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Abstract

This contribution deals with the modelling of aesgtéd part of a new automotive communication stahdallec
FlexRay. In particular, it focuses on the mechangrsuring the stadp of a FlexRay network. The model
been created with the use of timed automata anflecerFor this purpose the UPPAAL software toos tieee
used that allows the modelling of discrete evesteys with the use dfmed automata, and subsequently
verification of the model with the use of suitalgieeries compiled in the so called computation togé. This
model can be used to look for incorrect settingdré parameters of communication nodes in the odttha
prevent network stamp and subsequently the start of the car. Theendstof this model also opens the wa)
finding possible errors in the standard. On thasbakthe model, the work gives a case study ofdiiaetup
mechanism behaviour verification in a FlexRay netwaonsisting of three communication nodes.
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1. Introduction

Together with the current trend of developmentle€ionic systems in cars, the need has
arisen for a new communication standard. The négaslsa new standard has been mainly
due to x-by-wire technology [1], which makes it pide to remove some of existing
mechanical and hydraulic parts from cars and tdaoepthem with intelligent and reliable
electronic systems. This is mainly the case oftllewing technologies:

— Steer-by-wire provides electronic transfer of thening angle of the steering wheel to the
angle of the wheels.

— Brake-by-wire means electronic transfer of the fmsi of the brake pedal to the
operational intervention of the braking system.

— Drive-by-wire allows electronic transfer of the gims of the accelerator pedal.

The x-by-wire systems for cars have been taken fowar aircrafts (fly-by-wire systems),
where they have been being reliably used for ye#ts communication protocol TTP/C [2].
These systems lay the foundations for new inteiligears where the control system is
informed about the driver’s intentions (to turnbi@ke, to acceleratetc) electronically and
together with other electronic systems and sensarekes a decision on the safety of the
driver's request. Subsequently, to enhance theysafethe passengers, these systems can
even intervene into the control of the vehicle. Beeper studies of this new standard the
reference sources [3] and [4], dealing with thecdpton of the link and the physical layer of
the FlexRay (FR) communication standard of thestatersion 2.1, are recommended.

As all x-by-wire applications require hard real-drcommunication, FR is based on the
TDMA (Time Division Multiple Access) medium accesethod, where dedicated time slots
are used for communication. Such a system shooldge a mechanism enabling the start of
the network; here it is called start-up mechaniStdNl). Its correct and reliable functionality
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is crucial for the FR network exploitation. Thigiele describes the model of the SUM of the
FR network based on timed automata [7] and itsfas&UM verification. For this purpose
the UPPAAL software tool [5, 6] has been used #ilmws the modelling of discrete event
systems with the use of timed automata and theesulesit verification of the model by
means of suitable queries compiled in the CTL (Catafon Tree Logic) [8].

Related work has been made in the past [9, 10ichwHeals with the modelling and
verification of automotive communication standarANC(Controller Area Network) by use
of timed automata. However, this work does not ctie FR at all.

2. Brief introduction to timed automata and UPPAAL tool

A timed automaton (TA) is an extended version oiité state machine (FSM). The
extension is done by the addition of a clock. Adl we a FSM, a TA consists of locations and
transitions between them. In the case of TA, ttaors are expanded with conditions based
on a clock. The clock is a variable assuming a megative real value. The value is
incremented uniformly and spontaneously.

The UPPAAL is a software tool created in cooperatlietween Uppsala University,
Sweden and Aalborg University, Denmark. It enalthesmodelling of a system as a network
of timed automata working concurrently. For eadiiviual component of timed automaton
the below mentioned features can be set:

For transitions:

— Guard Condition (GC) defines a condition for tréiosi between two locations. The
transition can be executed only if the GC is fldfil

— Sync serves for synchronization between timed aatanOne of them (automaton A) is
considered to be in a location leading to anothex by means of transition with sync
parameter equal to name? (there is a question pladed after the name). When the
transition with sync = name! (there is an exclaoratmark placed after the name) is
executed in another concurrently running timed auation (automaton B), the transition
with sync = name? will be executed in automatod t

— Update allows initialization of variables includirige clock. The updating is performed
when transition is executed.

For locations:

— Invariant Condition (IC) defines a condition exmieg an urgency of leaving the
location. If the IC is fulfilled, the system camagtin or leave the location. The location has
to be abandoned before the IC can be said to hdfillatl. If the system is not able to do
it because of GCs for all possible transitions Ehih appropriate location are unfulfilled
at the same time, there is a deadlock in the system

Check
Init Reset
Y clk==10
@ clk:=0 'I ! %
clk:=0

Fig. 1. Example of timed automaton — watchdog timer

Let us consider the state of a system as a conminaft locations in which the timed
automata are situated, including a combinationaofables. All possible states create the state
space of the system. The system can be verifieglibyies compiled in CTL. UPPAAL gives
the possibility to answer the queries by searclmthe state space. Each query consists of
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two parts. The first part is a path formula (A[kE y=>X, A<>, E[]) and the second is state
formulax. Five kinds of queries are supported accordinpedind of path formula:

Invariantly: A[] x

The query is satisfied when the state fornwiia true in every possible state of system.
This path formula is graphically depicted in Fig. 2

Possibility: E<> x

The query is satisfied when there exists at leaststate in the system where formxia
true. In other words there exists a possible patthé system how to get from initial state to
the state where formubais true. This path formula is graphically depictedrig. 3.

Leads to:y=> X

The query is satisfied when every path from a stdtere formulay is true leads to states
where formulacis true. This path formula is graphically depictedrig. 4.

Inevitable: A<> x

The query is satisfied when every path from inigitate leads to states where formxila
true. This path formula is graphically depictedrig. 5.

Potentially always: E[] x

The query is satisfied when there exists at least math from initial state leading &n
state in the system, whe8ais a state which is placed in the infinite orircglar (see Fig. 6).
In addition, the formulax must be true in every gone-through state withindbepe of the
path including initial ané®nstate. This path formula is graphically depictedrig. 6.

An easy example of a TA is shown in Fig. 1 depgtnmodel of a watchdog timer. The
model consists of three locations where the fifghem is init. The TA begins in this location
and the transition to chedk executed by sync parameter equal to st@tia action sets the
variable clk (clock variable) to zero. In locaticheck, the clk is automatically incremented
with time. In this example the conditions for gotlagthe reset are set as follows:

— The system is allowed to remain in check locatiaty af value of clk is smaller than 10
time units or equal (IC in the location check)other cases the check must be left.
— The transition from check to reset is allowed ahlalue of clk is equal to 10 time units

(GC in the transition).

The transition to reset is always realized whenvidae of the clk reaches 10. There is not
any another possibility in the system. Howeveth# request (sig?) is received and clk has
not yet achieved 10, the dk set to zero. In other words, if the differené¢el& between two
successive requests is always lower than 10, gtersywill never go to reset location.

