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Abgract: A flexible distributed redl-time communication system must support modifi cations to the message set
which it conveys. These changes can require a degree of responsiveness ranging from a few milliseconds to

someseconds.

In FTT-CAN protocol, the respongiveness of the synchronous communication system depends on the plan
duration, which, in generd cannat be st arhitraily short. This pagper presents a method thet uses the

asynchronous messaging system to temporarily convey the synchronous messages until the synchronous
messaging system can handlethem. Furthermore, methodsto evauate offlineif aset of requestsfor modifications
canbetimdy handled are presanted. Copyright © 20001FAC

Keywords Red-timecommunication, RegHimesysemns, Communication protocols Distributed computer contral

sysems Feldbus

1-INTRODUCTION.

11-Ledsof sygemresponsveness

During normd  operation, processes controlled by regHime
computer sysems experience phases of continuity aswel as of

changes (Fohler, 1995). Changes in the environment can be

reflected in the reaHtime system asmadificationstothetask s, as
well astothemessage set whenthe sysemisdigtributed. Kopetz
(Kopetz, 1997) dtetes thet resource utilization is improved if only
those tasks thet are nesded in aparticular operationd mode are
scheduled. In these drcumstances the message set can change
too. Consouattly, a flexible regdtime communication sygem
must support changes to the message et which it conveys,

namdy dlowing dynamic cregtion and dimingion of message
greams and change of parameters of exiding ones However, in
the contet of redtime sysems the timdiness of the
communication system must dways be guarantesd, even while
changes to the message st are made. Thus, the requedts for

changes mugt be supported in away thet new requirements are
handled within adeguiate response time and without disturbing

thetimdinessof theremaining messsgedreams.

Themaximum timedlowed between achangein theenvironment
and te regpective reaction in the contrdl system is a critice

parameter, which depends on the dynamics of bath environment
and control system. For example, condider acar traction control

system in which acantrd unit receives information from wheds
speed sensors and actuetes on the bregking system if it detects
thet one or morewheds are losing grip. Thiskind of system can
beimplemented in adidributed fashion and, toimprove resource
utilisation, the whed s speed sampling rate might vary according
to the driving conditions When driving in a road with good
adherence, the sampling rate can be lower. If the car suddenly
entersadippery road, thetraction control sysem facesasudden
change in its operationd conditions, requiring, among other
things, ahigher ssampling rate. Since a car running a 100 Kmyh
travels 27,7m in asecond, if the communication system requires
100msto adjust the messege st propartiesrdated tothe sampling
rate of thewhed sensors; the car travd s about three meters until
the sysem behaves accordingly to the new environmentd
conditions jeopardizing the security of the driver and, eventudly,
other people In this sydem a respondveness of a few
millissconds is required. However, when (hopefully) the car



returnsonto goodroad again, the sampling rate can bereduced.

1.2—About thispaper.

TheFTT-CAN (HedbeTime-Triggered communicaionon CAN)
protocol is well sited to support the kind of system described
above. Paticulaly, its synchronous message system, based on
the ime-triggered paradigm, cen dfidently convey the message
sreams resuliting from the periodic sampling of thewheds speed
SENsors.

This paper focuses on the responsiveness of the synchronous
messsge sysdem of FTT-CAN. It will be shown that some

protocol key parameters cannat be adjusted only in function of

the reguired regponsiveness since they have wider implications.

A method toimprovetherespongvenessto changesmedetothe
synchronous message st ispresented, and itsimplicationsinthe
protocol architecture are andysed. In section 2 the FTT-CAN
synchronous and asynchronous messaging systems are briefly
presented. The new method used to improvethe responsiveness
to changes in the communication requirements is presented in
stion 3. Sadtion 4 presantsmethodsto eva uate a pre-runimeif
agiven s of chenge requests can be timdy handled. Fndly,

section’5 condudesthe paper.

2 FTT-CANBRIEFFREENTATION.

The FTT-CAN protocol hesbean briefly presentedin (Almedaet
al., 1999) and further develgped in (Almeida, 1999). A festure thet
disinguishesthis pratocol from ather proposas concaming time-
triggered communicaion on CAN (Pardd e al., 1995) isthet it
upports  dynamic  communication  requirements by  using
cantralized scheduling with orHine admisson contral whils the
communication overheed is kept low by udng the ndive
distributed arbitration of CAN.

A Synchronous Requirements Table (SRTable) halds the
propaties of the synchronous messsge sreams, namdy:
identifier, peiod, rdaive deading intid phess maximum
tranamisson time and prionity. Usng this information, the
scheduler builds datic schedules for consecutive fixed duration
periods of time caled plans. The cregtion of aplan is concurrent
with thedispatching of thepreviousone.

