 10163 10125 12 13 12
Message 20 1853 45 126 81 6 7 6
Message 21 927 10326 10400 10362 12 13 12
Message 22 927 10340 10414 10377 12 13 12
Message 23 927 10325 10399 10361 12 13 12
Message 24 370 5482 5556 5519 31 32 31
Message 25 185 15512 15586 15549 62 63 62
Message 26 370 59 134 96 31 32 31
Message 27 9266 294 385 338 1 2 1
Message 28 926 10065 10162 10120 12 13 12
Message 29 926 10087 10161 10123 12 13 12
Message 30 926 10087 10161 10123 12 13 12
Message 31 47 50069 50143 50106 251 252 251
Message 32 47 50093 50163 50128 251 252 251
Message 33 93 10066 10140 10103 125 126 125
Message 34 93 10066 10140 10103 125 126 125
Message 35 4633 15487 15585 15547 2 3 2
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Table A-41 (continued)

Message 36 47 50118 50188 50151 251 252 251
Message 37 47 50115 50189 50150 251 252 251
Message 38 46 10341 10401 10373 251 252 251
Message 39 46 10340 10410 10375 251 252 251
Message 40 46 75521 75576 75549 251 252 251
Message 41 926 10064 10159 10120 12 13 12
Message 42 4633 5567 5642 5604 2 3 2
Message 43 185 5568 5641 5604 62 63 62
Message 44 698 5567 5642 5603 12 13 12
Message 45 371 5515 5612 5563 31 32 31
Message 46 9266 5513 5612 5562 1 2 1
Message 47 185 629 703 665 62 63 62
Message 48 371 602 675 638 31 32 31
Message 49 9266 576 675 637 1 2 1
Message 50 185 10662 10736 10699 62 63 62
Message 51 185 10662 10736 10699 62 63 62
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