Initial State
Initial state Initial state

’\ﬁﬁ% R
et

. Sete ofthe systemwhere the state fomyis e
State of the systemwhere State of the systemwhere

the State fomuiaxis rue the siate fomdexis e . St of the systemhere the state fomis e

Fig. 2. Invariantly: A[]x. Fig. 3. Possibility: E<x. Fig. 4. Leads > x.
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Intial state

Initial state

State of the systemwhere State of the systemwhere
the state fomulaxis true the state fomulaxis true
Fig. 5. Inevitable: A<z Fig. 6. Potentially always: EN.

3. Start-up mechanism of the FlexRay network

This chapter will describe the SUM (Start-up Medbar) of the FR network from the
moment of initiation of individual nodes, throughetr integration in the network, to the
achievement of the normal active stage. The SUMnsdhat the nodes must define a
common start of the communication cycle (CC) andckhthe same pattern of the time
schedule because of TDMA. A complete descriptionlmafound in [3].

Fig. 7 presents a simplified view of a FR netwooksisting of so-called cold-start nodes
(CSNs) and non-cold-start nodes (NCSNs). In eacmé&®ork, there must be at least two
CSNs. These two nodes (1. node and 2. node in7fifitst select the CSN leader (CSNL)
among them. This will be the node that first sesdscalled CAS (Collision Avoidance
Symbol). The other CSN automatically becomes skedalollowing CSN (CSNF). The
CSNL will then initiate communication by sendin@rstup frames (SUFs) in each CC. By
this way the beginning of CC is defined. The CSbifrthe basis of these SUFs, will also start
sending its own SUFs to the corresponding time slot

Time schedule
definition ‘\\\\\\\\\\\

FlexRay communication network
(access method TDMA)

1.node 2.node

status: coldstart

status: coldstart

3. node 4.node 5. node 6. node 7.node

status: non-coldstart status: non-coldstart status: non-coldstart status: non-coldstart status: non-coldstart

Fig. 7. Simplified view of the start-up mechanism.

This way both CSNs define the time schedule andréke of the network, consisting of
NCSNSs, can then be integrated into this scheduies ifitegration will only be successful for
a NCSN if it has the same time schedule as hasdmdyy the CSNs.

If everything proceeds correctly, all the nodegha network will pass into the normal
active state when the network is started and rdadyperation. However, if a NCSN is
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configured for a different timing from the timingtsby the CSNs, the NCSN will never be
able to integrate to the network. If the time sahes of the CSNs do not correspond to each
other, the network will not be started at all, whineans that the car will not start either.
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Fig. 8. Example of successful start-up procedure.
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Fig. 8 shows an example of a successful SUM in anéfork consisting of three nodes
A, B, C where both A and B are CSNs and the C iSNCThe relevant start-up stages,
which are gone through by nodes during the SU phaee are depicted in sequence in Fig. 8.
In this example all three nodes are considerectsugcessfully woken-up and located in the
ready stage.

First of all, node A has gone to cold-start lisstage. In this stage, if the node does not
catch any indication of communication coming frothey nodes at least over one CC period,
it sends the CAS. In this way the node A becomk=ader of the SU process and node B is
requested to be the CSNF, which is subordinatatid¢deader. If node B had sent the CAS
first, the situation would have been reversed. eeatection is unsuccessful when the CAS is
transmitted by both CSNs simultaneously. To eli@rthis unwanted case the leader goes to
collision resolution stage immediately after theE#ansmission.

In the collision resolution stage, taking at lefmtr CCs, the CSNL repeats sending the
start-up frame (SUF) in the appropriate communacaslot. If the CSNL catches another
communication other than its own, it recognizestia@oCSN trying to become a leader as
well. They both then return to the cold-start Isttage. To decrease the collision probability,
the duration of the cold-start listen stage shduddselected randomly. In the case of no
collision, the CSNL successively sends at least 8Fs during the collision resolution stage
in the appropriate time slot. These frames servenitalization of the time schedule in the
CSNF and NCSN. If the CSNF has been set incorreittly not able to have the same view
of time schedule as the CSNL has. In this wrong ctise network cannot be started at all.
However, if the setting is correct, the CSNF gods integration cold-start check stage where
it performs synchronization of its own time basentgans of the leader’s start-up frames.

The leader then goes to the cold-start consistehegk stage where the start-up frames
from CSNF are expected in the appropriate slothdf expectation is unsatisfied for the
leader, the network cannot be started. HowevehefCSNF has gone to cold-start join stage
and started sending its own SUFs, there is a cafpBJFs (one originates from CSNL and
second from CSNF) in each CC. The described pramesgsres that the time schedule for the
rest of the NCSNs is established.

4. The model of the start-up mechanism

This section deals with the modelling of the SUMaoFR network. For this purpose the
UPPAAL software tool has been used, which makpsssible to create a model with the use
of timed automata and its subsequent verificatigerification queries for testing the
correctness and robustness of the design of theeclieddpart of the standard have been
compiled.

The SUM of each node is modelled by one timed aatom Individual automata work in
parallel within the system (FR network). Two typésa timed automaton have been created.
The first type models a CSN, the other one a NCEN. 9 indicates interfaces of timed
automaton modelling the CSN (orange colour) and NGfdes (grey colour) and their
mutual interconnection. These TA are interconnectid three synchronization channels
(SCH) start_frame_A, start_frame_B and CAS.

The behaviour of a SCH has been explained in ch@p{eee the description of feature
syncadjustable in transitions). In case of our mo8€Hs are used for modelling of sending
and receiving of start-up frames and CAS. In theNQ§ “start_frame_A!" represents the
transmitted SUFA and by means of “start_frame_B#® SUFB is received from CSR.
Hence, if CSNA is set in a location leading to other by meandrahfsition with sync
parameter equal to “start_frame_B#iis transition will be executed when a transitigith
sync parameter equal to “start frame_B& performed in CSNB. The similar reverse
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situation takes place in the CSBL The synchronization channel is also used for the
modelling of transmitting and receiving the CAS. 8T receive all three SCHs by means of
“start_frame_Al", “start_frame_B!”, and “CAS!". Hoewer, they are not able to send

anything to SCH.

start_frame_A »
start_fi Al start_frame_A?
S (broadcast chan)
start frame B
fre B? [ start_frame_B!
start_frame_B?1< (broadcast chan) -
Coldstart node A Coldstart node B
clock stopwatch clock stopwatch
int i, attempt int i, attempt
CAS! . ° CAS ° Py DT CAs!
CAS? J (broadcast chan) J I CAS?
Yv y Yy Yy Yy
oo o] oo o] oo o] oo o]
%5 % 58 % 52 %5 %
= = 5 ElE =
= s = =
hatinal halial patia hatinal
5§ 55 55 5§
------- [ZER7] —_—————— [ZER7] —_—————— n 0 —_—————— [ZER7} —_——————

Non-coldstart Non-coldstart Non-coldstart Non-coldstart

node node node node

clock stopwatch clock stopwatch clock stopwatch clock stopwatch
inti inti inti inti

Fig. 9. Interfaces of timed automaton modelling¢bél-start and non cold-start nodes.