Asusud intable-basad scheduling, afinitetimeresolutionin used
to express dl the properties of the message st Thisbadc time
unitiscdled Bemantary Cyde (EC). The EC duration isfixed and
sta preturdime

Within each EC, the protocal supports two types of traffic,

synchronous and asynchronous The former one is time-
triggered and its tempord propaties (i.e peiod, deedine and
rddive phesing) are represanted as integer multiples of the EC
duration. A particuiar node (Madter), scansthe current plan and
genaratesaperiodic message used to synchronizedl other nodes
in the network. The trangmission of this message represants the
dat of one dematary cyde (EC) ad is known as EC trigger

message(TM).
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Fg. 1. Theplanning scheduler

The EC trigger message conveysinitsdatafied theidentification
of the synchronous messages that must be transmitted by the
producer nodesin thet EC. The nodesthet identify themsdvesas
producers by scanning alocd table containing the messagesto
be produced / consumed, tranamit the repective synchronous
messagesin the synchronous phase of thet EC (fig. 2). Callisons
on bus access are resolved by the native digributed MAC

protocol of CAN. Thisis known asthe synchronous messaging
sygem(SVIS).

The FTT-CAN protocol dso supports asynchronous treffic for
event-riggered communication, with externdl control. Thissort of
treffic istranamitted during the periods of the EC not used by the
synchronous messages. However, depending on how the
desred tempord isolation between these two sorts of traffic is
enforced, the asynchronous messaging sysem (AMS) can
opeaae in one of two modes In controlled mode any
asynchronous messegeistrangmitted only if it is guaranteed not
tointaferewith thetimdiness of the EC trigger messege or of the
gynchronous messages. This way, the tempord  isolation
between the synchronous and asynchronous treffic is Sricly
guarantesd. In uncontrolled mode, gations wishing to transmit
asynchronous messages can try to do it as soon asthey receive
therespectiverequestsfromthegpplicationlayer.

Although these messeges may now cause a oartain blocking to
the trangmission of synchronous ones, such blocking can be
upper bounded by usng a proper choice of idertifiers Thus, a
bounded levd of interference between the synchronous and
agynchronoustrafficisalowed, in exchange of ahigher flexibility.
In this case legacy nodes not committed with the FTT-CAN
protocal aresupported, if theidentifiersare properly sdected.
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3HMPROVINGFTT-CAN REFFONSVENESS

3.1-Fledbilitylimits

Once a change request is made concamning the current
synchronous message s, a cartain period of time dgpses urntil
thet request tekes effect a thebuslevd. Thisisrefarred to asthe
synchronous trandent response time (STRT). Note that, when
usng SMSaone, the scheduler mug, firdt, build aplan usng the
new requiremants

The STRT can be decomposad in three parts (seefig. 3): thetime
from the request to the end of the current plan, the planin which
the scheduler darts to take into account the new reguirements
andfindly theinitid phese(j ) of themesssgestreamrddtivetothe
beginning of the plan where changes are dreedy reflected. The
minimum vaue (merker A infig. 3) cocurswhen cumulaivey the
request ismedejus beforetheend of oneplan, andj iszero. The
meaximum vaue occurs if the requedt is issued judt dter the
beginning of oneplan (marker B infig. 3), and theinitia phesehes
its maximum vadue Therefore the absdlute bound for the
synchronous trandent response time, when using the SMS
aone, varies between oneand two plans plustheinitid phese (as
defined above) (LPan<STRT gy<2*Lpla ). Sncethe STRT 945
isadirect function of the plan duration, theresponsivenesscanbe
improved by shortening the plan. However, the reduction of the
plan duraion increesss the CPU load (Almada e
al ., 1999)(Almeida 1999). Bdow agven vaue the scheduler might
not have enough timeto build next planintime, thet is beforethe
dispatcher processesthe current one. Moreover, Someinteresting
properties of the planning scheduler, like the lodk-aheed festure
(Almeda, 1999), are negetively affected by the reduction of the
planlength. Asaconsequence, thereisalower boundtotheplan
duration, limiting the responsiveness that can be achieved this
way. Ancther way toimprovetheresponsvenesswhilestill using
the SVISdoneisto dat the scheduler aslate as possible Since
theworst case execution time of the scheduler (woetSch) can be
edimated orHine (Almeda, 1999), using this gpproech the
synchronous trandent response time can be bounded to the
interva: woatSth < STRT gys< LAantwoatSdh , whare LAan
sandsfor theplanduration.
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Fg. 3. SMSResponsvenessbounds