Appropriate TA modelling the SUM is implementedides each node depicted in Fig. 9.
The model type used depends on whether the appteprode is a CSN or NCSN. Fig. 10
presents the TA modelling SUM in a NCSN and figshbws TA for SUM in a CSN node.
Both of them were created using the UPPAAL toch@cordance with behavior of the SUM
described in Section 3.

Models include guard conditions, sync parametepsiate expression in transitions and
invariant conditions in locations as well as looats names. All this is distinguished by
means of colours:

Location’s name — red colour;

Invariant condition — pink colour;

Guard condition — green colour;

Sync parameter — bright blue colour;

Update expression — deep blue colour.

Before describing the TAs depicted in Fig. 10 ang. A1 in detail it is necessary to
explain terms and variables used in these models.

MT. So-called “microtick” is defined within the FR stiard and it is the smallest
indivisible time unit used in standard. It is dedvdirectly from the time base clock signal
period. Typical values of ongT are 12.5; 25; 50; 100; 200 ns. Which of them sedu
depends on the clock signal frequency.
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stopwatch == Tstart B + D

stopwatch == Tstart_A + D

start_frame_A?

start_frame_B?
disii=g stopwatch == Tcykl + D
stopwatch == Tcykl + D cas? Group 1
start_frame_A? start_frame_B?
is_t=o(;.)watch:= o, listen. 2 is_t=o(§)watch:=0.
init_1A init_1B
stopwatch <= Tcykl - D stopwatch <= Tcykl -D
stopwatch == Tcykl - stopwatch == Tcykl -
init_2A init_2B
stopwatch <= Tcykl + D stopwatch <= Tcykl + D
start_frame_A? _B7
stopwatch EEd i+
Wit A stopwatch == stgpwatch == Groupinit 3B
Group 2 4 Tstart B + Tefart A + D L
j== i==3
stopwatch := 0 stopwatch:=0
init_4A init_4B
stopwatch <= Tcykl - Tstart_ A stopwatch <= Tcykl - Tstart_B .
stopwatch == Tcykl - Tstart_A
stopwatch:= 0,
ii=0 stopwatch == Tcykl - Tstart_B
stopwatch <= Tstart_A - D and stopwatch:=0,
stopwatch <= Tstart_ B - D =0
Group 4
check_2A
stopwatch <= Tst

check_2B
stopwhpatch

start_frane_A? Teyklppnd i < 3
check_3A

stopwatch <= Tst

stopwatch <= Tstart_B + D

start frame_B?

stopwjatch:=0,
- i++

check_3B
stopwatch <= Tstart_A - D
stopwatch =

stopwatch ==

Tstart_ A -D

stopwatch <= Tcykl
Tcykl and i ==

normal

Fig. 10. Start-up mechanism in a non cold-starenoddelled as a TA.

stopwatch == Tstart_other + D

listen_2

Group 1

listen_1

start_frame_other?

stopwatch >= Teycle
stopwatch:=0|
=0

start_frame_other?

topwatch == Tstart
tart_frame! G

stopwatch:=0

collision_3

)) CAS
« Qroup 2
init_1 stopwatch:= 0,
stopwatch <= Tcycle - D ﬁ:gmpt.— 0,

collision_1
stopwatch<= Tstart

Tcycle + D
stopwatch == Tcycle - D

stopwatch == Tstd
init_2 stopwatch:= 0
stopwatch <= Toycle + D i<3

i < 3 and stopwatch == Tcycle
start_frame! fal
stopwatch 7= Tcycle stopwatch:=0
start_frame_other? attempf++, sta
s
Group 4

collision_2

stop =i ~ stopwatch == Tcycle

i == 3 and stopwatch == Tcycle
init_3 stopwatch := 0,

stgrt_frame_other?

i
stopwatcl

=0

init_4
stopwatch <= Tcycle - Tstart_of T
stopwatch == Tcycle - Tstart_other

stopwatch:=0,|
=0

topwatch == Tstart_other + D

stopwatch <= Tstart and

o ) stopwatch <= Tstart_other - D and

— = > lempt <= NumberOfAttempt
Sl

stopwatg

Tstart_g

stopwatch <= Tstart and
stopwatch <= Tstart_other - D

join_1

stopwatch <=
(Tstart_other) + D

check_3

start_frame_other?
Kopwglch <= Tstart_other +

join_4
oin_2 stopwatch <= Tstart_other + D
topwatch <= Tstart_other -

check_6 \
stgpwatch == Tstart_other -

stopwatch <= Tcycle
start_frgme_other?

Group 5

stopyratch:=0
stopwatch 5= Teycle and i < 3

join_3

stopwatch >= Tcycle and i
stopwatch <=

stopwatch
ey Group 6
stopwatch <= Tstart normal_1 stopwatch <= Tstart
art_other + D
topwatch== Tstart
i++ start_frame! stopwatch == Tcycle
start_frame™ i++ stopwatch -
starRits stopwatch:=0
i stopwatch:=0 -
join_6
stopwatch <= Tcycle stopwatch == Tcycle and i ==

normal_2 stopwatch <= Tcycle

Fig. 11. Start-up mechanism in a cold-start noddetied as a TA.

i<3
stopwatch:=0
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Stopwatch [clock] — Freely running time base of a node. Each nodethasnin assigned
time base in the form of the stopwatch variabléhef clock type. In real applications due to
some influences like a crystal ageing or tempeeattariation there appear discrepancies
between time base frequencies. Unfortunately, tR€AAL tool is not able to define more
variables of clock type running with different sgedHowever, the frequency deviations
between selected time bases can be modelled twaancgegree by time settings of the model.
These deviations involve a different view of anwaeate global time base. In other words,
regarding the view of a global time base, ther¢ lvéla difference between the departure time
of SUF from a CSN and the arrival time of this Sk the other node.

In fact, there is a so-called synchronization magm [3] in FR standard. This
mechanism reduces the time differences. Howeves,not possible to zero them totally. The
model presented in this work does not considerstimehronization mechanism. Hence, this
work covers the worst-case, where the synchromizathechanism does not work at all or
works incorrectly.

I [int] . This variable stores the number of executedmaddoops in the system.

Attempt [int] . Variable is used to count the number of unsudekeS& attempts.

Tstart [INt] . Defines the number QfT from the start of the CC after which the CSN will
send its SUF to the network.

Tstart_other [INt] . Defines the number qfT from the start of the CC after which the CSN
will expect the arrival of the SUF from the otheB .

Tstart A [INt] . Defines the number @fT from the start of the CC after which a NCSN will
expect the arrival of the SUF from the CSN A.

Tstart g [INt] . Defines the number QT from the start of the CC after which a NCSN will
expect the arrival of the SUF from the CSN B.

Teyele [INt] . Defines the number qfT of the nominal length of the CC in the particular
node.

D [int] . Permitted maximum deviation (pil') between the expected and actual time of a
SUF arrival. The CSN accepts the arrival of the SUthe interval <Tiart other- D, Tstart_othet
D>. A NCSN accepts the arrival of start-up frameshie interval <Giay A — D, Tstart A + D>
and <Tar B — D, Tstar B + D>.

Description of the TA modelling start-up mechanismin a CSN. The TA modelling
SUM in a CSN is shown in Fig. 11. The TA covers thedel for the CSNL as well as the
CSNF cases. In this subsection, the TA is explainedmore detail. For easier
comprehensibility, the diagram is divided into gpoups of the TA’s locations. In addition,
the TA is separated into three main parts. The fifgshem contains groups highlighted by
blue colour (group 4, group 5). They serve for nlbagthe SUM in the case of a CSNF. The
second part marked in orange colour (group 2, g&)up used for modelling of the SUM in a
CSNL. The third part comprises groups highlightgda grey colour on the background
(group 1, group 6) and is used both for modellihthe SUM in a CSNF and in a CSNL. The
following text describes each group in more detalil.

Group 1. In fact, this group corresponds to the cold-stateh stage in a CSN according
to Fig. 8. The group serves for listening to thenomunication bus during one CC. If the CAS
from another CSN is received during this time, T@ewill model a CSNF. In other cases, if
no CAS is noticed, the TA can model a CSN tryinpedeader.

Location listen_1.In listen_1 location, the TA waits until the dumatiof one CC passes.
In other words, until the stopwatch variable reachesalue equal toce After reaching i,
the TA is allowed to go to group 2 where it willytto become CSNL by means of CAS
sending. However, according to GC in transitiotelis 1 — CAS and missing IC in listen_1
location, the TA does not have to change the listdacation to CAS in group 2 when the
time is equal to Jjce. In this way, the time of CAS sending can be chasewlomly. This is
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necessary for reducing the number of situationsvitv® CSNs want to be leader at the same
time.

Location listen_2.If a CAS symbol, coming from another CSN, is reedi\before the
listen_1 has been left to tlASIocation, the TA changes location to listenlrRthis case the
node becomes CSNHn the listen_2 location, the TA waits until SUF@rh CSNL is
received.

Summary of group 1.The group 1 fully corresponds to cold-start lisgtage in a CSN
(see Fig. 8). The main task of the group is thasitat whether the node will become a CSNF
or will get a chance to be CSNL.

Group 2. This group corresponds to the CS collision resmiugtage in a CSNL (see Fig.
8 — node A). The main task is a collision recogniti@ncollision occurs when two CSNs
want to become a leader at the same time. In ethads, two CASs are sent by means of two
CSNs simultaneously because they have reached gPowoncurrently. The collision
recognition is performed on the basis of detectiba communication originated from other
nodes. In the group 2, the CSNL sends its own Sidppropriate time slots in every CC.

Location CAS. In fact, the CAS location itself has no actual fima. The location serves
only as a bridge between the listen_1 and collislolocations to achieve better lucidity. The
location is always left immediately after enterengd this takes no time (the location is urgent
type). However, the transition between CAS locatemd collision_1 location is very
important. By execution of this transition, the CASent by means of sync channel with the
parameter set as “cas!”. The CAS can be receivedhiar CSNs as well as in other NCSNs.
Strictly speaking, the CAS is received in every [bBated in a location leading to another by
means of a transition with the sync parameter sé&tas?”.

Location collision_1. According to ICs and GC in collision_1 locationetfA waits in
this location until the stopwatch reacheg,{value. This is the time when the SUF must be
sent. The sending is executed on the basis of riresition from the collision_1 to the
collision_2 location. However, if a SUFO comes Ipefthe collision_1 has been left, the TA
goes to the collision_3. In other words, thereristher CSN in the network trying to be the
leader as well. It means that the leader eleciamsuccessful in this case.

Location collision_2 In the collision_2 location, the TA waits for thedeof CC. In other
words, until the stopwatch variable reaches a vatpeal to Tyce At this point, on the basis
of IC and GC, the transition collision_2 to coliisi 1 is executed. The number of the
transition repetitions is stored in theariable. The transition execution causes thevaitgh
variable to be set to zero and the variable be incremented. This way the transition from
collision_1 to collision_2 location is executed fdimes. It means that the SUF is sent in time
Tstartin €ach of four successive CCs. If any SUFO dagsarrive during these four CCs, the
successful leader election is completed and thed\continue to the group 3 when the end
of the fourth CC is reached. However, if a SUFO esrfrom another CSN node while the
TA is in the collision_2 location, the TA returnadk tolisten_1 location immediately and the
leader election is not successful.

Location collision_3.The TA gets to the collision_3 location immediatafter a SUFO is
received during waiting in the collision_1 locatidn addition, TA waits in the collision_3
until the stopwatch variable reaches a value etpds,: The SUFO comes before the
sending of SUF. Hence, the TA sends its own SUFRrdysition to listen_1 location in the
group 1. On the basis of this SUF, the other C3Wdosituated in the collision_2 location, is
forced to transit to the listen_1 location in grdupnd the leader election is unsuccessful.

Summary of group 2.The group 2 corresponds to the CS collision regniustage (see
Fig. 8 — node A). The main task is in recognisinigetiher two CSNs have decided to be
leader at the same time. If not, the leader eleasuccessful and TA goes to the group 3. If
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yes, the collision of two CSNs is recognized arelTA is forced to go back to the listen_1 in
the group 1.

Group 3. This group corresponds to the CS consistency chtage in a CSNL (see Fig. 8
— node A). In this group, the TA continues with dieg of SUFs, and checks whether SUFOs
are received within an allowed range.

Location check_1.In the check_1ocation, the decision whether the TA should camdin
to the check_2 or the check 4 is made on the basisSUF order given by time schedule. In
addition, the number of executed transitions fréve ¢theck 7 to the collision_1 location is
checked to be 10. This transition corresponds thighreverse route from the CS consistency
check stage to the CS collision resolution stage (&g. 8 — node A). The number of these
transitions is stored in the variable attempt. When variable attempt reaches 10, the TA
goes from check_1 to the listenlgtation. This transition corresponds with the reeeroute
from the CS consistency check stage to the CSistge (see Fig. 8 — node A).