3.2—Inmproving FTT-CAN responsveness

Asseen above, theregpondveness of the SM Swhen considered
doneis upper bounded by the plan duration plus the scheduler
execution time. Since these cannat be mede arhitrarily short,
further improvement to the respondvenessaof SMSINFTT-CAN
requiresthat changerequestsare handled even during the current
plan, bypassing the planning scheduler for ashort period of time,
but without disturbing the other synchronous messages dreedy
scheduled. The proposed way of achievingthis, consstsinusing
the asynchronous messaging system (AMS) to produce the
required messagg(s) until the requested changes are handled by
the SMS as described in the previous section. Thisisshown in
figure 4. Noatice that the message assodiated with the change
request (eg. a new message stream) begins to be tranamitted
using theasynchronous message area. After the dipetcher darts
processing the plan in which the new message parameters are
reflected (plani infigure 4), the system resumes normia aperation,
that is, asthe messageisinduded in the synchronous message
aeait isremoved from the asynchronousone Theperiod of time
during which the AMS is used to support the trangmisson of
synchronous messages is referred to as synchronous support
peiod (SSP). The Magter ation, by meens of apecific control
messege, establishes the beginning and duration of the SSP for
eech change requedt. This message has higher priority then
regular synchronousand asynchronousmessages.

Thefdlowing rdaionship can be established between the STRT
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Fg. 4. UsngtheAM Stotemporarily convey anew synchronous
messege.

withandwithout the AM Ssupport:
STRTpvs=STRTgus— SP @

If the changeto the message s2t consistsonly inthe addition of a
nev messsge the process described above is affident.
However, if the change request is parformed over a message
sreemdreedy presentinthe SRTable(eg., to changethedream's
period), the exiding ingtances of the messagein the SMS during
the synchronous support period (SSP) should be diminated.

Those indances 4ill use to the dder paranaers (before the
change) while the updated indances are trangmitted in the
asynchronous area. Thus, the dimination s required to avoid
replication of message production in both synchronous and

asynchronous systems. The dimination is achieved by filtering
the trigger message. Thisfilter is gpplied to the trigger messages
just before they are sant. To diminate one streeam present in one
plandreedy huilt, itisonly necessary tosst abitinthefilter.



Depending on thetypeof the changerequest thetismede, oneor
sevad of thefallowing actionscanresult:

1 Achanged onehitinthefilter;

2 Theproduction of acontrol messageto signd thestart
and duration of the SSP (synchronous support

period);

3 A st of datamessages produced inthe AMS, during
theSSP.

If the change request condstsin the dimination of one message
stream, only adtion 1 isrequired. However, if the change request
consstsin adding anew message, control and datamessageswill
be produced in the AMS during the SSP (actions 2 and 3). If the
change request concarns amodificaion in the parameters of an
exiding message(ex. period), adtions 1,2 and 3arerequired.

3.3—Inplematationisues

From the oparaiond paint of view, ssvad seps mugt be
pafomed in oder to process the request for a change to the
synchronous message . In figure 5 aflowchart describing the
operationd diagram of the propasad method for improving the
regponsvenessof theplanning scheduler ispresented.

When a change request to the synchronous message st is
mede, aschedulahility test must be parformed in order tofilter out
changes that would result in a nonrschedulable message .
However, for the purpose of thiswork, we will consder thet any
requested change has dready been adysed and it does not
compromise the message s2t schedulablity. In case the ordine
andysisis paformed, its execution time must be induded inthe
STRT. Current work is being caried out in order to reduce such
executiontime(eg. by usng smplesthedul ahility tests) sothat its
impect ontheresponsetimeisminimized.

When a change request is acoepted, the change is made to the
SRTale and then it is evduaed whether the response time
requirements, expressad as a deadling, can be handled by the
MS done (Response deedline > STRTgy9. If S0, no further
hendling is necessary. Otherwise, two more seps must be
pafomed. Infirg placeit is verified if the request ismede over a
messsge dreedy presant in the SMS (change of period or
dimination), and, if S0, a request is made to the digoatcher to
diminate the message from the synchronous messsge areas Next,
it is evaluated if the request implies to add a messege if 0, a
request is made to the AMS to dat its production in
asynchronousmode.

The dat and duration of the temporary production of
synchronous messages using the AMS is controlled by the
dispatcher, which sends a control message to the repective
producer tation to natify it about the required action. During this
paiod of ime (SSP as defined before) each station producesthe
required messages autonomoudly. The communication overheed
of thiscontral protocal isthusonemessage per changerequest.