The transition leading from the check 1 to the kh&clocation is executed when the
variable stopwatch reaches valug,dearlier than Jar othe( Tstart < Tstart_othe}- IN Other words,
the time schedule is set in such a way that SUaised before SUFO in a Cl. addition,
the variable attempt is smaller than 10. By exegutiis transition, the TA sends SUF at time
Tstart

In the case that skt > Tstart other and of course attempt < 10, the TA transits fri@
check_1 to the check_4 location after the stopweagelches value skt oher Where SUFO is
expected.

Location check _2.The TA is found in the check_2 location when theFShhs been
transmitted first. Hence, the coming of SUFO isextpd here. In fact, the location checks
whether the arrival time of the SUFO is greatent{iBiar othe— D). If Not, the SUFO comes
too early and is unacceptable. In this case thedmes to check 7 location. If the stopwatch
variable reaches a value equal t@{d other— D) without any SUFO coming, the TA continues
to check_3 location.

Location check_3 In the check_3 location, the TA checks that thesaktime of a SUFO
does not exceed the valuesgk omer+ D). In summary, the check_2 and check_3 location
supervise whether the SUFO comes within the raf@gother— D, Tstart_othert D>. If SO, the
transition leading to check_6 location is executedther cases, the TA is forced to go to the
check_7location.

Location check_4.The TA gets to the check ldcation from the check_1 location when
the time schedule is set in such a way that binek Tstart(SUFO is placed before SUF in the
CC), the stopwatch variable has reached a valual @qu(Tstart_other— D) and the variable
attempt has not yet reached 10. In this locatibe, TA waits until the SUFO comes.
However, if the stopwatch variable reachegafTomert D) without any SUFO coming while
being in the check_4, the TA comes to the checkcation. In other words, the SUFO is
checked whether its arrival time is in the rangeusIother— D, Tstart other+ D>. If SO, the
received SUFO is acceptable and the TA continuebecok_5 location.

Location check 5.In the check Hocation, the TA waits until the stopwatch variable
reaches a value equal t@.k After reaching it, the TA sends SUF by meangandition to
check_6 location.

Location check 6.In the check_@Aocation, the TA waits for the end of CC. In other
words, until the stopwatch variable reaches a vahyeal to Tyce After reaching it, the TA
either goes back to check 1 or to the normal_ltimeasituated in the group 6. Which
transition is chosen depends on how many timegriep 3 has been executed. This number
of executions is stored in the variabl&or leaving the group 3 and entering to the gréuip
IS necessary to execute the group 3 two times catigely. It corresponds with the cold-start
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consistency check stage (see Fig. 8 — node A),evtver SUFs are sent and two SUFOs are
received in two consecutive CCs.

Location check_7.The TA is found in the check I@dcation when a SUFO has not come
within the allowed range <& other- D, Tstart othert D> in the group 3. By means of this
location the feedback to group 2 is realized. Thassition corresponds with reverse route
from the cold-start consistency check to cold-statision resolution stage (see Fig. 8 — node
A). The TA waits in the check_7 location for thedeaf CC. In other words, until the
stopwatch variable reaches valuggE When this transition to group 2 is executed, the
number of unsuccessful attempts is incrementekdarattempt variable.

Summary of group 3. The group 3 fully corresponds to the cold-startsistency check
stage in a CSNL (see Fig. 8 — node A). SUFs arelsethe CSNL and SUFOs, coming from
CSNF, are expected here. For this purpose the segqua locations check 1 — check 2 —
check 3 — check 6 is designated in the case tleaSUF is situated in the CC before the
SUFO. If the time schedule is set in such a way the order of SUF and SUFO is reversed,
the sequence check 1 — check 4 — check 5 — chésko@sidered.

The chosen sequence is performed two times. Itredve successive CCs (see Fig. 8 —
node A - cold-start consistency check stage). If a SUFO comet of allowed range
<Tstart_other— D, Tstart other+ D> during the group 3, the TA goes to check_Gatmn and
subsequently, after reaching the end of CC, thesitian to the group 2 executed. This
transition corresponds with the reverse route fawid-start consistency check to cold-start
collision resolution stage (see Fig. 8 — node A).

Group 4. This group belongs to the area of TA destined Hier modelling of a CSNF. In
fact, the group corresponds to the initialize scihedind integration cold-start check stage
(see Fig. 8 — node B). The main task is in checkvhgther the time duration between two
successive SUFOs coming from CSNL is within thegearTeycie — D, Teycle + D>. If not, TA
is forced to go back to group 1. Notice that intcast to the group 3 in leader, the group 4
checks the duration between two SUFOs from CSNIe gitoup 3 checks the arrival time of
SUFOs coming from CSNF. This difference comes fitbin fact that CSNL starts the time
schedule generation and CSNF has to follow it.

Location init_1. In the init_1 location, the time between two sssive SUFOs coming
from CSNL is tested for the lower bounds of a rangeere the coming SUFOs are
acceptable. The TA changes location from listero 2nit_1 immediately after a SUFO is
received. Here, the TA waits until the stopwatchalzle reaches a value equal te,{E— D).
After reaching it, the transition to init_2 locaties executed. However, if a SUFO is received
earlier than (Iyce— D) is reached, the SUFO is unacceptable and@Ahgoes back to listen_1
location in the group &nd this is an unsuccessful attempt of SU for tB&lE.

Location init_2. The main task of init_bcation is to check whether the time between the
receptions of two successive SUFOs does not exbeekigher limit of the range. If none of
the SUFOs is received by the time the stopwatclabler reaches a value equal te,E+ D),
the TA goes back to listen_1 location in the graugnd this is an unsuccessful attempt of SU
for the CSNF. In other cases the transition to Biis executed immediately after the SUFO is
received.

Location init_3. In the init_3 location, a decision is made whette sequence init_%
init_2 will be repeated again or TA will transd the group 5. The number of repetitions is
stored in tha variable. According to GC and IC, the sequence iInt+ init_2 is executed
three times. It corresponds with the checking oéehperiods between four successive SUFs
(see Fig. 8 — node B —initialize schedule and iratgn CS check).

Location init_4. After the last SUF is successfully received ia sequence init_z init_2
— init_3, the stopwatch variable has a value equal g Tiner The only task for the init_4
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location is to wait for the time remaining to thedeof CC. In other words, the TA waits until
the time (Tyce — Tstart_othe) €lapses. After that, the TA goes to the group 5.

Summary of group 4. In fact, the group 4 corresponds to the init sckeednd integration
CS check stage (see Fig. 8 — node B). The maingaskcheck whether the time between two
successive SUFOs coming from CSNL is within thegearTeyce — D, Teycle + D>. In other
words, whether the view of CC duration in the CS8&iBimilar to that in the CSNL. If not, the
TA goes back to the group it ,corresponds with return to cold-start listergstdsee Fig. 8 —
node B).

Group 5. This group belongs to the area of TA destinedHermodelling of CSNF. This
group is entered when the group 4 is left by meainit_4 location. The group fully
corresponds to cold-start jostage (see. Fig. 8 — node B). This group is ingdaf two main
tasks. Firstly, checking whether the arrival tinfeS&JFO received from the CSNL is within
the acceptable range. Secondly, the TA (CSNF) seadsvn SUFs in the appropriate time
slot. The function of this group is similar to gpo8 in leader’s area.

Location join_1. From the join_llocation the TA can continue either to join_2 or to
join_4 locations. Which of them is chosen dependshe time schedule. If the time schedule
is set in such a way thatidi other> Tstart,in Other words the CSNF sends the SUF earlier than
SUFO from CSNL is received, the transition leadingoin_2 location is chosen after the
stopwatch variable reaches a value equaldg: By means of this transition a SUF from
CSNF is sent.

However, if Tstan_other< Tstars the reception of a SUFO from the CSNL is expedtefbre
sending a SUF by means of CSNF. In this case #msition leading to join_4 is considered
and is executed when the stopwatch variable reachalie equal to lower boundszl; other—

D) of the range where arrival of the SUFO from CSBllacceptable.

Location join_2. In the location join_2 the TA waits until the pteatch variable reaches
(Tstart_other— D). After reaching it the TA continues to joinldgation. However, if a SUF from
leader is received before the lower bound is redciteneans that the SUFO has come too
early. In this case, the TA moves back to listefocation. In other words, joining to the
leader is unsuccessful because the time schedwled® CSNL and CSNF is too different.

Location join_3. The locationjoin_3 checks whether the arrival time of SUFO doet
exceed (Tan_omert D). If @ SUFO is received before the stopwatahiable reaches gt other
+ D), the TA continues to join_6 location. Howevérthe value (Earn othert D) is reached
without the SUFO reception, the SUFO is too latethis case, the TA is forced to go back to
listen_1 location in the group 1. It means thatijog to the CSNL is unsuccessful because the
time schedule between CSNL and CSNF is too difteren

Location join_4. The TA location join_4s entered from join_1 location wheRk other<
Tstarrand the stopwatch variable reachesafTome— D). The main task for join_4 is the same
as for join_3. It is the checking whether the atittme of the leader's SUF does not exceed
(Tstart_other+ D)-

Location join_5. The TA waits in the location join_tntil the stopwatch variable reaches
Tsare After reaching it the SUF is sent by executionthad transition from join_5 to join_6
location.

Location join_6. The TA waits for the end of CC in the joinldggation. In other words, it
waits until the stopwatch variable reacheg.d After reaching it the TA can go either to
join_1 or to normal_1 location. Which of them isoskn depends on how many times the
group 5 has been repeated. The number of thesttimpeis stored in the variable This
variable is incremented by executing the transigtther from join_3 to join_6 or from join_5
to join_6. According to GC, the group 3 is executage times. It covers the sending of three
SUFs by CSNF and checking whether the received 3Ufe@e in the acceptable time range.
It corresponds with cold-start join stage (see Big.node B).
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Summary of group 5. The group 5 fully corresponds with cold-start stégee Fig. 8 —
node B). The group is called to do two main tagkstly, transmitting of SUFs by the CSNF
is performed in the appropriate communication tsta. Secondly, the TA checks whether
the received SUFOs are in rangesid other— D, Tstart othert D>. Tasks take place either in
first sequence of location join_1, join_2, join j@n_6 or in second sequence join_1, join_4,
join_5, join_6. Which one of them is chosen depemalshe SUF order. If, according to the
time schedule, the conditiondi other> Tstart IS held true, the first sequence is used. In other
cases, the second sequence is considered. The igrenpcuted three times. The number of
executions is the same as in cold-start join sfage Fig. 8 — node B).

Group 6. This group is the same for both the CSNL and C3&ftering this group means
that SU procedure has been successful for the fAdwegroup corresponds to normal active
stage (see Fig. 8 — node A, B).

In the normal_1 location, the TA waits for the timben the SUF should be transmitted. In
other words, it waits until the stopwatch variatdaches a value equal tg.f After reaching
it, the TA goes to normal_2 location. By this triiogs, the SUF is sent.

In the normal_2ocation, the TA waits until the end of CC is reaghlt means until the
stopwatch variable reaches valugcE After reaching it, the TA goes to normal_1 looati
By this transition, the stopwatch variable is setéro.

Summary of group 6. After entering the group 6, the modelled CSNL orNEShas
successfully finished its own SU procedure. The en@tntinues sending SUFs in the
appropriate time slots. These frames are neceskaryther nodes where successful
performing of SU is still in progress. In the gro6pthe node no longer checks SUF from
other nodes.

Description of the TA modelling start-up mechanismn a NCSN. The TA, modelling
SUM in a NCSN is shown in Fig. 10. In this subsattthe TA is explained in detail. For
better comprehensibility the diagram is divideaibtgroups of TA’s locations.

Group 1. In fact, this group corresponds to integratiorelisstage in a NCSN according to
Fig. 8. The TA waits in this group until a CSN ser@AS and first SUF.

Location listen_1 The listen_1 is the initial location where TA wgfor the arrival of a
CAS sent by a CSNL. After the CAS is received, Ti#e changes location from listen_1 to
listen_2 location. This change is provided by thengition between them with the sync
parameter “cas?”.

Location listen_2 In the listen_2 location, the TA waits for SUmRsby the CSNL. From
listen_2 location, the TA can continue either tougr 2 or group 3. The chosen direction
depends on which one of two CSNs (A, B) has bedewawer. If the CSN A is the leader, the
TA goes to group 2 on the basis of SUFs sent by @Shis transition is executed by sync
parameter “start_frame_A?". In the case that th& &Sis the leader, the sync parameter
“start_frame_B?” is considered and TA transfergrmup 3.

Summary of group 1.The group 1 completely corresponds to the integnaisten stage
in a NCSN (see Fig. 8 — NODE C). The CAS and fagbsequent SUF from CSNL are
expected here. After receiving it, the TA can gihei to group 2 (CSN A is expected to be
leader) or group 3 (CSN B is expected to be leader)

Group 2. The group models the initialize schedule stag®l@SN and the first part of
integration consistency check stage (see Fig. 80bHB C). The main task is checking the
duration between two received SUFAs.

Location init_1A. According to IC and GC, the TA waits in init_1/tl the clock
variable stopwatch reaches a value equal .+ D). After reaching it, the TA is forced to
change the location to init_2A. However, if a SUBAreceived before init_1A is left, the
SUFA is unacceptable. It means that this locatioacks whether SUFA has been received
too early (under the lower limit of acceptance).stf, the TA goes back to the listen_1
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location in the group 1. This corresponds to theerge route from initialize schedule to
integration listen stage (see Fig. 8 — NODE C).