Thedart of production message(SP_SSP) must convey thel D of

D

(' S —

Fg.5. Opadiond diagram.

the message to be producad, its pariod (expressad in EC'9), a
rdease dday (dso in EC's) that must be goplied between the
reception of this message and the dfective dat of dream
production, and the number of ingtances that must be produced
usng the AMS. Seven data bytes are used, onefor varidble D,
ad two for message period, rdesse dday and number of
ingances

4—ANALYSSOFTHE SYSTEM FERFORMANCE

During the synchronous support period (SSP), the contral and
Synchronous messages correponding to a change request are
handled by the AMS; and will compete for the bus jointly with
other asynchronous messages. If timdiness guarantess are
required, an evauaion should be mede since the bandwidth
available to the AMSislimited. For this reeson, in the fallowing
ubsections suffident conditions are presented, which dlow to
guarantee that a sat of requests is handled within spedific time
bounds.

4.1 Busdemand and regponsiveness

Asexplaned in ssction 3, during the SSP any new and modified
messeges are produced using the AMS. However, if the request
is acoepted by the schedulability test it meansthet the SMS hes
enough leaway to hald the message. As the AMS holds the
remaining bandwidth, it can be conduded thet the production of
data messages during the SSP will use pace borrowed by the
AMS from the SMS. However, this argument requires that the
gart of synchronous support period (SSP) takesinto account the
phese of the vaidble This is necessary to maintain the same
rdative phasing in both production periods, SSP and SMS,

reautinginasmoothtrangtionfromonetothecther.



Fg.6. TrangtionfromSSPtoSMS

Condder for indance the exampleilludrated in figure 6, wherea
messageis added with period of 2ECsand phese of 1EC rdative
to areference message v. The SP_SSP message is sent by the
Mader Station, informing the repective producer node thet it
should gart producing the new stream using the AMS with
period of 2ECs and tarting in the 2° EC after thereoeption of the
control message. Thisway, therdease of thefirgt messageinthe
dream is gppropriatdy ddayed (RD in fig. 6) so that the rdative
phesingisthesamein SSPasin SMS,

In order to evduatewherethe SSP should Sart, the Magter node
mug cdaulaewhichwill betheinitid pheserdativetothedart of
theplan of thefirgt indance of the message producedinthe SMS.
Noatice thet this plan (i+2 in fig. 6) is not yet built & the request
instant.

However, knowing the initid phese of avarigble v on plani, its
phasein plen (i+1) isgiven by equation (2), whereW isthelength
of theplan (inECs) and R, isthepariod of varigblev (ds0in ECs).
Ca _&NV-j U .
JL1=(§%@*PV-(W-J'V) @
e v U
When the request for a chenge is paformed, the current
schaduler ingtance (+1 in fig6) can be ather taminated or il in
execution. Intheformer casg, thenext plan (i+1) isdreedy built and
j v isknown. Thus equetion 2isapplied once, only, todetamine
i v Inthelatter case, plani+1 isnot built yet and thus, equetion
(2) must beappliedtwiceto evaluatej , “based onj .

Knowing the rdaive phese of a message u with repect to a
reference message v (Phy), and theinitid phase of thisone (j )
the number of ECsbetwean the SP_SSP and thefirgt instance of
the message stream produced in the SMS (fig6) is given by
equation (3), where W isthe length of the plan, aurEC isthe EC
where the request is handled within plan i (1<=curEC<=W) and
Ph,’ is the phase of the message being added (u) relatively to
messagev.

Lrpsssp, =W - CUrEC +W+j ?+Ph @3

Findly, thenumber of ingancesthat must be produced during the
SNl ) isgvenby:
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The rdeese dday of thefirst indance rddive to the reception of
thecontrol message(RD) isgivenby.

RDSSP = LRD+SSPU -

u

NISSPU *P, ©
When using the AM Ssupport to increesethe responsvenessto
changes in the synchronous message s, the synchronous
trandent reponsetime (STRT avg) issubdantialy reduced (fig. 4).
In fat, its worstcase vaue occurs when the request is done
before the beginning of the synchronouswindow of one EC and
the respective control messege (SP_SSP) can only betranamiitted
in the asynchronous area of the fdlowing EC. Urless the

accumulated number of control messages, dueto the queling of
svad requeds is gregter then the avaladble goace in the
asynchronous window, the STRT ayswill belessthan 2 ECs, plus
the rdease dday RD. Snce O£ RD£ R;1, thewors-casevaueof
theresponsvenessachieved by thismethod, expressedin ECs is
given by egution (6), where R is the paiod of vaigde u,

messredinECs

STRT \ys, <R, +1 ©

4.2PrerurHimeanalyss

The SP S contrd messges ae trangmitted in the
asynchronous windows, competing for the bus together with
other asynchronous messages. Thus, to guarantee thet the
bound in (6) is regpected, an evauaion & pre-rturtimemust be
paformed.