Location init_2A. In init_2A location the TA waits for the arrivaf SUFA. On the basis
of this frame, The TA goes to init_3A and the vihlgai is incremented, where the variable i is
a counter of the number of received SUFAs. HoweiWea, SUFA is not received until the
stopwatch reaches a value equal tg{d+ D), the SUFA is unacceptable. In summary, the
init_2A location checks whether the SUFA has bemeived too late (over the higher limit of
acceptance). If so, the TA goes back to the listdncation in the group 1. This corresponds
to the reverse route from initialize schedule tegnation listen stage (see Fig. 8 — NODE C).

Location init_3A. One of two possible transitions from init_3A @sthe init_1A location.
On the basis of this transition, the sequencelt— init_2A — init_3A can be repeated more
times. When this transition is executed, the vaeiabopwatch is set to zero. The number of
executions of the sequence is stored in the varinbAccording to transition GC, the
sequence is executed three times. It covers thekictgeof three cycle durations between four
SUFAs. The first checked cycle belongs to init@lschedule stage and others to the first part
of integration consistency check stage in a NCX¢ {(8g. 8 — NODE C).

Location init_4A. Immediately before leaving the init_3A, the TAee/es the SUFA and
the stopwatch had the value equal te«Ta By transition to init_4A, the stopwatch is set to
zero. According to IC in init_4A and GC, the TA wg&in init_4A location until the stopwatch
reaches a value equal toyfle — Tstart_a). In other words, the TA waits for the rest of thee
remaining to the end of CC. In summary, the init sékves in waiting for the end of CC after
the last SUFA is received in the first part of theegration consistency check stage in NCSN
(see Fig. 8 — NODE C).

Summary of group 2.This group checks whether the time between twoessice frames
is within the range <fcie — D, Teyele + D>. When four successive SUFAs are received and
three time intervals between them have been vértbebelong to the range glie — D, Teycle
+ D>, the TA will continue to the group 4. Howevdrthe time interval between any two
SUFAs is out of the range, the TA will move backligten_1 in the group 1. This activity
accords with the initialization schedule stage @3N (see Fig. 8 — NODE C). It also covers
the first part of the integration consistency chetdge in NCSN, where the first two SUFAS
are received (see Fig. 8 — NODE C) including waifior the end of the last CC.

Group 3. In fact, the group 3 is basically the same as tbam?2. The only difference is in
the origin of SUF. In contrast to the group 2, gr@userves when CSN B has become leader.
Hence, instead of a SUFA, a SUFB is consideretardescription of group 2.

Group 4. This group corresponds to the second part of iateqr consistency check stage
where four pairs of SUFs (SUFA + SUFB) are expe¢see Fig. 8 — NODE C). The main
task is checking the time interval between SUFAgimed from CSN A and SUFBs received
from CSN B. In fact the basic idea of this groupesy similar to group 2. In contrast to the
group 2, the group 4 checks not only SUFs from C8Ntalso from CSNF.

Location check 1 In the check 1 location the TA waits until themtatch variable
reaches value ¢k o— D) or (Tsart 8— D). In other words, it waits until one of twower
bounds of ranges, where reception of SUFA or SUF&cceptable, is reached. After reaching
it, the TA goes to either check_ 2A location or dhetB location. Which of these two
transitions is chosen depends on the order ofvedesUFA and SUFB. The order is defined
by the time schedule. Now, let us consider the tgdieedule to be set in such a way that
SUFA is sent first. In this case, the transitiontloa left side leading to check 2A location is
chosen.

Location check 2A In the check 2A location, the TA waits for SUFé&ception. After
the reception, the TA goes to check 3A locationweler, when the variable stopwatch
reaches value ¢h o+ D) without SUFA reception, the SUFA is unaccépgaand the TA is
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sent back to listen_1 in the group 1. In summalng $equence of locations check 1 —
check_2A checks whether a SUFA is received withenrnge <§at o— D, Tstart a+ D>.

Location check 3A and check 4A In the check 3A location, TA waits until the
stopwatch variable reaches value{{g— D). After reaching it, with regard to IC and GC,
the TA is forced to change location from check ®Acheck 4A, where SUFB is expected.
After receiving it, the transition to check 5 iseexted. However, if the stopwatch variable
reaches value equal tos{} g+ D) without SUFB reception, the SUFB is unaccblgand
the TA goes back to the listen_1 location in theugr 1. In summary, the sequence of
locations check_3A - check_4A checks whether a SighBceived within the range sdi s
- D1 Tstart_B"' D>.

Notice that the function of sequence of locatioheak 1 — check 2B — check 3B —
check_4B is the same as check 1 — check 2A — cBéck check 4A. Only the SUF order
is reversed.

Location check 5 After successful reception of successive SUFA 8B, the TA is
located in check 5 location. Here it is waiting tbe end of the CC. In other words, the TA
waits until the stopwatch reaches a value equdlge After reaching it, the group 4 is
repeated again. The number of repetitions is stonedhe i variable. This variable is
incremented when the transition from location chécto check 1 is executed. According to
the GC in this transition, the group 4 is execudtad times. It corresponds to the second part
of integration consistency check stage in NCSN (Sge 8 NODE C). When group 4 is
executed four times in sequence without coming baclgroup 1, the SU procedure is
successful for the NCSN and the TA is forced todegroup 4 by going to normal location in
the group 5.

Summary. The group 4 corresponds to the second part of ratieg consistency check
stage in a NCSN (see Fig. 8 — node C). The purpb#®e group is to capture a pair of SUFs
(SUFA + SUFB) in four successive CC. All these femrare checked whether their arrival
time suits the range séit a— D, Tstar o+ D> for SUFA and the range sdit g— D, Tstart 8+
D> for SUFB. If one of frames is out of range, tB& procedure is unsuccessful for the
modelled NCSN and the TA moves back to listen_atioa in the group 1. In other cases the
TA moves to normal location situated in the group 5

Group 5. This group contains only one location called norntattering this location
means a successful SU procedure for the modelleBNN®@ccording to normal active stage
in the NCSN (see Fig. 8 — NODE C), the node setsdswn data frame C in an appropriate
time slot. However, the TA does not include it hessathe sending of data frame from NCSN
is insignificant for the SUM modelling.

5. A case study

A case study was made on a system (FR network)stomgsof two CSNs Aand B, and
one NCSN Gnterconnected in accordance with Fig. 9. Nomiralgs of times parameters
Tstart A Tstart B Teycle IN @ppropriate nodes CSN A, CSN B, NCSN C in teevark have been
set according to Table 1, Table 2 and Table 3.

Table 1. Nominal values of time parametggdain CSN A, CSN B and NCSN C.

NODE Tetart a[UT]

CSN A 10 000uT | Number ofuT from start of CC where CSN A sends SUFA

Number ofuT from start of CC where CSN B expects arrivingsofFA. For
CSNB 10 000uT CSN B the T ais labelled as the Lt other

NCSN C 10 000uT | Number ofuT from start of CC where NCSN C expects arrivingsofFA
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Table 2. Nominal values of time parameter Tstaih BSN A, CSN B and NCSN C.

NODE Tstart 8[MUT]

Number ofuT from start of CC where CSN A expects arrivingsafFB. For
CSN A 20 000uT CSN A the T gis labelled as the gfi other

CSN B 20 000uT | Number ofuT from start of CC where CSN B sends SUFB

NCSN C 20 000uT | Number ofuT from start of CC where NCSN C expects arrivingsafFB

Table 3. Nominal values of time parameter Tcycl€8N A, CSN B and NCSN C.

NODE Teyele[UT]

CSN A 200 000uT | Length of CCin CSN A

CSN B 200 000uT | Length of CC in CSN B

NCSN C 200 000uT | Length of CCin NCSN C

The set of above-mentioned parameters is an exaafpetypical time setting adopted
from a real system.

5.1. Verification queries

For verification of the SUM in the network the fmNing verification queries were applied.

Q1. Is the system without a deadlock?

Formula: A[] not deadlock

Fulfilled only if for all possible states in thestgm it is guaranteed that no deadlock status
will occur.

Q2: Is it possible to start the FR nodes A and B?

Formula: E<> (cs_node_A.normal_2) and (cs_node_B.normal_2)

Fulfilled if there is a sequence in the system howet from the initial state of the system
to the state where both the processes modellingC®ids cs _node A and cs_node B have
achieved normal_2 location.

Q3: Is it possible to start the NCSN?

Formula: E<> (non_coldstart_node_C.normal)

Fulfilled if there is a sequence in the system howet from the initial state of the system
to the state where the process modelling the NC&N coldstart_node_A has achieved the
normal location. The process strongly depends on theesses of the CSNs. If for some
reason the CSNs are not started correctly, thisyqudl never be fulfilled.

Q4: Is the network always started after the propércsien of one leader? In other words
every path from the proper selection of one ledekmis to the full start-up of the network.

Formula: (cs_node_A.listen_2 or cs_node_B.listen_2) --> rfosle_B.normal_2 and
cs_node_A.normal_2 and non_cs_node_C.normal)

Only fulfilled if after the successful selection ohe leader (one node has become the
CSNL and the other one the CSNF) all the otheriptespaths of the system lead to the state
where both CSNs are in the normal_2 location ahthalNCSNs in the normal location.

5.2. Evaluation of the results of verification queries

Each query Q1 to Q4 was executed several timesyalwith different time parameters in
comparison with the nominal settings. In accordanié different time parameter settings
the verification of SUM has different results. lmst subsection, five results of the verification
are introduced. For each caseflthe relevant time setting is mentioned. Notlta instead
of parameters gfart o Tstart B Teycle ValUESATstart o ATstart 8 ATcycle 1.€. deviations from
nominal values (Table 1, Table 2, Table 3), aregiwn cases 15.
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1. The network can be completely started withoumglacations and the system will not get
to the deadlock status. Slightly different timegraeters in comparison with the nominal
settings have not prevented the network to be &iliyted.

Example of time settings for this case:

ATstar‘( A[“T] ATstan B[p—T] ATcycle[l-lT] D [UT]
CSN A 0 0 - 20 200
CSN B - 20 - 20 + 20 200
NCSN C + 20 + 20 0 200

2. While the CSNs are started together, the NCStens not. The network cannot be

started completely. The system will not get todkeadlock status.

Example of time settings for this case:

ATstart A[p—T] ATstart B[p—T] Achcle[uT] D [HT]
CSN A 0 0 - 20 200
CSN B - 20 - 20 + 20 200
NCSN C + 20 + 220 0 200

3. The Q2 and Q3 queries, finding out whether tliegepath to mutually start the CSNs and
the NCSN, are fulfilled i(e. there is a path enabling the complete SU of thelev
network). However, the Q4 query is not fulfilled fas its fulfilment it requires that each
path must lead to the full SU of the network. A ektiming parameters has been found
where the success of the start-up procedure demenasich of the CSNs became leader.
There is no deadlock in the system.

Example of time settings for this case:

ATs’(art A[p—T] ATstan B[p—T] ATcycle[l-lT] D [lJ.T]
CSN A + 120 + 40 - 20 200
CSN B - 40 - 80 + 40 200
NCSN C + 40 + 80 + 80 200

In this case, if the CSN B is the leader, the nétwuaill be successful started. However, if
the CSN A becomes leader, the network will not lle #o finish its start.

4. The CSNs are never started and subsequentlM@®&N node is not started either. The
reason is given by a too high difference betweendiparture time and arrival time of a
SUF. There is no deadlock in the system.

Example of time settings for this case:

ATs’(art A[p—T] ATstan B[p—T] ATcycle[l-lT] D [lJ.T]
CSN A 0 + 130 0 140
CSN B + 80 - 120 0 140
NCSN C + 40 + 80 + 80 220

5. In the case of a problem in the timing paransetEar example the length of the CC is
shorter than the arrival times of the start-up amnot only can the network not be
started, even in parts, but there is also a delditothe system.

Example of time setting for this case:
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ATstart A[p—T] ATstart B[p—T] Achcle[uT] D [HT]
CSN A + 140 + 140 - 199 800 140
CSN B - 80 - 120 - 199 800 140
NCSN C + 40 + 140 - 199 800 220

Note that this setting is nonsense becaugg £ or Tsan gis higher than e Hence, a
deadlock has occurred in the system.

6. Conclusions

This article describes a model of the start-up raem of the FlexRay communication
standard, including the results of its partial frestion by using timed automata and CTL.

The results show that there may exist some incosettings in the system when the FlexRay
network is not able to start and subsequently trewould not be started either. These
incorrect settings can be caused by an error maaedesigner during the network scheduling
stage, by a fault in the synchronization mecharosin the time base of a node. In future, the

behavior of the model will be compared with a egtem. All simulations in this work have
been made for the worst-case, where the synchitwrizamechanism does not work at all.
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List of abbreviations used in this contribution

CAN — Controller Area Network

CAS — Collision Avoidance Symbol

CcC — Communication Cycle

CSN — Cold-Start Node (can be CSNL as well as CSNF)

CSNF - Following Cold-Start Node
CSNL - Leader Cold-Start Node

CTL — Computation Tree Logic

FR — FlexRay

GC — Guard Condition

IC — Invariant Condition

NCSN — Non Cold-Start Node

SUF — Start-Up Frame

SUFA - Start-Up Frame from cold-start node A
SUFB  — Start-Up Frame from cold-start node B
SUFO - Start-Up Frame from Other cold-start node
SU — Start-Up

SUM — Start-Up Mechanism

TA — Time Automaton

TDMA - Time Division Multiple Access

TTP/C - Timed Triggered Protocol

UPPAAL - Integrated tool environment for modellimglidation and verification of real-time systemedglled
as networks of timed automata.