Asseeninthe previoussection, during the SSPtheproduction of
the synchronous messagesis mede in space borrowed from the
SMS by the AMS. However, the same assumption cannot be
mede concerning the control messages. For these, it mugt be
evduated if the minimum bendwidth reserved to the AMS a
corfiguration time (LAW —minimum length of an asynchronous
window) isenoughtohandetheminatimdy way.

In (Pedrdres et al ., 2000) theauthors presented theandysis of the
FTT-CAN Asynchronous Messaging System. Under controlled
mode, due to a possble idetimeinsartion @), the effective bus
time avalable in each EC for asynchronous transadtions is less
thanLAW anditisgivenby (7).

LAW,=LAW-a U]

The insated idetime tem @) isintended to prevent the AMS
from intafeing in the SMS and is bounded by the transmisson
time of the longest asynchronous message (CA), which isgiven
by equetion (8), where Csg, is the maximum tranamisson time of
asynchronous messagei and Naisthe number of asynchronous
messges

CA=meqCa},i=LNa ©

In a worstcase Stuation, when using ether higher trangmisson
rates or alow processing power microcontraller, the Madter will
teke more time to hande a change request (i.e paform the
previous cdculaions) then to send the repective SP_SSP
messgge In this studion, the Mager must rdeese the bus
between any consecutive SP_SSP messages Consequently, in
themearnwhile thebuscanbe
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Fig. 7. Load dueto SSPcontrol messsges

taken by another asynchronousmessagewhichwill causea

blocking to the fdlowing PSSP messspge The maximum
duration of such blocking is d<0 given by CA (8). This same
blocking can heppen evary time the Mader tries to send an
P SSPmessge

Therdorg, if there are Ny change requests pending, in order to
guarantee that the respective SP_SSP messages can be st in
one EC s that the bound in (6) is regpected, the following
conditionmus beverified:

Ng* [Len(SP_SP) +CA <=LAW;r C)

Thisexpresson esablishesardationship between LAW andthe
maximum number of Smultaneous change requedts thet the
sysemisexpected to handle o that the STRT of eech requestis
il bounded by (6).
Howeve, if there exids a minmum inte-arivd time (Mitw)
between the change requeds, eg. due to asaidization imposd
by the schedulability andlyser, the fallowing condition results
whereLECisthelength of the EC:

CLECH [Lensp_ssp+cAlELAWT (O

gMite
Firdly, it isimportant to remind thet equetions (6), (9) and (10) are
pessmidic. In (6) themaximum vauefor RD isconsidered. In (9)
and (10) ather the maximum blocking (CA)) istaken into account
aswdl astheminimum guarantesd duration of the asynchronous
windows (LAW,y). Therefore, the average regponsiveness to
change requestsis gregter than the vaues that resuilt from using
the previous eguations. These are neverthdess important snce
they establishlower boundsto the system responsiveness,

5 CONCLUSON.

This pgper discusses the levds of responsiveness demanded
from communicaion systems in dynamic ewvironmets In
paticular, it focusss on the FTT-CAN protocdl, which can
effidently hande periodic (synchronous) as well as gpaiodic
(asynchronous) messages However, its  planningbased
operation imposes some limitaions to the respongveness to
requests for changes in the synchronous message s&t. To
andy=e this problem, key parameers that have impact in the
regpongveness of the synchronous messaging system (SMS) of
the FTT-CAN protocd are presated and their influence is
discussad, namdy the plan duration and theingart inwhich the
scheduler isgtarted.

The proposad solution to improve the SMS respongveness,

without changing the plan length and/or the scheduler sarting
point, condgts in using the asynchronous messaging system
(AMS) totemporarily convey the changed message streamsuntil
they aretaken into account by the SM'S. Then, the synchronous
trangent regponse time (STRT), defined as the time lag thet
mediates between a change request and theindant a which the
corresponding new recuirements arereflected in the bustrafic, is
subgtantialy reduced. Such time lag is upper bounded by the
peiod of the vaiable plus one EC. If the schedulahility test is
performed, itsexecutiontimeaddsto thisbound.

Findly, two suffident conditions are established which dlow to
odfine a preruntime the required minimum bandwickh for the
AMS =0 that a given number of change requests dther
smultaneous or sparated by aminimum inte-arriva timecanbe
timdy handled.
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